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The sfudy inveatigated the potential applications and the limitations of non-standard
techniques of visual field investigation utilizing automated perimetry.

Normal subjects axhibited a greater sensitivity 1o kinatic stimull than fo static glimuli of
identical size. The magnitude of physiological 8KD was jound to be largely independent
of age, stimulus size, meridian and ecceniricity. The absence of a dependendy on
stimulus size indicatad that successive \aieral spatial summation could not {otally account
for the underlying mechanism of physiological 8KD. The visual fisld indices MD and LV
auhibited a progressive daterioration during ihe time course of a conventional ceniral
visual field examination both for narmal subjects and for ocular hyparensive patienie. The
fatigue effect was more pronounced in the latter stages and for ihe second aye tesiad.
The confidence limits for the definition of abnormality should reflect the greater effect of

tatigue on the second eye.

A 330 cdm2 yellow background was employed for blue-on-yellow perimetry. mstljument
measurement range was preserved by positioning & concave mirror behind the gtumu}us
bulb to increase the light output by 60%. The mean magnitude of SWS pathway isolation
was approximately 1.4 109 units relative to a 460nM stimulus fiter. The absorption spectra
of the ocular media exhibited an exponential increase with increase in age, whilst that of
the macular pigment showed no systematic trend. The magnitude of ocular media
absorption was demonstrated to reduce with increase in wavelength. Qcular media
absorption was significantly greater in diabetic patients than in normal subjects. Five
diabetic patients with gither normal or borderling achromatic sensitivity exmts_ﬁ@c! an
abnormal blue-on-yellow sensitivity; two of these patlﬁmﬁ‘@h@}ﬂﬁq no signs of
retinopathy. A greater vulnerability of the SWS pathway fo the diabetic diseass process

was hypothesized.

Statokinetic dissociation, fatigue effect, hiyg-on-yaliow perimeiry. pra-receploral

absorption, shor wavelength sensitive pathway.
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CHAPTER 1. A REVIEW OF AUTOMATED PERIMETRY.

1.1 Introduction.

The visual field is defined as “... that portion of the external environment of the abserver
wherein the steadily fixating eye(s) can detect visual stimuli* (Enoch, 1878) and is ofien
described topographically as an island of vision in a sea of blindness (Traguair, 1827). The
peak of the island of vision corresponds io the fovea, or the point of maximur sensitivity,
while the slope of the island of vision illustrates the decline in sensitivity with increase in
ecceniricity from the fovea, ie the sensitivity gradient. Consequently, dim or small stimuli
will only be detecied proximal fo the fovea, while bright or large stimuli will be detectad at

greater eccentricities from the fovea.

The aim of perimeiry is fo define the fopography, of gensitivity gradient, of the island of
vision. The minimum light intensity necessary 1o evoke a response is measurad and this &
termed the ditferential light threshold or increment threshold. Sensitivity is defined as the
reciprocal of the differential light threshold. The normal monocular visual field varies
between individuals and with test conditions but is generally accepted to have an overall
extent of 60° superiorly, 60° nasally, 75° inferiorly and 100° temporally (Anderson, 1982).
In addition, the emergence of retinal nerve fibres through the scleral canal resulis in an
area of focal sensitivity loss approximately 5.5° wide and 7.5° high, termed the
physiological blind spot, which is located in the visual fisld 15° temporal to fixation and 1.6°

below the horizontal meridian (Reed and Drance, i972).

Abnormality of visual function results in a depariure of the topography of the hill of vision
from normal limits and this loss of sensitivily is termed a visual field defect. A localized
visual field defect is termed a scotoma, or alternatively is described ag {ocal loss, wheraas
sansitivity loss over the whole field is described as diffuse ioss. In addition, sensitivity loee
can be relative or absolute. A relative visual field defact is of & depin ihat is within iha

measurement range of the perimater, while an abenlule defeci reprasenis sansiiviiy loes

én



of a greater magnitude than the available measurement range. In addition, the method of
perimetric assessment can be divided into kinetic or static. Kinetic perimetry employs a
stimulus of constant luminance and / or size and threshold is approached by moving the
stimulus from non-seeing to seeing locations of the visual fisld, whilst in static perimetry
the stimulus location is constant and threshold is determined by varying the luminance of
the stimulus. Furthermore, manual perimetry describes a visual field examination that is
controlied by the human examiner, while the term auiomated perimetry describes an

examination in which the decision-making strategy is exciusively conirolied by compuier

(Greve, 1982).

Apparently David slayed Goliath in the knowladge that the giani had constricied visual
fields (Griffin, 1980). Indeed, giantism is ofien associaied with pituitary tumours which
typically result in bitemporal hemianopic defecis. The writings of Hippocrates show thal
the ancient Greeks were aware of the presence of hemianopic visual field defects as early
as the 5th century BC. Ptolemy, in 150 AD, was the first io measure the visual field using a
perimeter (Atchison, 1979). Precise details of the instrument employed were not
recorded but the visual field was suggested to extend out to 45° accentricity in all

meridians.

As wall as establishing the trichromatic theory of colour vision, Thomas Young (1801)
reporied the first exact measurerment of the normal visual field using a luminous fest
abject. The values reported, that is 50° superiorly, 60° nasally, 70° inferiorly and 80°
temporally, were very similar 1o those currently accepted. Bubssquently, von Graafe
(1856) was the first to employ examination of the visual field as a diagnostic clinical faol,
Targeis in the form of pieces of chalk were moved across a small blackboard which wae
hald by the patient. Various defecie were reporied Including ceniral soolomaia,
generalized contractions, hemianopias and enlargemant of the biind spel. Using ihie
simple technique, it was possible fo distinguish betwaan relative and absolie local laes.

g1



Aubert and Férster (1857) discovered that the extent of the visual field depended upon
the angular subtense of the stimulus at the eye. As a result, the first commercially available
arc perimeter was developed by Férster in 1869, which enabled measurement of the
visual field at a greater eccentricity than the flat screen campimeter. The entire visual field
was assumed to be normal using the arc perimeter if the overall extent was normal wiih &

single large stimulus.

Bjerrum (1889) employed a tangent screen and difierent sized stimuli to examine the
central visual field. He encouraged the examination of both the central and peripheral
visual field in glaucoma and was the first io describe the arcuate scoloma. Ag a resull, the
campimeter gained clinical favour over other perimetric ingtruments, although it was 1o be
a number of years before the "quantitative” technique of using difierent sizad stimuli was

to be clinically accepted (Walker, 1913).

By the early 20th Century, perimeiry was an essential clinical tool of ophihalmological
investigation and diagnosis. The conditions employed, however, were poorly controlled
and lacked standardization. As a result, Ferree and Rand (1922) developed an arc
perimeter with a constant adaptation level, a constant target reflectance and standarized
coloured targets. In subsequent studies (Ferree and Rand, 1924. Ferree and Rand,
1927. Ferree et al, 1929), the influence of factors on the visual field such as adaptation

level, target size, age and ametropia were investigated.

Kinetic perimetry was recognized to be prone o eror due to variations in patient reaction
time and in stimulus velocity. Consequently, Sloan (1938) was the first o emphasize the
value of light-sense, or static threshold perimetry using an arc perimater. This iechnigue
varied from kinetic perimetry in that a stationary stimulus of variable brighiness wae
employed. Kinetic perimeiry was lass {ime-consuring, howevar, for ihe axaminaiion of

the entire visual field.



The introduction of a projection bow! perimeter standardized the examination conditions
employed for kinetic perimetry (Goldmann, 1945a; Goldmann, 1946). The Goldmann
perimeter employed a constant adaptation level, a series of standardized target sizes, a
fixation monitor and a calibration system to ensure a constant stimulus luminance.
Similarly, Harms and Aulhorn (1959) designed the Tubinger parimater, which

standardized the conditions used for static perimetry.

Lynn and Tate (1975) were the first o propose the use of a microcomputer to coniral
stimulus presentation and improve the speed of information processing in siaiic
perimetry. The development of automated static perimetry was motivated by the need o
eradicate the errors associated with manual kinetic perimetry, that is, variations in patient
reaction time and in stimulus velocity (Aulhorn, 1960, Fankhauser, 1060 Greve, 1873).
The first commercially availabie automaied perimeter, the Octopus automaied parimeiar,
was developed as a result of research dealing with ihe thaoretical aspacis of aulomated
perimetry (Fankhauser et al, 1972; Koch et al, 1972; 8pahr, 1876). Other plonaering
automated static perimeters included the Competer (Heijl and Krakau, 1975a and b), the
Fieldmaster (Keltner et al, 1979), the Peritest (Greve, 1980a) and the Humphrey Field

Analyzer (HFA) (Heijl, 1985). The HFA is now the most widely used automated perimeter.

A number of underlying principles influence the format of the visual field for both manual
and automated perimetry. Consideration must be given to these principles in the
interpretation of the visual field and in perimeter design since the test conditions will

influence the sensitivity, reliability and duration of the perimetric examination.

The maximum stimulus luminance varies betwean the different makes and modaels of
parimeters. For example, the HEA and the Octopus bewl perimelers employ & AR

efimuillis luminance of 10,000asb and 1,000asb raspactively (Andersan, 1668), whille ihe
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maxirmum stimulus luminance of the Octopus 1-2-3 is 4,000asb (Octopus 1-2-3 Perimeier
Digest, 1991). The unit of measurement used in perimetry to measure sensitivity is called
the decibel (dB). A decibel is equal to 0.1 of a log unit and a 0dB stimulus represents the
maximum stimulus luminance of the particular perimeter. Increasing sensitivity is denoted
by a higher decibel vaiue. Decibels are relative units, such that sensitivities of 10dB (=1
log unit), 20dB (=2 log units) and 30dB (=3 log units) correspond to stimulus intensities of
one tenth, one hundredih and one thousandih respectively of the maximum possibie
juminance. Consequently, there is no direct conversion factor between sensitivity
measured in decibels and the maximum stimulus luminance measured in aposiilbs.
Furthermore, the comparison of sensitivity betwaen perimelers is confounded not only
by difierences in the maximum stimulus juminance but also by differances in the

background iuminance (Anderson et al, 1888).

The dynamic range has been defined as "... the measuremeant range over whish the
neurovisual system can be tested, using specific equipment with a given el of variables”
(Fankhauser, 1979). in other words, it refers to the effective range of measurement rather
than the entire operational range of either the visual system or of the perimeter. Dynamic
range can be maximized by increasing the maximum stimulus luminance or by reducing

the background luminance (Fankhauser, 1979).

Kinetic perimetry employs a stimulus of fixed juminance and size but variable position.
The stimulus is generally moved towards fixation from non-seeing 1o seeing areas of the
visual field and the position at which the stimulus is just seen is taken as threshold. By
examining several meridians with a given stimulus an isopier of contour line can be
plotied. Points along the isopter represent locations of equal sensitivity. The procedure is
carried out for stimuli of different luminance and / of size in order 1o define the sanalivity
gradient of the hill of vision. Manual kinetic perimalry permiis a rapid asssssmant ef ihe
vieual fiald but the resulis are influenced by variations in the reaciion fima of 1ha patient

and by differences in the slimulug velocily (Auihorn, 1888; Fankhauser, 1086; Grave,
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1973; Poriney and Krohn, 1978; Calixto et al, 1979). Furthermore, shallow focal loss may
be missed due to the phenomenon of successive lateral spatial summation whereby an
infra-threshold stimulus is perceived if in motion due to the successive stimulation of
individual receptors within a given receptive field (Greve, 1873). The introduction of
automated perimeters capable of kinetic perimetry, such as the HFA 640 (Lynn el al,
1961; Minelli et al, 1891), has standardized stimulus velacity but the results are still
susceptible to error as a result of patient reaction time. Indeed, stimulus velocities of §°
and 2° per second have been recommended for examination of the peripheral and central
visual fields respectively using the Goldmann perimeter (Greve, 1873). Johnson and
Keliner (1987) found that the optimal stimulus velocity was 4° per second, however, when
evaluating the duration, reliability and sensitivity of the derived visual field using the Squid
automated perimeter. Kinetic perimeiry is the method of choice for the definition of
prominent focal loss and in the assessment of residual visual function (Greve, 1873,

Klewin and Radius, 1887).

Static perimetry employs a stimulus of fixed position and size but variable luminance
(Sloan, 1939). The minimum light intensity necessary to evoke a response is taken as
threshold. Stimulus luminance is varied in discrete steps rather than continuously in order
to avoid any influence on the measured sensitivity due to the temporal interaction and the
reaction times of the subject and perimetrist (Greve, 1973). The advantages of siatic
perimetry are that the influence of stimulus velocity and patient reaction time are
eliminated (Greve, 1973; Portney and Krohn, 1978). Unfortunately, manual stalic
perimetry is time consuming (Poriney and Krahn, 1678). Consequently, stalic perimeiry
had limited clinical use until the advent of aulomated gtatic perimetry in the 16708 which
permitied the thresholding of a greater nurmber of sfimulus locations within an accepiable
fime period. Static perimetry has been demonstraied to be maore sensilive, howaver, nan
kinetic perimetry for the detection of small isolated areas of focal logs in glaucomaious
palients (Harms, 1062, Drance el al, 1967a; Armaly, 1871; Aulhorn and Harme, 1678;

Grave and Verduin, 1877, Poriney and Kiohn, 1678).
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The interstimulus interval employed in static perimetry is of the order of 2 seconds (Greve,
1973), although some instruments such as the Octopus perimeters have the facility to
employ an interstimulus interval appropriate to the reaction time of the patient (Octopus 1-
2-3 Perimeter Digest, 1991). Similarly, the HFA employs an initial interval of 1.8 seconds
during which a patient response will be accepted as valid and after 10 responses have
been recorded an adjustment is made in the acceptance interval based on the average of
the patients response time plus 0.85 seconds (Anderson, 1882). The acceptance
interval may be subsequently lengthened if the pafient slows down and in this manner the

speed of the examination is optimized for a given pafient.

Numerous siudies have advocated the combination of both static and kinetic perimetry as
a more effective means of visual field examination rather than relying on one particular
fechnique (Harms, 1857; Aulhorn and Harms, 1872; Greve, 1873, Stewari ef al, 1888,
Miller of al. 1089 Ballon et al, 1692). Stewari and co-workers (1688) employed auiomated
kinetic perimetry o examine the peripheral visual field in conjunction with supra-threshaid
automated static perimetry (with guantification of defects) within 30° eccentricity for both
ocular hypertensive and glaucomatous patients. Approximately 23% of 600 ocular
hypertensive or glaucomatous eyes were found to exhibit a central visual field defect and
a normal peripheral visual field, while 1.0% of all eyes exhibited a peripheral visual field
defect and a normal central visual field. In similarly designed studies, Miller and co-workers
(1989) found that 7% of 599 "suspect” (ie elevated intra-ocular pressure or a suspicious
appearance of the optic nerve head) or glaucomatous eyes exhibited a central visual field
defect and a normal peripheral visual field, while 7% of all eyes gxhibiiad a peripheral
visual field defect and a normal central visual field. In addition, Ballon and co-workars
(1992) found that 4% of 100 "suspect” of glaucomatous eyes exhibited a patipheral
visual field defect and a normal central visual field. In all of these studies the kinetie

component of the examination contributed approximately 86% of ihe fotal tesiing fime.



Sensitivity is usually expressed as AL/L where AL is the minimum light intensity necessary
to evoke a response and L is the background luminance. The relationship between L and
AL is dependent upon L which determines the staie of retinal adaptation (Aulhorn and
Harms, 1972; Fankhauser, 1878). At photopic light levels (greater than 100asb), the
Weber-Fechner Law describes a constant relationship between stimulus intensity and

background luminance, that is:

Constant = Ab/_
At low photopic and mesopic light levels, however, the constant relationship between
stimulus intensity and background luminance breaks down and the Rose-de-Vries Law is

considered to be more appropriate (Fankhauser, 1879), ihat is:

Corstant = Ak/ 0.5
Furihermore, al scotapic light levels (less than Tasb), AL is a consiant independant of L.,

that is:

Corstart = AL
The levels of background luminance at which the Weber-Fechner and Rose-de-Vries
Laws apply can show considerable overlap (Barlow,1972). indeed, the state of retinal
adaptation at the background luminances commonly employed in perimetry is
controversial. Fankhauser (1979 and 1986) found that the Rose-de-Vries Law best
described the retinal adaptation state at a background juminance of eiither 4asb (Oclopus)
or 31.5asb (HFA). Klewin and Radius (1986), however, suggesied that the Weaber-
Fechner Law was only applicable at a background luminance of 31.5asb and did not held
at 4asb. Conversely, other studies have suggesied that ratinal adaptation undar
perimetric conditions is best described by the Weber-Fechner Law (Aulharm and Harms,
1972; Greve, 1873; Wood et al, 1688a). In agreement with Barlow (1872), a recant slidy
found considerable overlap between ihe levels of hackground luminance al whieh the
Weber-Fachner (greater than 3.18ash) and Rose-de-Vries Lawe (lese than 31.Basl) wae
aparative bui concludaed ihat the Rose-de-Viies Law was the most applicabla for
perimetry wihin 30° of fixation (Fianagan et al, 1881). In addiiien, refinal adptation s alee
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influenced by factors such as pupil diameter and the extent of light absorption by the

ocular media (Sections 1.11.2 and 1.11.3).

The dynamic range can be increased by reducing the background luminance
(Fankhauser, 1979). Fankhauser (1979) found that reducing the background juminance
from 31.5asb to 4asb resulted in a three-fold increase, or 5dB gain, in dynamic range.
Indeed, the limitations imposed on dynamic range by the use of low wattage stimulus
bulbs in the early auiomated perimeters necessitated the use of low background
luminances (Heijl and Krakau, 1875a; Heijl, 1988). The advent of high intensity tungsien
halogen lamps, however, has permiited the utilization of higher background luminances
(ie typically 31.5asb) which require less adaptation fime and are less susceplible fo

contamination by inadvertent ambient illumination (Haijl, 1985).

Early reporis using manual pefimetry have suggested that the utilization of different
adaptation levels may provide additional diagnostic information to that obtained from
conventional perimetry (Shiga, 1968; Greve et al, 1977; Hara, 1979). Greve and co-
workers (1977) using the Friedmann Visual Field Analyzer found that meridional static
perimetry at both mesopic and photopic adaptation levels aided the differential diagnosis
of maculopathies and neuropathies, while Hara (1979) using a similar technique
suggested that mesopic and scotopic perimetry accentuated the loss of visual field
sensitivity in pigmentary retinal degenerations. Similarly, Drum and co-workers (1986)
using manual static perimetry found an exaggerated loss of scotopic sensilivity comparad
{o photopic sensitivity in glaucoma patients and suggested that the technique may be a
more sensitive test for the detection of early glaucoma. in addition, the assessmeni of
photopic and scotopic sensitivity (Marmor et al, 1683) using a modified automaled siaiic
perimeter has been demonsirated {o differentiate betwaen the sub-groups of ratiniiie
pigmentosa (Jacobson el al, 1086a; Apdthy et al, 1887) and io allow & more tharough
investigation of the functional visual loss in fod and cone dysiunction (Jacnbean af &l
18860 and retinitis pigmentosa (Greensiain and Hood, 1066). Conversaly, Koihe and

co-workers (1681) could find no difference in the raduciion af both seeiople and phtiapie
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critical flicker frequency following an artificial increase in intra-ocular pressure. Recently,
Moore and co-workers (1992), using dark adapted perimetry, have demonstrated focal
sensitivity loss in areas of the visual field assessed as normal by manual kinetic techniques
for retinitis pigmentosa patients. Furthermore, Denis and co-workers (1993) have
advocated the use of a 0.3asb background luminance for the early detection of

glaucomatous visual field loss.

Using a background luminance of 215 cdm“z, Wilson (1867) demonstrated abnormalities
of spatial summation in pre-geniculate lesions, while patients with post-geniculaie lesions
exhibited abnormalities of both spatial and temporal summation. Furtharmore, using
background luminances of 70 cdm@ and 223 cdm2, Shiga (1968) reporied isopter
depression in the early stages of third neuron and retinal diseases, including glaucoma,
while normal subjects exhibited a general enlargement of the isoplers. Similarly, the
detaction of early visual fisld defecis has baen demonsiraied to be enhanced al high
adaptation levels (greater than 200 cdm™2) in progressive cons dysfunction (Elenius and
Leinonen, 1986). Conversely, using automated perimetry, Asman and Heijl (1988) were
unable to detect any difierence in the magnitude of visual field loss for background

luminances of approximately 1, 10 and 100 cdm2.

A range of stimulus sizes are available in modern projection perimeters. The HFA, for
example, has five stimuli from Goldmann | to V with anguiar subtenses of 0.108° and
1.724° respectively. increase in sfimulus size results in a greater dynamic range
(Fankhauser, 1979; Heijl, 1985; Choplin i al, 1980). For a background luminance of
4asb, Fankhauser (1979) found an increase in dynamic range of 12dB at 60° sccentriciy
and 3-4dB at fixation as a result of increasing the stimuius size from Galdmann (1o il
(0.431°). The greater dynamic range resulls from an increase in spafial summation with
increase in stimulus size and with increase in accantricily. Spaiial summation deseribas

ihe phenomenan by which a small infra-threshold siimulue is perceived as the ailimulue
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size is increased and both the luminance and the stimulus duration are held constani.

Spatial summation can be described by the formula:

Corstant = AL . AK
where the constant represents threshold which varies with retinal position, AL is the
stimulus intensity, A is the stimulus area and the exponent k represents the summation
coefficient which increases with increase in eccentricity. When k=1, Ricco's Law is

obeyed since complete spatial summation occurs.

Goldmann (1945a, 1945b and 1846) established the standard stimulus sizes, which are
employed in the current automated perimeters, based on a single summation coefficient
of 0.80 for the whole of the visual field. With this summation coefficient. a doubling of
stimulus diameter is equivalent to a 5dB increase in stimulus intansity. in praciice the
relationship is an approximation since the empiric summaiion cosfficient varies with
accentricity, adaptation level, stimulus size, defect depih and between individuals.
indeed, the magnitude of spatial summation increases not only with increase in stimulus
size and eccentricity but also with decrease in adaptation level and stimulus duration
(Barlow, 1958; Fankhauser and Schmidt, 1960: Sloan, 1961; Fankhauser, 1979; Brown
et al, 1989). Furthermore, spatial summation is considered to be generally independent

of age (Dannheim and Drance, 1971; Brown et al, 1989).

Goldmann size Il was selected as the default stimuius for automated static perimetry,
rather than the default kinetic size | stimulus, since it permitied a greater dynamic range
(Fankhauser, 1979; Heijl, 1085) and was more resistant io the effecis of optical defocus
(Fankhauser, 1979; Heijl, 1985) and lens opacities (Radius, 1878; Fankhausar, 1676,
Gireve, 1080b; van den Berg, 1987). Fankhauser (1678) suggestad that larger stimuli act
as a filler minimizing the attenuation of sensitivity due fo pre-refinal anifacts but deieeting
sensiiivity loss derived from retinal and post-retinal disturbances of vigual funciian.
Furihermore, a Goldmann size V stimulus has been employed clinically fo damoneiraie
and monitor residual vision in patients exhibiting an absoluie sansiivily loes io & siza (Il
stimulus in bainh glaucoma (Wilensky e al, 1086 Zalta, 1681) and retinitie pigmeniosa
a0



(Wood et al, 1986a). indeed, normative data has been established for stimulus size V (in
addition to size ll) (Choplin et al, 1990) and is now incorporated into the STATPAC

software of the HFA.

Dubois-Poulsen (1952) suggested that sensitivity to early visual field loss could be
increased by a reduction in stimulus size rather than luminance. Subsequently, various
siudies have demonstrated that the accuracy with which focal loss can be measurad
increases as stimulus size is decreased (Greve, 1873; Gramer, 1981; Bek and Lund-
Andersen, 1889). Indeed, Greve (1973) suggested that an enhanced spatial summation
in areas of focal loss within the visual field may produce an apparent reduciion in the size
of a visual field defect to larger diameter stimuli. Conversely, Dannhaim and Drance (1874)
could find no disturbance of spatial summation in glaucomatous subjecis using manuai
stalic perimetry. In addition, smaller stimulus sizes have baen recommandad for tha
investigation of the ceniral visual field since the Goldmann size ifl stimulug has bean
demonstrated to be relatively insensitive to early focal loss (Wood et al, 1988D; Wiid et al,
1987a). Furthermore, Zalta and Burchfield (1990) found that a size | stimulus was more
sensitive for the detection of shallow focal loss (6dB depth) in glaucoma patienis
compared with a size |l stimulus, whilst Dengler-Harles and co-workers (1993) could find
no significant difference in the visual field indices for stimulus sizes | and lll. The difference
in the findings was explained by a sample with predominantly diffuse field loss in the latier
study and the utilization of a mathematical, rather than empirical, normal database for

stimulus size | (Dengler-Harles et al, 1983).

interestingly, the utilization of an increasing stimulus size with increase in eccentricity 10
produce an isosensitive profile and achieve equal codical representation has bean

proposed (Wild et al, 1886a; Wild et al, 1867a; Wood et al, 1866b; Latham ef al, 18843).

The optimal stimulus duration is govarmed by the temporal summation propariies of ihe
visual syetem and by ihe need io eliminala eye MoVamanis away fram fixatian (Wi,
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1988). Temporal summation describes the phenomenon by which a short duration infra-
threshold stimulus is perceived as the stimulus duration is increased and both the
luminance and the stimulus size are held constant (Anderson, 1992). Temporal

summation can be described by the formula:

Constant = AL . Tk
where the constant represents threshold which varies with retinal position, AL is the
stimulus intensity, T is the stimulus duration and the exponent k represenis ihe
summation coefficient which increases with increase in eccentricity (Bariow, 18568,
Saunders, 1975). When k=1, Bioch's Law is obeyed since complete temporal summation
occurs. Bloch's Law applies to stimuli of short duraiion, that is less than the critical time,
Te. Therefore, when T is less than Tc threshoid delermination obeys Bloch's Law (k=1)
but as the neural mechanism hecomes saturated, summation becomes incomplete (k less
than 1) and eventually ceases (k=0). Consequently, when T is greaier than Te, threshold

is independent of stimuius duration.

The value of the critical time varies with eccentricity, stimulus duration and adaptation level
but is of the order of 60-100msec (Barlow, 1958; Greve, 1973; Saunders, 1975; Hart,
1987). Using manual perimetry, Harms (1952) found no further increase in threshold
sensitivity for a stimulus duration of 100msec or longer, while Dannheim and Drance
(1971) found that the critical time may exceed 100msec within 30° eccentricity for
Goldmann stimulus size IV (0.862°) at background luminances of {0asb and 0.1asb.
Conversely, Aulhorn and Harms (1872) found a critical time of B00Omsec. Temporal
summation increases with increase in eccentricity and with decrease in adaptation level
and is of a greater magnitude for smaller stimuli (Barlow, 1858; 8aunders, 1876). In
addition, the magnitude of temporal summafion is indepandent of age (Dannheim and
Drance, 1671) but varies according to the experimental dasign (Blackwall, 1663, Han,
1087). Some investigations have implicated the higher centres of the visual sysiem in he

pracess of lemporal summation (Baftersby and Defabaugh, 1968, Har, 1887).
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Automated static perimetry generally employs stimulus durations of 100msec (Octopus)
or 200msec (HFA) but durations of the order of 0.5 to 1.0 second have been proposed in
order 1o eliminate the effects of temporal summation (Harms, 1852; Aulhorn and Harms,
1972). Longer stimulus durations (ie 0.5 to 1.0 second), however, may encourage eye
movements away from fixation and will also increase the examination time (Aulhorn and
Harms, 1972 Greve, 1973). Indeed, depending on the experimental technique
employed, for stimuli within 30° eccentricity the latency of saccadic eye movemanis are
approximately 75msec (Robinson, 1964) and the time taken for a saccade out {o 30°
eccentricity is approximately 90msecs (Robinson, 1864; Baloh et al, 1875; Bahill et al,
1081). Greve (1973) reporied that inter-individual differences in temporal summation in
normal subjects were small and considered that shori stimulus durations were more
suitable for the examination of patients with poor fixation. Furthermore, areas of focal loss
within the visual field may only be revealed using shorl stimulus durations due 1o an

enhanced temporal summation effect in diseased ayas (Wilson, 1967; Holmin et al, 1667,

Krakau, 1989a).

The probability of detecting focal loss using static perimetry depends on the density of
stimulus locations and the spatial arrangement of the stimuli (Greve, 1975; Fankhauser
and Bebié, 1979; Johnson and Keltner, 1981). The spatial arrangement may vary
according to which disease the test program is designed to detect (Johnson and Keliner,
1881). An increased density of stimulus iocations, however, can only be incorporatad &t
the expense of an increased examination time (Fankhauser and Behié, 1879). Indeed,
Greve (1975) calculated that 452 stimulus jocations would be required to deiect a 3°
diameter circular area of focal loss within 30° of fixation with 85% confidence. Gonveraaly,
Johnson and Keliner (1981) demonstrated that the rate of deteciion of iocal loss wae nol
substantially improved by using more than 140-150 slimulus locations. Fankhausar and
Rehié (1078) found that the probahility of deteciing focal lose of 8.4° diametar using a 6°
interstimulus equare grid was 100%, whilet that of @ 6° diameier area of facal loes was 78%.

Bubsequantly, it has baen shown that focal loss the sige and depih of the physiologieal
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blind spot may be missed with a 6° interstimulus square grid (King et al, 1986; Wild et al,
1986b). Furthermore, for focal loss greater than 4° in diameter the probability of detection
using a 6° interstimulus square grid was determined to be two to three times greater than
that of a 1.5° interstimulus two-meridian grid (Fankhauser and Bebié, 1978). For focal losg
of less than 2° diameter the probability of detection was low and was independent of ihe

type of stimulus grid utilized (Fankhauser and Bebié, 1979).

A compromise must be reached beiween the efficiency of focal loss detection and the
time to underiake a perimetric examination. Gutieridge (1984) summarized the three
options for deciding the arrangement of stimuli within a visual field program. The
alternatives are systematic sampling, higher density sampling in areas of the visual field ai
greater risk of sensitivity loss, or a combination of systematic and higher density sampling.
Systematic sampling is employed in a square grid program, while highar density sampling
is employed in the G1 program of ihe Octopus perimetar. The combination of systematic
and higher density sampling has been employed in the Ocuplot and Fisldmasiar
perimeters. Indeed, Weber and Dobek (1986) advocated the utilization of a 3°
interstimulus square grid within 10° eccentricity, a 4.2° grid between 10° and 20°
eccentricity and a 6° grid between 20° and 30° eccentricity for the optimal detection of
glaucomatous visual field defects. Similarly, the Octopus G1 program incorporates an
increasing resolution with decrease in eccentricity, such that a 2.8° resolution is achieved
within the macular area (Flammer et al, 1887). Subsequently, the G1 program has been
demonstrated to improve both the detection and the assessment of visual field defects
when compared to a 6° interstimulus square grid (Gloor and Gloor, 1686, Dannheim,
1687). A 6° interstimulus square grid is considered to be suitable, however, for the

detaction of visual field loss due to chiasmal and suprageniculate lesions.

Most automated perimeters provide facilities io increase the stimulue denslly in desired
areas of the visual field by using cusiom Programs, whilsi stimulus densiiy can be
increased over the whole field by merging the resulis of iwo programs (8@ programe R

and 32 of the Oclopug or programe 30-1 and 30-2 of the HFA). Injerestingly. the Osiapus
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SAPRO program utilizes software that continually modifies the spatial resolution within an
examination as a result of patient response. A coarse grid is employed in areas of normal
sensitivity, while an increasingly finer grid is employed in areas of apparent visual field loss
(Fankhauser et al, 1981; Haberlin et al, 1983; Funkhouser and Fankhauser, 1686).
Asman and co-workers (1988) found that such spatially adaptive techniques did not
improve sensitivity or specificity, howaver, when employed in conjunction with &

threshold-related, supra-threshold screening program.

Recent studies have investigated the possibility of reducing the number of stimulus
jocations in order to reduce examination time whilst retaining sensitivity and specificity.
Funkhouser and co-workers (1989a and b) found that the results of the Octopue G1
program could be accurately derived using an abbravialed program comprising
approximately 30 of the original 58 stimulus jocations. Krakau (1988b) suggested thal by
repeatedly thresholding 6 io B stimulus locations situated within 30° eccentricily, raihar
than a single threshold estimation of approximately 70 stimulus locations, naarly all
abnormal visual fields could be detected. Similarly, de la Rosa and co-workers (1990 and
1992) suggested that 4 stimulus locations within 30° eccentricity (ie one stimulus location
in each quadrant) can be thresholded to determine by means of multiple regression the
sensitivity of the entire visual field (mean r=0.84). The standard error of the estimation was
found to be similar to the magnitude of short-term fluctuation. For a single estimation of
threshold, however, reducing the number of stimulus locations has been demonstrated
io increase the mean sensitivity and reduce the short-term fluctuation (Fujimoto and
Adachi-Usami, 1992a, b and c). In addition, Weber and Diestelhorst (1682) have
demonstrated that programs with a reduced number of stimulus locations can be very
accurate in the follow-up of glaucomatous visual fields. indeed, theoratical caleulations
show that trend analysis can be improved it the reduction in examination fime is combined
wiih a greater frequency of examination (Weber and Diestelhorst, 1808). Furthermane,
Zayen and co-workers (1883) have suggesied that by ulilizing the atage concapt in whish
ihe examination is divided into subsets of stimulus locations thé aption is provided o

cuftail the test if sufficiant iniormation has bean gathered. All he alimuiug insations in any
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stage complete the thresholding procedure before the start of the ensuing stage and the

visual field indices are updated at the end of each stage.

Commercially available automated perimeters employ a variety of techniques to generaie
stimuli, including projection systems, light emitting diodes and fibre optics. The techinique
can influence the topography of the derived visual field and the efficiancy of the

perimetric examination.

Projaction systems offer the most flexible form of stimulus generation (Tate and Lynn,
1977: Fankhauser, 1979; Heijl, 1984). indead, the two most widely used perimeafers, i@
the HFA and Ociopus automated perimeter, both emplay projection sysiems. The
stimuius intensity is controlled with a variable neutral density filter placed in front of an
incandescent light source, while the stimulus size is governed by a rotating aperture plate
in the stimulus light path. Furthermore, the stimulus position is varied by a number of
rotating mirrors controlied by stepping motors and can be presented anywhere within the
visual field with a resolution of 0.2° between adjacent stimuli (Fankhauser, 1879). In
addition, the stimulus colour can be easily changed by placing a filter in the stimulus light

path.

The dynamic range of a projection perimeter is determined mainly by the wattage of ihe
stimulus bulb bul consideration also needs to be given to the extent o which light is
scattered beyond the geomeirical boundaries of the epat stimulus (Fankhauser, 1878).
Scattered light from a bright stimulus has been demonstraled io arificially raduce ihe
Fankhauser and Haeberiin, 1880). Indeed, Fankhausar (1070) has proposed & madimum
stimulus luminance of 1000ask in conjunction with & background uminance of daeb o
produca minimum straylight and allow & maximum dynamic range.
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Due to the complicated design, projection systems are relatively expensive, vulnerable 1o
damage and susceptible to mechanical failure (Heijl, 1984). The mirror controlled
positioning of the stimulus must be frequently recalibrated (Heiji, 1985) and the stepping
motors are audible which may result in an increased number of false-positive responses
(Heijl, 1984; Taylor et al, 1984). Furthermore, ageing of the stimulus bulb necessitaies

the recalibration of the perimeter every time the instrument is swiiched on.

LED systems are able to operate at high luminance levels (Fankhauser, 1978) and are
silent, robust and inexpensive (Taylor et al, 1984). A high frequency pulse current i&
employed to vary the intensity of the LED which is mounted on the surface of the
perimeter bowl. As the position of each LED is fixed, a finite number of stimuius locations
are available but this limitation can be overcome by the use of additional fixation targeis
providing the LEDs are closely spaced (Phelps, 1685). Uniike projaction syslams, ihe
size of the LED generated stimulus is invariable and each LED requires individual
calibration. In addition, the critical directional properties of LEDs necessitates precise
mounting and the spectral nature of the LED stimulus may influence the differential light
threshold (Fankhauser, 1979; Wild, 1988). interestingly, the new Oclopus 1-2-3
perimeter combines the merits of both projection and LED stimulus generation. A single
LED is projected via a condensing lens directly onto the retina using a series of mirrors 10

vary the stimulus location (Octopus 1-2-3 Operating Instructions, 1990).

The LEDs of the early Dicon perimeter were mounted in aperures recassed within the
surface of the perimeter bowl. Such "black hole” perimeters do nol measure a irue
difierential light thresholid since the stimulus is not added 1o an even background (Heijl,
1985: Wood el al, 1986a). indeed, the luminance of ihe LED af threshold may be less
than the luminance of the background (Desjarding and Anderson, 1688). Cansaguanly,
ihe early Topcon perimetar employed LEDs tha in the rasting siale were the sume
luminance as ihe background (ie &1.6asb) in order 1o measure a true differential light

threshold. Furlhermore, perimeiers which employ "black hole™ type praseniaiions hava
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been criticised for producing changes in local retinal adaptation (Mills, 1985; Heijl, 1885).
Flanagan and co-workers (1988) found that the Dicon perimeter produced a steeper
sensitivity profile than perimeters utilizing other methods of stimulus generation, while
Britt and Mills (1988) found that the "black hole" effect resulted in a higher variance of
multiple threshold determinations (p=0.0005) coniributing on average 0.8dB to the shori-
term fluctuation but considered this to be of minor clinical imporiance. Indeed,
instruments such as the Competer and Medmont perimeters have avoided these arfifacis
by mounting the LEDs behind a diffusing coating to produce a homogenous bowl
surface, while subsequent versions of both ihe Dicon and the Topcon perimeiers have

rasonted to projection systems.

Fibre-opiic stimulus generation sysiems employ a centrally locaied light source from
which light is guided down fibre opiic light guides which ferminaie on the bowl surace.
This system has been employed in the Fieldmaster (modais 101PR, 200 and 228) and
the Tubinger 2000 perimeters. Fibre-optic stimulus generation only permits stimuli of
fixed location and size and is more expensive than either of the other two stimulus

generation techniques.

The use of He Ne lasers for stimulus generation rather than incandescent sources has

been proposed but the efficiency and suitability of these instruments is undetermined

(Fankhauser, 1879).

The sirategy employed for automated static perimetry depends largely on the purposd far
which the examination is required. Furihermore, the perimatrisi should be aware of tha
limitations of the method utilized by & paricular siralegy in order 1o accurately Intenprai ihe

resulis of a derived visual field (Bebié, 1066a).
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Supra-threshold screening procedures generally employ a stimulus luminance brighter
than the age-matched normal threshold and normality is assumed if the first stimulus is
seen (Asman, 1992). Stimulus luminances of 4dB to 6dB brighter than threshold have
generally been employed. Supra-threshold strategies are very rapid and relatively simple
io interpret compared to full threshold procedures which on average take 15 minutes to
assess 70 stimulus locations within 30° eccentricity (Bebié, 1985a; Lewis et al, 1986).
Supra-threshold strategies are unable o quantify the severity of a visual fisid defect
(Bebié, 1985a). Consequently, supra-threshold sirategies are employed to confirm
normality in populations that are expected fo be predominantly normal. Araujo and co-
workers (1993) have recently suggesied, however, thal screening using supra-threshold
luminance levels based on a previous full threshold examination provides similar
information in the assessment of visual field progression as thai obtained from a full

ihreshold examinaiion.

Numerous supra-threshold screening strategies are available. One-level screening
employs a single stimulus luminance at all locations regardless of eccentricity (Keltner et
al, 1979; Heijl, 1985; Wild, 1988). The reduction in normal sensitivity with increase in
eccentricity is ignored and the efficacy of the procedure depends upon the initial choice
of stimulus luminance. Consequently, the one-level screening technique exhibits poor
specificity and is considered to be of limited value (Hong et al, 1981; Gramer et al, 1882).
The procedure can be improved by employing two or more stimulus luminance levels one
of which is the maximum in order to categorize visual field defects in terms of relative and

absolute sensitivity loss (Keltner i al, 1878).

Gradient adapted screening sirategies atiempt to employ & stimulus luminance al a known
and constant level above thresheld for all geceniriciies. The procadure relies on the
pradiction of the shapa’?m ihe hill of vision (Heijl, 1888). Jolnson and co-warkers (1676)
have demonsirated thal gradient adapied supra-threshald autemated slalie parimeiry

pravides significantly batiar deiection ratas for visual field loss due fo non-glaucemaious
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optic nerve disease than manual kinetic perimetry. Indeed, gradient adapted supra-
threshold screening procedures in conjunction with multiple stimulus presentation have
been suggested as a means to further reduce the test duration (Greve, 1972 and 1873
Langerhorst et al, 1989). As with one-level screening, a maximum luminance stimuius can
be employed to differentiate between relative and absolute sensitivity loss. Interestingly,
the duration of the gradient adapted two luminance procedure is longer for older and for
glaucomatous patients than for young and for normal subjects using a 120 point full field
program, where as no such difference has been found using a full thrashold program out

{0 30° eccentricity (Kosoko et al, 1986).

The gradient adapted ihreshold-related procedure thresholds one or more pra-
determined locations at the anset of the examination and after correcting for the narmal
decay in sensitivity with increase in eccentricity, a predicled supra-threshold sfimulus i@
presented at all other stimulus locations. If the initial threshold determination is parformad
in an area of focal loss or is erroneous, however, the choice of screening stimulus
luminance will be incorrect. As a result, most instruments threshold two to four locations
and take the most sensitive point as reference. In addition, more than one threshold
assessment at each pre-determined location reduces the influence of erronsous
responses (Heijl, 1985). Gradient adapted threshold-related techniques have been
demonstrated to detect visual field defects earlier than manual kinetic perimetry (Heijl,
1976: Dyster-Aas, 1980). The procedure can be further improved by employing a
"Quantity Defects" (Haley, 1987) or "Screening-with-Quantitation” (Bebié, 1985a) aption.
Using this option, stimulus locations that are missed during the screening phase of the

examination are subsequently thresholded o determine the defect dapih.

Full threshold sirategies provide a comprehensive agsessmaent of the depth and araa of
ihe visual field and permit the detection of sublle defecie, of the prograseion of axigling

dafects more efieciively, than supra-threshold procedures (Btewart e al, 1668). This s
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the number of stimulus locations assessed. The specific nature of the thresholding
algorithm determines not only the duration of the test but also the accuracy and reliability
of the results (Bebié, 1985a). Most automated perimeters employ thresholding algorithms
pbased on either the "method of limits® (Guilford, 1954) or on the “"staircase method"
(Stiles and Crawford, 1934). The method of limits utilizes an initial stimulus which is
approximately 2dB to 4dB infra-threshold in relation to the age-matched normal values
and is increased in intensity in constant steps of 2dB fo 4dB until the stimulus is seen

(Bebié et al, 1976a).

The majority of perimeters employ the "up-and-down" staircase or bracketing procedure
{0 estimate threshoid. Differences exist between instruments, however, in the deiails of
the staircase procedure. Spahr (1978) developed the “optimal” staircase sirategy, whieh
is employed in the Ociopus perimeter, by applying the principles of mathamaiical
information theory in order fo gain maximum information per stimulus preseniation.
Threshold is crossed initially using a 4dB step size and a stanting luminance equal to the
age-matched normal value for that particular location. For the second crossing of
threshold the luminance direction is reversed and a 2dB step size is utilized to check and
refine the estimate obtained in the first crossing. The starting luminance for the second
crossing of threshold is the mean of the last two presentations of the first crossing and the
final threshold value is taken as the mean of the last seen and not seen stimuli. This
procedure requires approximately 5 stimulus presentations per location to estimate
threshold (Spahr, 1975; Bebié et al, 1976b; Bebié, 1985a). Indeed, the average number
of stimulus presentations per location is greater for the staircase method than the method

of limits but the staircase method is considered fo be more accuraie (Babié et al, 1676h).

For the HFA, threshold is determined twice at aach of four primary slimulus locations, or
seed points, one in each quadrant of the visual field and symmatrically placed @° from boik
ihe horizontal and verical meridians using an initial stimulug intensily of 26dB (Haley,
1887). Thrasholding is then carred out at stimulus lacations adjacent io, and radiating el

frarm, ihe seed poiris using an initial siimulus luminance of 4dB greatar than The pradicied
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sensitivity based on extrapolation from previously thresholded locations (Heijl, 1977a;
Bebié et al, 1976b). The thresholding procedure is similar to that used by the Octopus
perimeter except that the last seen stimulus value is taken as threshold. If sensitivity is
5dB or more different from age-maiched normal data then a second threshold
determination is carried out (Haley, 1987). Stimulus presentation is randomized by ihe
computer for both the HFA and Octopus perimeters such thal consecutive stimuli are

rarely presented at the same location.

A greater number of reversals utilized in a thresholding algorithm permits a greatar
tolerance fo erroneous patient responses but at the expanse of an increase in the fesi
duration (Bebié et al, 1976b; Heijl, 1877a). However, the effect of the number of reversais
an the accuracy of the threshold estimation is controversial. Early studies (8pahr, 16786,
Bebié et al, 1976b; Bebié, 1985a) suggested thal the number of threshold reversals
determined the accuracy of the threshold estimation, while a recent study (Johnson e al,
1992) has found little or no improvement in threshold aceuracy with increase in tha
number of reversals. in agreement with the latter study, Gandolfo and co-workers (1985)
using a computerized Goldmann perimeter demonstrated that mean sensitivity and short-
term fluctuation were not significantly different for the estimation of threshold based on

either the method of limits or on a bracketing procedure.

Numerous modifications to the bracketing procedure have been suggested in order 1o
reduce the duration of the perimetric examination. The dynamic step unit (D8U) sirategy
initially employed in the Peristat 433 perimeter maintaing a constant relationship between
ihe step size employed in the thresholding algorithm and the slope of the frequency-of-
seeing curve (Weber, 1091 and 1882). Areas of the visual field with a lower sansitivity
exhibit a greater range of luminances over which the probabiiity of stimulus deiection
varies between 0% and 100%, ie the slope of the frequency-of-seeing curve fllaltana with
decrease in sensitivity (Chauhan and House, 1861 Waber and Rau, 1662).
Cfﬁﬁswuamty‘ by employing a larger siep size in areas of ihe vigual field axhiBiting

graater uncariainly the examination fime ie raduced. Vivall and oa-warkers (1681)
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compared the conventional 4dB / 2dB staircase strategy employed in the HFA to the DSU
strategy of the Peristat 433 and found that the DSU sirategy provided a more rapid
assessment of the visual field (by a factor of three) with comparable reproducibility in
normals but at the cost of a reduced repraducibility of relative visual field defects (by a

factor of 1.6).

The recently introduced FASTPAC strategy of the HFA utilizes a constant 3dB step size
in the thresholding algorithm and a single crossing of threshold (Moss et al, 1882;
Flanagan et al, 1993a). In addition, the initial stimulus luminance difiers from that of the
conventional strategy in that one half of the stimulus locations are presented 1dB brigher
than the predicted threshold, while the other locations are presented 2dB dimmer than
predicted. An approximate 40% reduction in the examination jime of normal subjecis was
achiaved but al the cost of a 24% increase in shori-ierm fluciuation. In addition, ihe
magnitude of the mean sensitivity was virually identical for the iwo sirafegies.
Furthermore, Flanagan and co-workers (1993b) have demonsirated that the time saving
of the FASTPAC strategy is reduced in glaucomatous subjects as the severity of any
visual field defect increases due to the larger initial step size of the conventional sirategy.
Consequently, FASTPAC is recommended as an alternative to gradient adapted

threshold-related screening strategies (Flanagan et al, 1993a)

in a detailed study of the propenties of staircase procedures, Johnson and co-workers
(1992) concluded that the current strategies appaar to be ideal in terms of efficiency and
accuracy. Therefore, future thresholiding procedures should depar from staircase based
strategies in order 1o permit substantial improvemanis. The BIOTS (real-time ineraciive
optimized test sequence) procedure employed a two phase heuristic test sirategy
(Johnson and Shapiro, 1881). A modified binary search pracedure ai critical primary
stimulus locations was used in the first phase 1o permit a low resolution panitioning of the
vigsual field which established expectations for the gacond high resolution phase of
AIOTS. For the second phase, stimulus locations were aliernated in an expacied “sean’

and “nof seen” chequerboard paiiemn. RESPONEEs WarG gvaluaied by sompansen wiil
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neighbouring locations and the agreement between expected and obtained patient
responses at each stimulus location was analyzed. Locations which sugoested an
erroneous response were re-checked. The chequerboard pattern was then reversed
(previously "seen" locations become “expected not seen” and vice versa) and each
stimulus location underwent a second stimulus presentation. The agreement between
expected and obtained patient responses at each stimulus location was again determined
and erroneous responses were checked. For stimulus locations which did not reach ihe
expecied agreement criteria the chequerboard was once more raversed and the process
was repeated. The procedure relied on the fact that both normal and abnormal visual
fields exhibited distinct and contiguous spatial patierns of sensitivity. The procedure
reduced the test duration by at least 50%, provided greater accuracy and iesi-retast
reliability, required fewer stimulus presentations, had a more consistent test time and
avoided the need for caich trials since reliability could be assessed using the interstimulus
agreement mairices (Johnson and Shapiro, 1681). However, the procedure has yel (o be

independenily evaluated.

5. Reliabil

Manual perimetry depends on the subjective judgement of the perimetrist o assess
patient reliability, while automated perimetry provides an objective measure of
performance by means of the reliability parameters or “catch trials” (Neuhann and Greite,
1981: Whalen, 1985a). The reliability parameters continually check for fixation losses,
false-positive errors and false-negative errors. Approximately 10% of stimulus
preseniations are reserved for catch trials (Jenni and Flammer, 1887, Zulauf et al, 1882).
in addition, reliability is parly reflected by the magnitude of the shori-term fluctuation
(Whalen, 1985a). Shori-term fluctuation is recognizad, however, 1o be & poor measure of
patient reliability (Zulauf and Caprioli, 1881; Fankhauser, 1683) since ihe primary
underlying factor influencing the magnitude of thig funciion (Bae Gection 1.0.1) ie he

lavel of threshold (Chauhan and House, 1881, Wabar and Rau, 1668).
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Fixation can be monitored continuously using an infra-red video camera. If a fixation loss
or blink occurs, the test procedure is interrupted and only restarts when correct fixation
has returned. In such situations any response is disregarded and the same stimulus is
repeated at random later in the examination (Whalen, 1985a). This system is currenily
employed in the Octopus perimeter. Alternatively, a bright stimulus can be periodically
presented into the blind spot (Heijl and Krakau, 1975a and b). If a fixation loss occurs a
response will be recorded. This system is employed in the HFA and is termed the Haijl-
Krakau technigue. Both the Octopus and HFA perimeters also utilize a video monitor or &
felescope system fo allow the subjective monitoring of fixation by the perimetrist, while
other perimeters such as the Medmont rely fotally on fhe Heiji-Krakau technigue. |f the
rate of fixation loss exceeds 20% of the blind spot presentations the field examination s

jlagged as unreliable (Haley, 1987).

The disadvantages of systems that continuously monitor fixation are that the examination
will be prolonged by frequent interruptions and that false interruptions can occur due to
minor head movements (Haley, 1987). The disadvantages of the Heijl-Krakau technique
are that fixation is only checked periodically rather than continually monitored and that the
initial localization of the blind spot by the computer determines the accuracy of the
technique (Zulaut and Caprioli, 1991). Consequently, pericoecal focal loss will reduce the
effectiveness of the Heijl-Krakau technique since the stimulus will not be detecied
despite substantial fixation loss (Fankhauser, 1993). Furthermore, the differentiation
between a fixation loss and false-positive response is impossible (Fankhauser, 1983)
whilst a false-negative response during a fixation catch trial will indicate corract fixation

daspite erroneous eye movaments (Fankhauser, 1883).

It is generally agreed that fixation logs is the most comman cause of unreliable automaied
perimeiry resulis (Katz and Sommar, 1088; Nalsan-Quigg et al, 1688, Bickier-Bluih &t &l
1060a: Kaiz et al, 1681, Johnson and Nelson-Ciuigg, 1663). Consequanily, an incraase

it the reliability limit for fixation losses from 20% io 53% has been proposed (Kalg and
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Sommer, 1988; Bickler-Bluth et al, 1989a; Johnson and Nelson-Quigg, 1990). The
fixation loss rate has been demonstrated to decrease with perimetric experience (Bickler-
Bluth et al, 1989a; Johnson and Nelson-Quigg, 1993). Katz and Sommer (1990a) found
that glaucoma patients with high fixation loss rates (220%) exhibited a higher mean
sensitivity and a lower pattern standard deviation than those with good fixation, while
Cascairo and co-workers (1991) found mean deviation o be significantly decreased (ie
deteriorated) at a fixation loss rate of 33% in normal subjects. Furthermore, Henson and
Bryson (1891) have shown that fixation loss results in an increased short-term fluctuation.
As a resull, any increase in the reliability limit for fixation losses must take into account

concomitant changes to the sensitivity and specificity of automated perimetry.

The requirement to maintain ceniral fixation over long pafiods may account for inaccuraie
and unreliable resulis in automated perimeiry (Trope et al, 1989, Eizanman &l al, 16682).
Cansequently, Trope and co-workers (1088) have invesiigated the use of aye movamen
perimetry in which the patient signais detection by making a saccade towards ihe
stimulus. With this technique the patient is actively encouraged to change fixation and

eye movements are recorded using a sensitive eye tracker. The technique still needs to

be clinically evaluated.

A false-positive error is recorded when a patient responds 1o the noise of the parimeter in
the absence of a stimulus presentation, while a false-negative error occurs when a patient
fails 1o respond to a supraliminal stimuius presented at a location that has previously been
thresholded (Whalen, 1985a; Heijl et al, 1067a). High false-positive arror raiee are
generally exhibited by anxious and ovar-eager (often tarmed “trigger-happy”) patients
and result in "white scotomata” of the grey-scale printout due 1o abnormaily high
sensitivity values (Whalen, 1885a; Zulauf and Caprioli, 1801). High false-nagative efrar
rates are exhibited by inatientive or fatigued patienis and resull in an abnormally low
gansiivity (Whalen, 1086a). If the raie of false-positive or falee-negaiive armore froceens

949 the field examination i& flagged as unreliable {Haley, 1087}
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The percentage of subjects exceeding the 33% false-positive and false-negative error
criteria is equivocal. One study found approximately 30% to 40% of automated perimetry
results to be unreliable based upon the 33% false-positive and false-negative error criteria
(Enger and Sommer, 1987; Katz and Sommer, 1988; Katz and Sommer, 1990a; Katz,
Sommer and Witt, 1991), while others have found a considerably lower incidence of
unreliable results (Nelson-Quigg et al, 1989; Hardage and Stamper, 1989; Benneft et al,
1991; Johnson and Nelson-Quigg, 1993). This controversy has been attributed to
differences in the testing protocol and in the patient populations between siudies
(Bickler-Bluth et al, 1989b; Johnson and Nelson-Quigg. 1990; Katz and Sommer,
1690b). Somewhat surprisingly, Johnson and co-workers (1963) found that intermitient
or continuous patient monitoring did not influence the error raie. ii is generally agraad,
however, thai glaucomatous subjects exhibil a higher false-nagative arror raie than
normal subjects (Heijl et al, 1987a; Jenni and Flammer, 1887; Kaiz and Sommar, 1888,
Kaiz, Sommer and Witi, 1891; Johnson and Nelson-Quigg. 1603) which hag baen
attributed to increased fatigue and variability (Katz and Sommer, 1688). Indeed, reliability
parameter rates, in general, are related to the defect depth in glaucomatous visual fields

(Jenni and Flammer, 1987; Reynolds et al, 1990).

Various studies have investigated the influence of false-positive and false-negative errors
on the outcome of automated perimetry. Katz and Sommer (1890a) found that high false-
positive error rates (210%) resulted in a higher mean sensitivity for both glaucoma
patients and normal subjects, while high false-negative error rates (233%) resulied in a
lower mean sensitivity both for glaucoma patients and normal subjects and in a higher
pattern standard deviation for normal subjects (Katz and Sommer, 1080a). Similarly,
Cascairo and co-workers (1991) demonsirated that the global indices mean deviation and
shari-term fluctuation were significantly increased from baseline in normal subjecis al &
false-posiiive error rate of 33% and were significantly decreased al a false-negative arrar
raie of 20%, while paitern standard deviation was jound fo be significantly incraasad far

hoth false-positive and false-negative eror rales of 20% and 10% raspaciively.

&7




The false-positive error rate is positively correlated with the rate of fixation loss (Reynolds
et al,1990). Indeed, the fixation loss rate is frequently contaminated by ariifacts such as
false-positive errors (Sanabria et al, 1991). All but one study (Reynolds et al, 1980) have
found the reliability parameters to be independent of age (Heijl et al, 1987a; Jenni and

Flammer, 1987; Katz and Sommer, 1988; Nelson-Quigg et al, 1989; Bickier-Biuth et al,

1689a).

In a lefter to the editor, Fankhauser (1983) advocated alternative measures of reliability
since the current parameters are contaminated by noise. The information within the
thresholding algorithms can be utilized to assess the decision making propenies and
accuracy of a subject's response (Johnsan and Shapiro, 1881; Olsson el al, 16809). Buch
techniques need to be clinically evaluated but may provide a more accuraie astimation of
raliability than the current parameters (Olsson &t al, 1968). In addition, an excessive
number of stimulus presentations can be an indicaior of unreliabiiity (Whalen, 1686a;
Zulauf et al, 1992). Zulauf and co-workers (1992) have suggested the use of a new
reliability parameter, termed the "stimulus discrepancy”, which represents the difference

between the estimated and actual number of stimulus presentations for a given visual

field.

The outcome of any psychophysical quantitative test is known o fluciuate (Flammaer,
1985a). Fiuctuation of the visual field is defined as reversible changes of the differential
iight threshold of unknown origin that include measurement errar, gampling error and
physiological variation (Zulauf and Caprioli, 1681). The definition gxciudes explainable

sources of change in visual field sensitivity such as lsarning and fatigua.

The fraquency-of-seeing curve (Figure 1.1) illusirates fhat as stimulus intansity e

increasad thi probability of detection ie also increasad (Flammar et al, 1684a; Flammer &l
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al, 1984b; Flammer, 1985a; Bebié et al, 1976a; Bebié et al, 1976b; Zulauf and Caprioli,
1991: Asman, 1992). Furthermore, the slope of the frequency-of-seeing curve is a
reflection of the magnitude of fluctuation. A flat curve indicates a high fluctuation since
large changes in stimulus intensity result in only small changes in the frequency-of-saeing
(Zulauf and Caprioli, 1991). Threshold is defined as the intensity at which a stimulus is
detected for 50% of presentations (Flammer et al, 1984a; Flammer et al, 1884b; Flammer,
1685a; Zulauf and Caprioli, 1991). The measurement of threshold at a single stimulus
location, therefore, requires many stimulus preseniations and is fime-consuming

(Fiarnmer, 1985a; Zulauf and Caprioli, 1881).

Quantitative automated static perimetry dictates that threshold is assessed at a number of
stimulus locations throughout the visual field (Flammer et al, 1984a). A staircase or
bracketing procedure is employed to reduce the number of stimulus presentalions
(Bebié et al, 1976b; Haijl, 1877a). In effect, threshold is astimated rather than measured
at each stimulus location and the coricept of the frequancy-of-sesing curve is ignored. As
a result, the repeated assessment of threshold at a single stimulus location will produce a

scatter of threshold values (Bebié et al, 1976a).

The total variance (('STZ) is comprised of two components, that is the short-term fluctuation

and the long-term fluctuation, such that:

Or2 =0+ O ¢
where G2 and O (2 are the short-term fluctuation and the long-term fluciuation

cormponents respectively (Flammer, 1885a; Flammer, 19856b).

1.7.1. Shont-erm fuciuation (SF)

Shori-term fluciuation ... represenis the scatier observed when the same threshaid is
measured independently (iwice or repaatedly) during & single examination of ihé vieual
jiald™ (Flammer, 1986). It is the average of the local scatter aver the whole of ihe visual
field and Is caleulated using the aguation:
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SF i=1 k=1

i

where m is the number of test locations used for the estimation of SF, n is the number of
repetitions of threshold and X j k is the kth threshold determination faken at each poini |
(Flammer et al, 1985). The equation effectively calculates the root mean square (AMS) of
the differences between double determinations of threshold. Alternatively, the
calculation of the goodness of fit of a polynomial surface to the visual field has been

suggested as a means of estimating SF (Schulzer et al, 1980; Mills &t al, 1991).

The SF limits the accuracy of threshoid determination at a single visual field gxamination
and is generally atiribuied to the zone of uncenain responses for stimuli near threshold
(Flammer, 1985b). An abnormally high SF can indicate poor patient reliability but can also
be a sign of early disease and in some instances can precede manifest visual field loss
(Flammer et al, 1984b; Sturmer et al, 1985; Werner and Drance, 1977). In addition, the
magnitude of the SF is determined by the slope of the frequency-of-seeing function

(Flammer, 1985b).

Methodological influences on the estimation of SF include the starting value of the
threshold algorithm and the bracketing procedure employed in the determination of
threshold (Lewis et al, 1986; Brenton and Argus, 1987: Fankhauser et al, 1888). These
factors may in part explain the difference found in the magnitude of SF between the
Octopus and Humphrey perimeters. in addition, an increased SF has been found for
Goldmann stimulus sizes | and || compared to stimulus size i1, whilst nie further reduction in
SF was found when comparing stimulus size 1l 1o stimulus sizas IV and V (Gilpin et al,
1800). The SF is also influenced by the nuimber of stimulus locations and the numbar of
determinations of ihreshold (Bebié e al, 1878b; Casson &l al, 1600; Chauhan et al, 1661,
Dangler-Harles et al, 1803; Flanagan el al. 1603¢). Five threshold deferminations &l aach
of 4 stimulus locations has been suggesied 10 provide an optimal estimaiian af &F
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(Casson et al, 1990). The effect of stimulus duration on the SF is equivocal. It was
suggested that shorter stimulus durations (ie 100 or 200msec) would result in a higher SF
(Krakau, 1989a) but a recent study could find no dependency of SF on stimulus duration
(Pennebaker et al, 1992). in addition, poor patient reliability in the form of fixation losses
(Henson and Bryson, 1991), false-positive responses (Flammer et al, 18844, Kaiz and
Sommer, 1890a) and false-negative responses (Katz and Sommer, 1988) all increase the
SF. An increase in the brightness of the fixation spot has also been found to increase the

SF (Safran et al, 1992).

The SF increases with increase in ecceniricity (Flammer et al, 1984a; Heijl et al, i087c;
Rutishauser et al, 1989; Heijl and Asman, 1989; Chauhan ei al, 1980) and also increases
as the depth of sensitivity loss increases (Heijl, 1877a; Flammer et al, 1684a; L.angarhorst
el al. 1987). It reaches a maximum of approximately 5dB at a sensitivity level of 10dB bt
diminishes with further reduction in sensitivity due o a consirictad measuramani range
(Flammer et al, 1984a; Heiji et al, 1991a). Eurthermore, 8F is higher in glaucomatous
patients than in normal subjects (Werner and Drance, 1977; Flammer et al, 1984b) and is
particularly pronounced at stimulus locations adjacent to focal loss (Haefliger and
Flammer, 1991; Zulauf and Caprioli, 1991). The relationship between SF and age is
equivocal. Some reports have suggested that SF increases with increase in age (Katz and
Sommer, 1987; Autzen and Work, 1990; Chauhan et al, 1890; Chauhan and House,
1891), while others have found no dependency (Flammer at al, 1884a; Brenion and

Phelps, 1986; Heijl et al,1987a; Nelson-Quigg et al, 1989).

The level of threshold is the primary underlying physiological influence on 8F (Chauhan
and House, 1091: Weher and Rau, 1992). Previous studies have assumed that the
{requency-of-seeing function was invariant (Bebié et al, 1876h; Spahr, 1676). Howavar,
racent work has shown that the siope of the frequency-of-seaing curve flatiens with
increase in threshold (Chauhan and House, 1881; Weber and Rau, 1602). The influance
of ecceniricity, sansitivity loss and age can be axplainad by the fact that theee fasiars va-
vary wiih fhe threshold lavel.
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Unlike the Octopus perimeter, the Humphrey Field Analyzer gives a greater weighting to
central stimulus locations in the calculation of global SF than peripheral locations in order
to compensate for the increased variability in threshold with increase in eccentricity (Heijl
et al, 1987b). The effect of the weighting function is to slightly reduce the SF (Flanagan et
al, 1993c). Furthermore, the Octopus and Humphrey perimeters differ in the number of
stimulus locations that are employed to determine SF. The G1 program of the Octopus
perimeter thresholds all 59 stimulus locations iwice to derive the SF, whiist program 30-2
of the HEA utilizes 10 double determinations of threshold from predetermined stimulus
iocations. The calculation of SF from 10 double determinations, however, is only a rough
indication of the rue value (ie within 44% of the true SF at a 95% confidence level) (Bebie
et al, 1976b). Consequently, the upper limits of normality for &F are 2.0dB and 2.3d8 for
the Octopus and Humphrey perimeiers respectively. A recent sfudy has demonsiraied
ihat the difference in the adaptation levels, however, betwaen ihe Octopus (4ash) and
Humphrey (31.5asb) perimeiars does nof significantly influence the 8F (Crosswall i al,
1991). Conversely, Dengler-Harles and co-workers (1603) found that the intaraction of
adaptation level and stimulus duration (ie Octopus; dasb and 100msec respectively: HFA;
31 5asb and 200msec) resulted in a higher mean sensitivity (p<0.002) and a higher SF

(p<0.02) for the Octopus automated perimeter when compared to the HFA.

1.7.2 Lona-term fluctuation (LE).

Long-term fluctuation is defined as "... the variation in the threshold measurements over
time, when the variation due to repealed measurements at a given time has been
removed” (Flammer et al, 1983; Flammer et al, 1984b; Flammer, 1985a; Flammer, 1885b).
The LF has both homogenous and heterogenous components. Uniform change in
sensitivity over the entire visual field is indicated by the homogenous component of ihe
LE, while the heterogenous component reflacts jocalized change in sensitivity ovar fime

(Bebié et al, 1976a; Flammer et al, 1063; Flammer et al, 1984¢).

An analysis of variance madal can he employed io caloulate the I.F of saveral lesl
locations:
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Yilk =H+L+V+ LV By

where Yi Ik is the threshold measurement of test location i in visual field test | for
replication k, |l is the overall mean value, L (test location) is the effect of the test location

and V (visual field) is the effect of the individual field examination. V is mainly determined
by the homogenous LF. LV is the interaction between L and V, which is mainly
determined by the heterogenous LF. E is the experimental error, or the SF, evaluated on

ihe basis of two replications of threshold (Flammer et al, 1983; Flammer, 1885Db).

The LF confounds the interpretation of change in the visual field from one examination to
another and is generally attributed to an actual change in the sensitivity of the visual
systam (Flammer et al, 1983; Flammer, 1885b). The magnitude of I.F in the normal eye is
approximately 2.0dB (Heijl et al, 1887¢). The LF increases, howavar, with increase in the
time interval befween visual field examinations (Katz and Sommer, 1086; Krakau, 1881).
Furthermore, an increased LF can be an early sign of retinal disease (Zulauf and Gapriali,
1991). The magnitude of the homogenous component of the LF has been found to be
significantly higher in glaucomatous and glaucoma suspect patients (p<0.001) than in
normal subjects (Flammer at al, 1984c). The LF increases with increase in SF, aithough
the association is of only borderline statistical significance (Flammer et al, 1984c). It
increases with increase in defect depth (Heijl, 1977a; Flammer et al, 1884b; Crick et al,
1985; Heijl et al, 1989a; Piltz and Starita, 1990; Werner et al, 1991; Zulaut et al, 1991) and
also with increase in eccentricity (Heijl et al, 1887¢; Rutishauser and Flammer, 1688,
Young et al, 1990; Werner et al, 1991; Zulauf et al, 1991). Indeed, the LF exhibited by a
single test location of a glaucomatous eye increases by approximaiely 0.50R2 for each
1.0¢B increase in defect depih (Zulauf et al, 1681). Furthermore, an increased LF has
been documentad in patients with raised intra-ocular pressure, githaugh ihe association
is of only borderline statistical significance (Flammer et al, 1984c). The influence of aga on
ihe LF is controversial. Some studies have found an increase in LF with increase in age
(Katz and Sommer, 1887), while ofhers have found no association belween age and LF

(Heill at al, 1088).
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Automated perimetry generates a large amount of numeric data. Consequently, visual
field indices were developed to aid interpretation, reduce any inherent noise and
simultaneously emphasize sensitivity loss (Flammer et al, 1985; Flammer, 1986). Indices
are simple global descriptive statistics of the state of the visual field derived from poiniwise
sensitivity values which can be used to determine whether a particular examination is
within normal criteria or whether significant trends have occurred in a series of
examinations (Bebié and Fankhauser, 1981). The main use of indices is to quaniitativaly
compare a series of examinations since deviation maps and probability maps provide more

information concerning the spatial position of any visual field loss (Heijl et al, 1887b).

The mean sensitivity represents the arithmetic mean of sensilivity of all giimulus locations

tested within the visual field.

and X ji is the sensitivity at test location i for replication k, X j is the average local senaitivity
at stimulus location i, n is the number of threshold replications (independent
measurements within the same examination) and m is ihe number of stimulus locations.
The calculation of MS does not involve any age-maiched normal data. M8 is particularly
sensitive 1o diffuse visual field damage. If the number of stimulus locations are sufficlantly
large MS is independent of &F and the homagenous component of 1LF (Flammer e al,

1063; Bebié, 1085b).
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The mean defect is the arithmetic mean of the difference beiween the measured
sensitivity and normal sensitivity at each of the stimulus locations (Bebié, 1885b;
Flammer, 1986). Mathematically MD is the first central moment of the distribution of loss

scores (Hirsch, 1985).

i
MD= Vi X(Zs'xs)
i=1

where Z; is the age-matched normal sensitivity at stimulus location i. The MD represenis
the mean depression (or elevation) of the measured field compared to the age-maichad
normal reference field. Consequently, for a normal field the MD approximates fo zero,
while a posilive value indicates a loss of sensitivity (Augustiny and Flammer, 1686;
Flammer et al, 1985). MD is sensitive o diffuse damage but is relatively unaifected by

incalized loss or SF.

The mean defect of the Octopus perimeter is analagous to the mean deviation (also
abbreviated to MD) used in the HFA. The calculation of mean deviation in the STATPAC
analysis of the HFA, however, involves the subtraction of the normal age-matched values
from the measured threshold and consequently a negative value indicates a loss of
sensitivity (Heijl et al, 1987b). Furthermore, the mean deviation is weighted to
compensate for the greater variability of threshold at each stimulus location with increase
in eccentricity. The more central stimulus locations are given a greater weighting in iha
calculation of mean deviation compared with the peripheral stimulus locations where ihe

fluctuation of the differential light threshold is greater (Heijl et al, 1987b; Heijl ot al, 16870).

The loss variance is the intraindividual variance of the digtribution of the measured
sansitivity minus the sum of the MD and the age-maiched normal sansliivity (Babié,
1685h: Flammer, 1986). Mathematically LV is ihe second ceniral mament of The

digiribution of o8 6COTes (Hirsch, 1866).
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LV represents the degree to which the shape of the measured field departs from normal.
A high LV indicates the presence of either focal sensitivity loss (ie an irregular hill of vision)
or an increased SF and as a result can be helpful in the detection of early visual field
defects (Flammer, 1986). For a normal visual field or a uniformly degﬁressad abnormal
visual field the LV approximates to zero (Heijl et al, 1987b). LV can only be expresssd as &

positive value since the calculation involves squaring each difference (Bebié, 1985b).

The LV of the Octopus perimeter is analagous to the patiern standard deviation (P8D)
used in the HEA. PSD, however, is calculated from the standard deviation of ihe
pointwise differences between the measured and the age-maiched normal visual figlds
(Heijl et al, 1987b). Therefore, the PSD and LV have difierent units, ihat is dB and dB,
raspectively. Furthermare, the calculation of PSD in the STATPAC analysis of the HFA is
weighted to compensate for the greater variability of threshold at each stimuius iocation
with increase in eccentricity. The weighting function minimizes the magnitude of the PSD
(and SF) in normal subjects (Heijl et al, 1987b) but has been found to slightly increase the

PSD and CPSD in patients with primary open-angle glaucoma (Flanagan et al, 1993c).

Corrected loss variance is the LV from which is sublracted the square of the measured 8F
(Bebié, 1985b; Hirsch, 1985; Flammer, 1686).
CLV =LV- / BFF

CLV separates real deviation of the shape of the measured field from that due lo &F
(Flammer et al, 1985, Augustiny and Flammer, 1965, Flammer, 1886). A high CLV
indicates the presence of focal sensitivity loss within the visual field. The correcied logs
variance of the Octopus perimeter is analagous o the corecied paltern standard
daviation (CPSD) used in the HFA (Heill et al, 1067). Negalive estimates of CPED are

assigned a value of Zero since varances cannot be negative (Heljl ei ai, 18670},
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Flammer and co-workers (1985) found that the relationship between MD and CLV in
glaucoma patients was correlated (r = 0.66) and emphasized that an abnormal value of
one index could frequently be accompanied by a normal value of the other. In addition,
Liao and co-workers (1988) found that the CLV, rather than MS, MD or SF, was the only
index that permitted discrimination of ocular hypertensive (OHT) patients from normal
subjects. Gollamudi and co-workers (1988) evaluated the use of MD and CLV in patients
with established or advancing glaucoma. They found that the relationship between MD
and CLV was much weaker (r = 0.32) and that the CLV remained relatively constant as the
MD deteriorated over a maximum period of six years. Similarly, Pearson and co-workers
(1890) investigated the relationship of MD and CLV both in glaucomatous and OHT
patients. The relationship beiween MD and CLV was found fo be weal in OHT patients
(r=0.57), statistically significant in glaucoma patients with early fo moderate (MD less than
18dB) visual field loss (r=0.92) and poor in glaucoma patienis with severe (MD graaier
than 18dB) visual field loss. Differences in salection criteria and methodology may explain

“Yrie Sifrsrative mindingys vewern Judies (Pearson et al, 1880).

1 8.5 Third central moment (M3),

The third central moment of the distribution of the deviation of measured sensitivity from
age-matched normal sensitivity is sensitive to deviations restricted to a small number of

stimulus locations (Brechner and Whalen, 1984; Bebié, 1985b; Hirsch, 1885; Flammer,

19886).
m
M= Vi Z (Zj-MD-X;)3
j=1
By raising the difference hetween the measured sensitivity and the normal age-matchad

sansifivity fo the third power, a small numBer of reduced sensliivity valuae will have an
axaggerated influence on the M3. The M3 was suggestad 1o be paricularly halpful in he

datection of vary early visual field defacts (Brechner and Whalan, 1664}
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Eftectively, skewness reveals the same information as the M3 ie Q is sensitive to
deviations restricted to a small subset of stimulus locations since the difference between
the measured sensitivity and the normal age-matched sensitivity is raised to the third

power (Bebié, 1985b; Hirsch, 1985; Flammer, 1986; Pearson et al, 1989).
Q =M/
Both the M3 and the Q will be less sensitive to difiuse defecis than MD, LV or CLV

(Bebié, 1985b; Hirsch, 1985) and have only been reporied for use with the Octoplis

perimeter (Flammer, 1986; Pearson et al, 1989) but can also be applied o ofher

instrumenis.

Bebié (1985b) and Hirsch (1985) both emphasized that the usefuiness of the M3 and the
O was questionable since the indices had not undergone clinical validation. Pearson and
ca-workers (1989) found no correlaiion beiwsen Q and MD, or batwaen Q and CLV, in
OHT and glaucomatous patients. Indeed, repeated testing revealed that positive G
values were not predictive of increasing abnormality as assessed by MD and CLV criteria.

It was concluded that the Q was of little or no use in the management of ocular

hypertension and glaucoma.

The spatial correlation is the average of the value obtained when the correcied loss at

each point is multiplied by the loss at each of its adjacent points (Bebié, 1985b; Flammar,

1986).

L= 1,@ ‘ Z (Zj-MD-X{) (Zj-MD-Xj)
(i)
where summation extends over all pairs (i, ]) and p is the number of pairs invelvad in iha

cummation. Uniike the indices mentioned &0 far, 8C accounts for the looation of

clustering of individual stimulug locations with reduced sensiivity (Bebié, 18860). 8C wil

b largest when fwo adjacent points exhibii & large sensiiivity loss but will be reducad if an
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adjacent point exhibits normal sensitivity. In addition, SC will be low if defects are randomly

distributed throughout the visual field but will be high if the defects are clustered.

Bebié (1985b) emphasized that the usefulness of SC was questionable since the index
had not been clinically validated. Three indices that are a measure of the spatial correlation
of visual field loss have been developed (Chauhan and Henson, 1887; Chauhan et al,
1088; Chauhan et al, 1988). SIZ represenis the total number of clusiered poinis
depressed greater than 5dB below the age-maiched normal data. CLUS represents ihe
mean depth of the clusiered stimulus locations. PCLUS represents the percentage of
mean defect that is clustered (Chauhan et al, 1988). Chauhan and co-workers (1980)
employed MD, CLV, 812, CLUS and PCLUS to determine the use of visual field indices in
detecting changes in the glaucomatous visual field. The indices generally parormad vary
pootly in the detection of visual field deierioration. The most sensitive index of visual figla
deierioration, howaver, was PCLUS which still only afiained a gansitivity of 66% and a
specificity of 74%. Asman and Heijl (1093) developed an index which wasg gansliive o
clustered stimulus locations arranged in an arcuate pattern and was therefore designed to
permit the earlier detection of glaucomatous visual field loss. Artifacts were de-
emphasized by taking into account the volume of the clustered defect, rather than the
area, since deeper defects were more likely to be due to true field loss. The discrimination
of normal and glaucomatous eyes was found to be significantly better with arcuate cluster

analysis (sensitivity 88%; specificity 98%) than with traditional cluster analysis (sensitivity

69 - 75%; specificity 98%).

The defect voiume employs 8 ihree-dimensional representation of the visual field and s

defined as the fall in volume of this three-dimensional form due 10 visual field defecis (van

den Berg et al, 1985; Langerhorst ei al, 16686).
DV = mm“vmmm
whare VOL porm 18 the age-maiched normal volume and VOL jpq 18 the valuma of ihe

measured visual field. A subseguent siudy has atiempied fo opiimiza the datermination
&0




of the normal reference visual field (van den Berg et al, 1987) but to date the DV index
has not been applied clinically. Volumetric analysis has been employed, however, to
study the effects of ageing on the visual field (Suzumura et al, 1985; Jaffe et al, 1986) and

to study the effects of learning on static perimetry (Wild et al, 1987b; Wood et al, 1987a).

Indices which are currently under development include the diffuse loss (DL) and the
iearner's index (LI). DL is particuiarly sensitive to general depression of the visual field
(Funkhouser, 1991; Funkhouser et al, 1992) and yields similar information fo that of the
cumulative defect curve which graphically illustrates the cumulative distribution of the local
defect values (Bebié et al, 1989). The intarpreiation of the cumulative defect curve,
however, is subjective and can be ambiguous (Bebié et al, 1980; Funkhousar, 1861,
Funkhouser et al, 1692). The DL index has been daveloped to provide a gingle numaric
value of the magnitude of diffuse visual field loss which, unlike the cumulative defect

curve, avoids empirical estimation (Funkhouser, 1881; Funkhouser et al, 1062).

The LI is designed to identify individuals exhibiting learning effects (Asman et al, 1893). It
is effectively sensitive to mid-peripheral depression of the visual field which is a
characteristic of the typical inexperienced patient. Consequently, the interpretation of

unreliable visual field results can pe avoided.

Global visual field indices provide very little information concerning the spailal
characteristics of any visual field defect (Heijl et al, 1667h). Consequantly, various
graphical methods of data presentation have paan davelopad fo depict iha location, giz@
and depth of any visual field defect. These graphical techniques are designed 1o aid

intarpretation, recuce any inherert noise and simulianecusly emphasize vieual fleld loss.
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The simplest form of graphical data presentation is the sensitivity value table which shows
the threshold sensitivity in decibels at each stimulus location. Locations which have been
thresholded twice are represented by two decibel values. The sensitivity value table can
be difficult to interpret because of the large amount of unrefined data (Greve, 1982) but
can also be particularly useful to locate areas of high SF (Zulaut and Caprioli, 1881).
indeed, Krakau (1978) represented poiniwise abnormal sensitivity with a number of zero
symbols in order to facilitate the recognition of visual field defects. The sensitivity value

{able has the advantage, however, that the visual field data is free from mathemaiical

manipulation (Whalen, 1985b).

The grey grid represents the sensitivity with a symibols, such as a squares, al each
stimulus location. Symbol shades range from black 1o white and the darker the symbal the

lower the differential light sensitivity (Whaien, 1885b).

Grey scale maps carry the grey grid concept one step further by filling areas between
stimulus locations with interpolated symbols (Fankhauser and Bebié, 1979). As with the
grey grid, the darker the symbol the lower the differential light sensitivity. Each actual or
interpolated sensitivity value is assigned to a symbol generally with a 5dB sensitivity
range. As a result, adjacent symbols may represent either a 1dB or 9dB difference in
sensitivity (Whalen, 1985b). Due to differences in dynamic range, grey scales are not
comparable between instruments (Wild, 1888). The grey scale gives a quick general
impression of the visual field (Whalen, 1985b; Weber and Geiger, 1889) but provides a
poor representation of diffuse sensitivity loss (Flammer, 1986) and tends io exaggaraie

the congruence of neurological visual field defects (Whalen, 1886h).

The use of interpolation in automated siatic parimeiry was suggesied by Fankhauear and
co-workers (1872). Interpolated astimaies of sensitivily have baen damonstrated io be

anly slighily less accurate than direct measuremants for an intersiimulue separation of 6°
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or less (Fankhauser and Bebi¢, 1979). Using rectangular stimulus locations, Weber and
Geiger (1989) have shown that interpolation from four points gives the smoothest grey
scale appearance but is the least exact method, while linear interpolation (Weber and
Spahr, 1976) is the method of choice clinically since the grey scale more closely
resembles the accepted morphological appearance of the visual field. A combination of
the two methods, that is mixed interpolation, is recommended for research purposes

because the resulis are the most accurate (Weber and Geiger, 1988).

1.9.3. Profile_and three dimensional plois.

The profile plot resembles a manual static perimetry profile carried out along a single
meridian. Most of the points along the profile plot are inferpolated, howaver, rather than
direct measurements of sensitivity (Whaien, 1985b). Three dimensional plois depict the
fopography of the visual field but the formal depands upon ihe sofiware amployed (Wild
ef al. 1987c). Variabies such as stimulus location, gensiivity scaling, resolution and angle
of orientation must be standardized to allow comparigon between visual fieids (Hart and

Hartz, 1982; Wild et al, 1987c).

9.4, C . ,
The comparison printout of the Octopus perimeter shows the numeric difference at each
stimulus location between the measured threshold and the age-maiched reference
threshold (Whalen, 1985b). The Octopus model of the normal visual field assumes,
however, a Gaussian distribution of normal sensitivity deviations, a constant shape of the
hill of vision with increasing age and a constant fluctuation (SD +2.4dB) across the visual
field (Bebié et al, 1876a; Fankhauser and Bebié, 1679 Bebié, 1085b; Hirsch, 1885; Le

Blanc, 1985). Therefore, the normal values used in the comparison printout are fiot basad

an empiric data (Heijl et al 1687D).

Behwartz and Nagin (1985), using the Qclopus miodel of the narmal visual flald (Haljl and

Asman, 1680), were the first 10 suggest iha use of paintwiee staligticnl slgnilicance values
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for the analysis of automated perimetric data. Heijl and co-workers (1987b) found that the
distribution of sensitivity deviations in a sample of 487 normal empirical visual fields,
however, were significantly non-Gaussian, that is the distribution exhibited negative
skewness and positive kurtosis, and that the fluctuation increased with increasing
eccentricity (Heijl et al, 1987b; Heijl et al, 1987c). Furthermore, the shape of the visual

field was found to change with age (Heijl et al, 1987b).

In a subsequent study (Heijl and Asman, 1688), the empirical model of the visual field was
found to produce greater sensitivity and improved specificity in the separation of
glaucomatous and normal visual fields than a Gaussian based model using statistical
significance limits derived for each stimulus location, now taermad probability plois.
Furthermore, as the probability plots were based on empiric data, false-positive defects in
the periphery were found to be de-emphasized, while subile paraceniral focal logs was
emphasized (Heijl et al, 1987b; Heijl ot al, 1688h). inexperienced or unreliable patienis
could produce false defects, however, since the empiric data was derived from frainad
normal subjects that met the standard reliability criteria. This empirical model of the normal
visual field was incorporated into the HFA under the name STATPAC and is the basis for
the total deviation and pattern deviation plots (Heijl et al, 1987b). A similar empirical model
of the normal visual field was developed for FASTPAC. The sensitivity and specificity of
empirical analytical programs, however, is determined by the quality of the data employed

to establish the normal sensitivity values (Iwase et al, 1888).

The total deviation plot of the HFA illustrates the poiniwise difference betwaen ihe
measured threshold and the age-matched normal value (Heijl et al, 10871, Heiji and
Asman, 1089; Heijl et al, 1989b). A numeric display shows ihe magnitude of the deviation
in decibels of each threshold at each stimulus location, while & probability symbol display
is utilized to show the frequency of occurrence of @ach threshold within an age-matehed
narmal population (Asman, 1862). The total deviation plot is sensitive to boih genaralized
and localized sensitivity loss (Haley, 1687, Haill et al, 1067h; Heljl and Asman, 1088; Hei
@i &l, 1088b).
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The pattern deviation plot of the HFA illustrates the pointwise deviation of the shape of
the visual field from the age-matched normal field (Heijl et al, 1987b; Heijl and Asman,
10989; Heijl et al, 1989b). This is achieved by correcting for generalized shifts in the overall
sensitivity which emphasizes localized sensitivity loss. Those points that have the highest
measured sensitivities are assumed to be unaffected by localized visual field loss. The
general sensitivity level for the patiern deviation plot is calculated from the stimulus
iocation with the seventh highest sensitivity having excluded points in areas of the visiial
fisld with the highest fluctuation (Heijl et al, 1987b). The patiern deviation plot is illustrated

using both numerical and probability symbol poiniwise displays.

The cumulative defect curve provides a cumulative distribution of the poiniwise sensitivity
values of the G1 examination soried from lefi to right in descending ordar (Bebié et al,
1088). The N5, N5 and N9 curves represent the 5ih, 85th and 86th percaniiles of
distribution of the pointwise sensitivity values of a normail visual fieid. A normal visual fisld
would be expected to yield a curve between the N5 and NG5 curves. The cumulative
defect curve differentiates between localized and diffuse visual field loss, but provides no
information concerning the topography of any defect and should be used in conjunction

with comparison plots or grey scales (Kaufmann and Flammer, 1989).

it can be argued that empiric probability maps may fail to detect subtle early focal logs due
io the inherent threshold fluctuation within the normal population values. Focal logs may
be detected, however, by means of a comparison with other areas within the same visual
fiald rather than with pointwise normal population values (Heijl and Asman, 1868). This is
ihe basis of the glaucoma hemifield test (GHT) which was intraduced to the MFA with the
STATPAC 2 update (Heijl et al, 1891b). Five zones in the upper hemifield are comparad
with five mirror-image zones in the lower hemiiield and a score & assigned fo each zans
hased on the percentile deviation in the patlermn deviation plat. The percantlie daviaiion

score of the five upper zones is compared fo tha five lowar zanas jo deferming whather
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these differences fall outside or within the limits of normality (Heijl et al, 1991b).

Generalized shifts in sensitivity are also recognized and noted.

Despite the introduction of indices and graphical data presentation techniques,
experience is required for the interpretation of visual field printouts. Furthermore, the
comparison of sequential visual fields is crucial for the determination of progression or
regression of ocular disease and to evaluaie the efficacy of any treatment. Various

analytical programs have been introduced 1o aid interpretation in both of these tasks.

An early attempt towards the computerized evaluation of serial visual field change was
program Deita of the Oclopus perimeier (Bebié and Fankhauser, 1881). A pairad
comparison t-{est was undertaken 1o estimate the statisiical probability of a difierence over
serial visual fields for mean sensitivities calculated for a number of sectors within the visual
field. Hills and Johnson (1988) subsequently demonstrated, however, that the paired
comparison t-test had limited clinical use because it was extremely sensitive to small

ditfuse changes in sensitivity, but highly insensitive to localized sensitivity loss.

The Octosmart program, used in conjunction with program G1 of the Octopus perimeter,
was introduced to make visual field evaluation clearer by translating data into evaluative
siatements concerming the degree of sensitivity loss and the reliability of the patient
(Bebié, 1090; Funkhouser et al, 1881). The program provides analytical statemants
automatically but is unable to answer questions and does not relieve responsibiiity from
ihe clinician for diagnosis (Bebié, 1680). The Octosman program hag been found o make
highly accurate judgements when compared to human obsarvers in cases of ohvious fiald

lose (Funkhouser el al, 1881) and avoids the unprediciable, non-slandardizad
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interindividual differences of human observers in borderline cases (Hirsbrunner et al,

1990).

1.10.3, STATPAC.

The STATPAC program of the HFA also includes a number of facilities based on empirical
daia for the analysis of change in serial visual fields (Heijl et al, 1987b). The change
analysis feature allows the overview of grey scales, total deviation and pattern deviation
probability plots for up to 16 consecutive visual fields. This form of data preseniation
allows an easy overview of a large amount of data. in addition, box plots are available which
provide a five number summary of a given visual field. The line in the middie of the box
indicates the median threshold value and the box extends from the fifisenin to the
gighty-fifth percentile, while the outlying bars represent the highest and lowest sensitiviiy
values. Serial visual field resulis are displayed consecutively alongside a normal box ploi
derived from empiric data (Heiji et al, 1987b). The box plof data presentation tachnicue
has been used to develop a sysiem for the classification of glaucomatous vigual field
defects (Shin et al, 1991). Furthermore, if five or more consecutive visual fields are
available, a linear regression analysis of MD is automatically performed. With increasing
sensitivity loss MD will become more negative and the series of data points will have a
negative slope. The resulting slope and the level of significance of the slope are
displayed. This form of data presentation represents a high degree of data reduction (Heljl

et al, 1887b).

Improved facilities for the analysis of change in glaucomatous visual fields were
introduced with STATPAC 2 (Heijl et al, 1981b). Empirical significance fimite of visual fieid
change were established from the repeated thresholding of 81 stable glaucoma patienis
over a one month period. These limits were employed fo derive change probability plote
showing the significance of sensitivity change al each stimulus location (Heijl et al,
1601b). The utilization of pathophysiological {esi-rotest data is unigue bul it doas nel
coract for the homogenous componant of LF and as & rasuli slatisiically significan

changes can come and go (Zulauf and Caprioli, 1881). The BTATPAC & change




probability analysis has been found to correlate well with the interpretation of visual fields
by human observers and may indeed offer improved sensitivity and specificity (Tuulonen

and Airaksinen, 1991; Morgan et al, 1991).

1.10.4. PERIDATA.

PERIDATA was designed for the transmission, storage and processing of visual field data
from the Octopus and HFA perimeters (Brusini et al, 1991) and contains a number of
unique features. The conformity visual field index assesses the similarity between the
shape of a measured scotoma and that of 7 standard pafierns stored in the compuiter
(Peridata 6.0). The graphical analysis of numerical trends (GANT) illustrates a cumulaiive
curve of initial sensitivity values and superimposes upon this curve a series of bars which
indicate the magnitude and direction of any change in sensitivity of aach pariicular value
between the first and last visual field (Peridata 6.0). GANT depicis the amount of change
in the visual field between examinations and whether the change has occurred in an area
of the field with high or low sensitivity. The graphical analysis of topographical trends
(GATT) superimposes the grey scale plots of two fields to illustrate topographical
sensitivity changes (Weber and Krieglstein, 1989). Areas of visual field change are
indicated by stripes, while areas of high LF are indicated by a chequerboard pattern. The
contrast between the stripes is a measure of the magnitude of the change. Horizontal
stripes indicate visual field deterioration, while vertical stripes indicate improvement. GATT
is limited, however, by the information content of the interpolated grey scale (Weber and

Kriegistein, 1889).

Methods of improved analysis for boin single and serial visual fields that are cuirently
under development include visual field indices which assess the spatial relationship of
sansitivity loss (Asman et al, 1882), the use of neural networks (Kelman el al, 1681,
Nagata et al, 1981), the employment of multi-dimensional vactor fisld analysis (Cyriin & al,
1861) and the pointwise topographical and longiudinal madeliing of visual field ehange

uging univariaie linear ragression (Nouraddin i al, 1861; O'Brien and Bohwariz, 1600;

@6




O'Brien et al, 1991) and polynomial and multiple regression techniques (Wild et al, 1691;

Wild et al, 1993).

The differential light threshold is influenced not only by disease and by the inherent
subjective nature of the threshold response but also by various exiraneous factars (Wild,
1988). Some of these factors, such as refractive error and lens rim artifact, can be avoided
by the careful implementaiion of the examination by the perimetrist. Conversely,
unavoidable faciors include media opacities since conditions such as glaucoma are
frequently associated with the concomitant development of cataract. An undersianding of
the influence of these factors on the differential light threshold is esseniial if ariifactual
aftenuation of sensitivity is 1o be differentiated from ihat due o a disease process (Wild,

1688; Zulauf and Caprioli, 1881).

1111, Age.

Perimetric sensitivity is known to decrease with increase in age. Indeed, studies using
manual kinetic perimetry have found a general contraction of isopters with advancing age
(Ferree et al, 1929; Goldmann, 1945b; Drance et al, 1967b; Egge, 1984). The rate of
decay of sensitivity, however, i equivocal. Some workers (Ferree et al, 1929; Suzumura
et al, 1985) have found sensitivity to be relatively stable up o 40 years of age and then 1o
deteriorate with further increase in age, while others (Drance et al, 1967b; Egge, 1684,
Williams, 1983) have described & linear deterioration of sensitivity for normal subjects up
io B0 years of age. Furthermore, Suzumura and co-workers (1885) found that the decay

of sensilivity with increase in age was more pronounced for the ceniral isopters.

The effect of advancing age on manual sialic perimeiry is o produce & uniform

depression of the hill of vision (Goldmann, 1846h). Similarly, & detarloration of sanslivity

with increase in age has been raporiad using aufomaied parimetry (Hare and Flammear,

1605: Jatie et al, 1066; Brenton and Phelps, 1066; Katz and Bommar, 1066; Iwiod & il
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1888; Collin et al, 1988), although Jacobs and Patterson (1985) were unable to
demonstrate any loss of sensitivity with increasing age. As with manual perimetry, the rate
of decay of sensitivity is equivocal. Numerous studies have found a linear relationship
between deterioration of sensitivity and age (Haas and Flammer, 1985; Jaffe et al, 1986;
Brenton and Phelps, 1986), while more recent studies have described a deterioration of
sensitivity only after 40 years of age (lwase et al, 1988; Coliin et al, 1988). Furtharmore,
the influence of ageing on the sensitivity gradient is also controversial. Some studies
have found a steepening of the sensitivity gradient with increase in age (Katz and
Sommer, 1986; Jaffe et al, 1886), while others suggest a uniform deprassion of
sensitivity (Brenton and Phelps, 1886; lwase et al, 1888). Conversely, Haas and co-
workers (1986) found that the pericentric area deteriorated to a lesser exient than aithar
the centre or periphery within 30° eccentricity and that the upper hemifield deteriorated (o
a greater extent than the lower hemifield. A greater deterioration of sensitivity in the uppear
hemifield has also been described by Kaiz and Sommer (1686). In addition, Coliin and co-
workers (1988) found that sensitivity decay with increasing age was greatar within 30°
eccentricity up to 40 years of age and was greater between 30° and 60° eccentricity up to

60 years of age.

The deterioration of sensitivity with advancing age can be explained by numerous factors
including an increase in the optical density of the ocular media (van Norren and Vos,
1974 Pokomy et al, 1987), a decrease in pupil diameter (Weale, 1681), a decrease in the
density of the photopigments (van Norren and van Meel, 1885) and the loss of neural
components involved in the transmission of visual impulses (Marshall, 1686). Johnson
and co-workers (1988) separated praretinal from neural factors and concluded that the

deterioration of sensitivity in the normal eye with advancing age can be primarily explained

by neural logses.

Media opacities result in the attenuation of the differantial light ihreshald dus 1o baih light

absorption and light geatier. Light absorpiion will reduce ha inlensliy of beil he
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background and stimulus but light scatter is recognized to be the main cause of image
degradation (Greve, 1980b; Bettelheim and Alj, 1985). In clinical practice, the commonast
cause of media opacity is cataract but other causes of image degradation, such as corneal

dystrophy (Faschinger, 1987) are potential sources of perimetric attenuation.

Various studies have shown that the effect of cataract on manual kinetic perimetry is 1o
produce a concentric contraction of the isopters, pseudo scotomata and to exaggeraie
existing focal loss (Lyne and Phillips, 1969; Bigger and Becker, 1971; Radius, 1878;
Greve, 1980b). The attenuating effecis of cataract can be minimized, however, by the use
of larger stimuli (Radius, 1978; Greve, 1980b). Furiharmore, it has been damonsiraied
that the effect of cataract on semi-automated static parimetry is to produce a general
reduction in sensitivity which is more marked for central stimulus locations (Grave, 1873,

Grave, 1880Db).

The efiect of cataract on automated static perimetry has been assessed using
methodologies which attempt to simulate the optical effects of cataract, or which compare
the difference in perimetric attenuation between eyes in patients with unilateral cataracts
or which compare the ditference in perimetric attenuation in pre- and postoperative intra-
ocular lens implant patients. Methodologies which attempt to simulate the oplical effects
of cataract include the use of neutral density filters (Heuer et al, 1987, Eichenberger et al,
1987 Baldwin and Smith, 1987; Heuer et al, 1089), diffusing filters (Urner-Block, 1987,
Heuer et al, 1987, Eichenberger et al, 1987; Heuer et al, 1988, Budenz et al, 1883) and

latex beads suspended in solution (Wood et al, 1987b; Wood ei al, 1887¢; Dengler-

Harles et al, 1980).

The employment of neutral density filiers produced a uniform dapression of ihe

automated static visual field (ie & deterioration of M& and MD) (Heuer et al, 1867 Hauar &f

al, 1086) which was mosi marked for cenral stimulus locations resuliing in &n incraase In

localized lose (ie a deterioration in LV) in normal subjecte (Eichenberger @i al, 1067).

Nauiral denstiy fillers do not provide a good simulaiion of the optical efiecis of salariel,
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however, since they absorb rather than scatter light (Baldwin and Smith, 1987). Similarly,
the use of diffusing filters produced a uniform depression of the automated static visual
field (ie a deterioration of MS and MD) (Heuer et al, 1988) which was most marked for
central stimulus locations (Urner-Block, 1987; Eichenberger et al, 1987). In addition,
sensitivity decreased with increase in light scatter. The influence of diffusing filters in the
presence of focal sensitivity loss, however, is equivocal. Urner-Block (1987) found an
apparent reduction in the magnitude of localized loss (ie an improvement of CLV) with
diffusing filters, whilst Budenz and co-workers (1993) found little difference in perimetric
atienuation resulting from diffusing filiers both within "normal® and focal loss areas of the
glaucomatous visual field. Furthermore, light scatier which has minimal influence on visual
acuity can result in the significant attenuation of perimetric sensitivity (Heuer et al, 1668).
This finding is in agreement with that of van den Berg (1887) who measurad the efiect of
media disturbances on the point spread function and concluded that perimatric

attenuation could be reduced by the use of larger diamatar stimuli.

Induced intra-ocular light scatter using latex beads (500nm diameter) suspended in
solution was found to result in an overall depression of perimetric sensitivity and fo
steepen the Octopus perimetric profile and flatten the Dicon profile of normal subjects
(Wood et al, 1987b; Wood et al, 1987c). The steepening of the Octopus profile was
explained by the use of a size 11l (0.431°) stimulus which was considered o saturate the
central visual field and be relatively insensitive to the effects of light scatter. Attenuation of
sensitivity was also found to be greater al lower pow! luminances using the Dicon
perimeter (Wood et al, 1987h; Wood et al, 1987¢). The magnitude of perimeiric
atienuation was highly correlated with forward intra-ocular light scatier as assessed by
ihe presence and absence of a glare source. in the glaucomatous

contrasi sensitivity in

aye, induced intra-ocular light scatter was found to decraase MS linearly and decrease |V

curvilinearly (Dengler-Harles &l al, 1600). The change in LV, however, Was explained by

ihe failure to account for the effects of light scatter an tha format of the normal refarance

age-maiched data. After correction for ihis artifact MD decraased lingarly, while GL.V

ramained unchanged. This sUggasts ihal forward light scatiar resufts in iha uniferm loge
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of sensitivity (Dengler-Harles et al, 1990), while the apparent under estimation of localized
loss reported by a previous study (Urner-Block, 1987) is a calculation artifact. Indeed,
computer simulation of glaucomatous visual fields suggests that an increase in MD
without alteration of CLV should occur as a result of cataract development (Augustiny and
Fiammer, 1985). The model of perimetric attenuation arising in the normal eye (Wood &l
al, 1987b; Wood et al, 1987c) was compared with that arising from unilateral cataraci
(Wood et al, 1987b; Wood et al, 1889). Non-nuclear cataracts produced a steepening of
the Octopus perimetric profile and a flattening of the Dicon profile, while nuclear cataracis
produced a flattening of the perimetric profile for both the Octopus and Dicon automated

perimeters.

Studies which have compared the results of automated stafic perimatry (Cetopus program
1088) or fo photopapillomeiry (Hendrickson et al, 1087) techniques in pra- and
postoperative intra-ocular lens implant patients have found ihat the gffect of cataraei is 1o
produce a diffuse reduction in sensitivity which is more marked for central stimulus
locations. Post-operative improvement in MS has been found to be highly correlated
(r=0.9; p<0.001) with the magnitude of backward light scatter (Guthauser et al, 1887,
Guthauser and Flammer, 1988), but not to be as pronounced as the improvemant in
imaging quality as shown by photopapillometry (Hendrickson et al, 1987). The influence
of cataract on the visual i.ield might be predicted, therefore, by the rmeasurement of
backward light scatter from the crystalline lens (Guthauser and Flarmmer, 1688; De Natale
et al, 1988). This technique assumes ihat the magnitude of backward and forward light
scatter are related since image degradation in the presence of media opaciiies primarily
oceurs due to forward light scatier (Bettelheim and Ali, 1086). The measurement of
backward light scatter in cases of postarior subcapsular cataracts, however, showe poor
comelation with the improvement in the pogtoperative visual fiald (Do Natale and Flammer,

1680).
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In pre- and postoperative intra-ocular lens implant patients with otherwise normal eyes,
cataract has been shown to produce a uniform depression of the automated static visual
field since the postoperative percentage threshold recovery did not vary with eccentricity
and PSD did not change systematically between pre- and postoperative examinations
(Lam et al, 1991). Conversely, a similar study of the influence of cataract in otherwise
normal subjects and in glaucomatous patients concluded that the differential light
threshold showed a wide variance to the exteni that CLV could not clearly separate

glaucomatous from cataractous visual field damage (Heider et al, 1991).

Variation in pupil size will change the intensity of both the perimetric stimulus and
background. Consequently, the conirasi of the stimulus will be unchanged. Stimulus
detection is dependent, however, upon the state of retinal adaptation. Al photopic levals,
variation in pupil size will have minimal effect upon stimulus detection whilst at masepic
levels variation in pupil size will induce change in sensitivity. The state of retinal adapiation
at the background luminances commonly employed in perimetry, however, is equivocal
(Aulhorn and Harms, 1972; Greve, 1973; Wood et al, 1988a; Fankhauser, 1979,
Flanagan et al, 1991). In addition, diffraction (Mikelberg et al, 1987; Lindenmuth et al,
1989) and depth of focus (Mikelberg et al, 1087) have been suggested as factors that

may influence the differential light threshold as a result of variation in pupil size.

Drug induced miosis has been demonstrated to result in the contraction of isoplers
(Ferree et al, 1934; Engel, 1942; Day and Scheie, 1853) and also {o produce peeudo
glaucomatous focal loss and the exaggeration of existing focal loss (Engel, 1042; Forbas,

1066). Conversely, information gained from clinical daia suggested that change in pupll

size has a negligible efiect on the manual kinetic visual field (Drance et al, 1667h; Willlams,

1983). Gubsequent studies have demonsiraied, however, that the exient of the fanual

Kkinetic visual field decreases with reduction in pupil gize (McCluskey et al, 1666, Nugem

&l al, 1067; Gabriel & al, 16886).
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Greve (1973) demonstrated that a 4mm reduction in the pupil diameter of normal subjects
resulted in a 0.2 log unit uniform depression of sensitivity, while Bedwell and Davies
(1977) found a 0.14 log unit depression of sensitivity for a 6mm reduction in pupil
diameter. Similarly, using the Octopus automated perimeter, Fankhauser (1879) found a
2dB decrease in the MS of normal subjects out to 30° eccentricity. Furthermore, using
automated perimetry drug induced miosis has been demonstraied fo accenfuaie
glaucomatous visual field loss (De Natale et al, 1984). Physiological inter-individual
variations in pupil size, however, have been shown nof to influence the magnitude of A5
(Brenton and Phelps, 1986) or SF (Flammer et al, 1884a) using automated siatic

perimetry.

Subsequent studies utilizing automated perimetry have found a detariorafion in
sensitivity with induced miosis for both normal subjects (Mikelbarg et al. 1887, Wood et al,
1988a: Lindenmuth et al, 1988) and glaucoma patienis (Rebolleda el al, 18688). Thase
results are explained by a concomitant reduction in retinal luminance with pupil miosis
(Heuer et al, 1987, Heuer et al, 1989). Furthermore, the loss of sensitivity with induced
miosis has been demonstrated to be greater for peripheral stimulus locations (Wood et al,
1988a; Rebolleda et al, 1992). Conversely, Lindenmuth and co-workers (1990) found a

significant deterioration of MD (p=0.001) and CPSD (p=0.006) in normal subjects as a

result of induced mydriasis.

The exient to which the two visual fields of an individual are symmetrical is an imporant
consideration in perimetry because between eye comparisons of dafa are fraquenily
made in cases of unilateral or asymmetric disease. Indeed, using program 30-2 of the
HFA, Brenton and co-workers (1966) found that pointwise asymmetry between the two

visual fields of normal subjects ranged fram 0.0cB i0 6.0dB with the greales! difierenca

occurring in the superior hemifield. A pointwise asymmairy exceading 6.0dB was found
io occur for fewer than 1% of slimulus locatiané. while an asymmeiry of glohal M8

sxcaeding 1.4dB was found fo ooour for fewer ihan 1% of normal subjects. Furihermars,
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Rutishauser and co-workers (1989) found that the root mean square values for the
component of variance attributable to differences between the two eyes of a normal
individual, as assessed with program JO of the Octopus perimeter, lay between 0.0dB
and 3.3dB depending on the test location. In addition, using program 30-2 of the HFA,
Feuer and Anderson (1989) determined that the MS was effectively identical betwean
the two eyes of a normal subject ie the difference in MS between the two eyes (0.65dB)
was less than the measurement error incurred for testing the same eys twice (0.70dB).
Confidence limiis were established for the definition of abnarmality. Abnormality was
indicated by a 2.0dB between-eye difference in MS at a single examination, or by a 1.5dB
between-eye difference in MS confirmed at a second examination, or by a 1.0d8
between-eye difference in MS exhibited over four examinations (Feuer and Anderson,

1989).

1 11.5, Learming and fatigue.

Learning and fatigue effects, whereby sensitivity increases and decreases ragpectivaly
during and between examinations, are known to influence the magnitude of the

differential light threshold. Both factors are reviewed fully in Chapter 4.

1.11.6. Refractive defocus.

A defocused stimulus will result in diminished contrast and decreased intensity of the
retinal image since the stimulus is spread over a greater area of the retina. Indeed, Ogle
(1960) found that foveal sensitivity decreased with increasing defocus, but that the effect
was reduced for larger diameter stimuli. Similarly, Ronchi and Barca (1981) demonsiraied
ihat the use of either larger diameter of longer duration stimuli reduced the attenuation of
sensitivity due to opfical defocus, particularly with increase in eccentricity. An incraase in
spatial and temporal gummation with increase in accentricity was proposad to explain ihe
rasistance to optical defocus. Furihermore, optical defocus has been damonairaied (o

reduce contrast sensitivity over a broad range of spatial frequencies (Marmer and

Gawande, 1668).
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it was recognized at an early stage in the development of kinetic perimetry that failure to
correct ametropia led to a reduction in the extent of the visual field (Ferree et al, 1828).
Serra (1983) found that 2.50 diopters sphere of refractive defocus resulied in a 50%
reduction of the 112e manual kinetic isopter, while Benedetto and Cyrlin (1885) have also
reported an overall depression and an exaggerated loss of central sensitivity (ie a

flattening of the island of vision) of the kinetic visual fieid as a resuli of defocus.

An increase in the attenuation of sensitivity within 30° eccentricity with increase in
refractive defocus has also been shown for both manual (Sioan, 1861; Fankhauser and
Enoch, 1962; Aichison, 1987) and automated (Fankhauser, 1879; Benedetio and Cyrlin,
1885: Weinreb and Periman, 1986; Goldstick and Wainreb, 1987; Heuer et al, 1887)
stafic perimetry. Furthermore, the atienuation of sensitivity due to dafocus is reduced
with increase in stimulus size (Sloan, 1961; Fankhauser, 1878; Aichison, 1887) and with
increase in eccentricity (Sioan, 1861; Fankhauser and Enoch, 1862; Maguire, 871,
Atchison, 1987; Benedefto and Cyrlin, 1985). In effect, a sinking and a flattening of the
island of vision with refractive defocus has been described (Benedetto and Cyrlin, 1885).
Conversely, using automated perimetry Goldstick and Weinreb (1987) found a
deterioration in MD with defocus, while CLV and SF remained largely unaffected. In
automated perimetry, however, the attenuation of sensitivity attributable to peripheral
refractive error can be ignored (Wild, Wood and Crews, 1888). In addition, the attenuation
of sensitivity due to defocus for the high pass resolution perimeter (Frisén, 1987) is

particularly pronounced due to the complex stimulus employed in this instrument (House

et al, 1960).

The effeci of refractive defocus due to accommodative microfluciuations is equivocal.
Tate (1985) suggested that accommodative microfluctuations resulied in a deprassion of
ceniral sensitivity, while Wood et al (1888b) found hat the magniiude of sensiiivity loge
due fo accommadative microfluciuations wag minimal within B° ecceniricily and

insignificant between &° and 27.5° acceniricity.
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The trial lens used to correct ametropia can be a source of perimetric attenuation due to
prismatic effects (Greve, 1973; Atchison and Johnston, 1879 Miller and Gelber, 1890) or
lens rim artitact (Zalta, 1989). Greve (1973) calculated that a +15.00 diopters sphere
corrective lens could induce an alteration in stimulus position of 2.5° at an eccentricity of
12°, while Atchison and Johnston (1979) suggested that corrective lens powers between
-6.00 and +10.00 diopters sphere at a veriex distance of 14mm could resull in a 3dB
attenuation of perimetric sensitivity for Goldmann stimulus size |. Consequently, the use
of contact lenses to correct high ametropic and aphakic patients for perimetry has been

recommended (Zalta, 1989; Milier and Gelber, 1980).

Gandolfo (1983) studied the effect of a blood alcohol lavel of 0.05% on both manual
kinetic and static perimetry. Perimetry was carried out ai photopic and masopic adaptation
ievels and a critical flicker fusion frequency technigue was also employed. The ingasiion
of aicohol resulted in an increased ceniral sensitivity for both photopic and mssopic static
perimetry, enlargement of the blindspot and angioscotomata, contraction of kinetic
peripheral isopters and a deterioration of critical flicker fusion frequency. The resulis can
also be explained by flaws in the experimental design, however, since the subjects were
untrained, the order of examinations was not randomized and a control condition was not

employed.

Riedel (1985) employed program 51 of the Octopus automated perimeter to assess ihe
effect of a high blood alcohol level (greater than 1%.) on ihe differential light thrashiold. A
significant decrease in sansitivity of the peripheral temporal (60°-80°) visual fisld was
reporied in addition fo a concentric contraction. Furihermore, significant increasas wera
found in the SF and in the number of falsa-positive and false-nagative rasponsas. uilaut
and co-workers (1986) found that parimetric sensitivity within 30° ecceniricity (Ociapue
pragram JO) was not influenced by & hioad alcohal lavel of 0.08% In unirained subjacie. A
gigﬁiﬁcsam increase, however, in the number of false-positive reapontues Was rapanad

(pe0.06). A frend lowards an ncreased number of false-negative rasponses, a highsr &F
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and an increased number of stimulus presentations was also noted. Using program 30-2
of the HFA, Wild and co-workers (1990) found a 1.0dB increase in MD (p=0.002) and &
0.6dB2 increase in the PSD (p=0.003) and CPSD (p=0.046) in trainad normal subjects
with on average a blood alcohol level of 63.5mg%. In addition, the number of stimulus
presentations increased by 6% (p=0.006) and the number of false-negative responses

increased by 4% (p=0.018). The change in sensitivity represented a sinking and a

steepening of the island of vision (p=0.046).

Haas and Flammer (1985) determined the efiect of a 5mg and 10mg diazepam dosage
four hours before perimetry on the ceniral visual field (program JO) of normal subjecis
using the Octopus automated perimeter. The influence of shori-ierm diazepam tharapy
was found to be statistically insignificant, although there wera general frands towards an
increase in sensitivity, an increase in reaction time, a raduction in the number of false-
positive rasponses and an incraase in the number of false-negaiive responses. In
addition, Mann and co-workers (1989) could jind no effect of chioroquing and
hydroxychloroquine on the visual field indices MS, MD, SF and CLV using program JO of
the Octopus perimeter. Similarly, both CNS and non-CNS acting anti-histamine drugs
have bean found to have a minimal effect on the central visual field (HFA program 30-2) of
trained normal subjects (Wild et al, 1889). Although the global SF was found 1o be
significantly higher for the non-CNS acting anti-histamine (p<0.05), the effects on the

other parameters did not reach statistical significance.

Martin and Rabineau (1987) could find no measurable efiect on the vigual field of fopical
guttae timolol 0.5% using program G1 of the Octopus perimeter. Topical fimolol therapy I8
thought to reduce the incidence of glaucomatous damage in OHT patients (Epsiein el &l,
1080 Kass el al, 1089). The relative affacts, however, of various topical beta-blockers on
ihe visual field is controversial. Messmear and co-workers (1081) assessed the effact of
hetaxolol 0.5% and timolol 0.6% on the visual field (Oclopus program G1) of 40 patients
with primary open-angle glaucoma. Tha visual fields of both groups tended o improve

during ihe first & monthe of yreatment but the bataxclol freaiad group ehowed graaiar
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improvement (p=0.041). Subsequently, Flammer and co-workers (1892) could find no
difference in the treatment effect between carteolol and timolol in 142 patients with

primary open-angle glaucoma.

Facial feaiures such as deep-set eyes and lid ptosis can influence the differential ligh
ihreshold (Fisher, 1967). Using automated perimetry, upper lid piosis in particular has
been demonstrated to result in a depression of the superior visual field close to fixation
(Meyer et al, 1993). In addition, a diumal variation in visual field sensitivity of approximately
0.5dB in normal subjects has been documented (Mizutani and Suzumura, 1885). The
diurnal variation was found to be higher in OHT (ie greater than 1.0dB) and glaucoma
patients (ie greater than 1.5dB) than in normal subjecis and was suggested to be relaied

to fluctuations in intra-ocular pressure.
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CHAPTER 2. RATIONALE AND LOGISTICS.

The study had two broad concurrent aims. Firstly, to expand the work previously
undertaken within the Department of Vision Sciences, Aston University, Birmingham,
using conventional automated perimeiry with paricular reference fto statakinetic
dissociation and to within-test changes in sensitivity. Secondly, to develop a system tor
blue-on-yellow perimetry for application in various ocular conditions but particularly with

reference to diabetic maculopathy.

Research within the Depariment by Wood and co-workers (1886a) had shown thal retinitie
pigmentosa patients exhibited a relative sparing of sensitivity to kinetic stimuli in the
presence of a marked reduction of sensitivity to static stimuli; a phenomenon termed
statokinetic dissociation. Other researchers had also documented statokinatic
dissociation in numerous diseases affecting all levels of the visual pathway (Zappia et al,
1671: Safran and Glaser, 1980; Plant and Wilkins, 1988; Wedemeyer at al, 1889; Osako
et al. 1991a and b). In addition, a “physiological" statokinetic dissociation was known 10
oceur in some normal subjects (Fankhauser and Schmidt, 1860; Safran and Glaser, 1880,
Wedemeyer at al, 1989; Osako et al, 1991a and b). The only dedicated study which had
systematically examined physiological statokinetic dissociation, however, had utilized
manual perimetry (Fankhauser and Schmidt, 1960). Furthermore, the incidence,
magnitude and factors influencing physiological statokinetic dissociation were unclear
and the exteni to which this physiological funciion might contribute to siatokinelic
dissociation in visual pathway abnormality was also equivocal. The aim of the siudy was (o
investigate physiological SKD as & function of age, meridian, stimulus size and

eccentricity using the HFA 640. The HFA 640 was a recenily infroducad aulamaiad
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perimeter which was capable of both kinetic and static perimetry and which provided

identical stimulus conditions for each method of visual field assessment.

A considerable proportion of the automated perimetry research carried oul within the
Department had examined within- and between-test changes in sensitivity (Wood et al,
1087a; Wild et al, 1989 and 1991; Searle et al, 1991). In particular, the study of Seare and
co-workers (1991) had described a progressive decline in sensitivity both within- and
between-eyes during the time course of a single perimeiric examination; a phenomenan
termed the fatigue effect. These findings were in agresment with the resulis of oiher
rasearchers (Meijl, 1977b and c; Johnson et al, 1888a). In all of these studies, the fatigue
effect was assessed by repeatedly thresholding a limited number of stimulus locations.
The effect of fatigue on the entire visual field within 30° ecceniricity, however, was
unknown. The aim of the siudy, therefore, was to defermine the time course of ihe
fatigue effect during a routine visual field examination. The iniroduetion of the Octopus 1-
5.4 {acilitated the assessment of within-test changes in sensitivity since the examiination
procedure with this perimeter was divided into 8 distinct and separate stages; the stimuius
locations within a given stage were thresholded before the start of the ensuing stage and

were, in general, randomly distributed across the visual field.

The second half of the study was devoted to a relatively new method of visual field
investigation, namely blue-on-yellow perimetry. The technique employs a blue stimuius 1o
preferentially stimulate the short wavelength sensitive (SWS) cones and a high luminance
yellow background to saturate the remaining retinal receptors. Initial siudies of blua-on-
yellow perimeiry had suggested that the technigue permitied the detection of
glaucomatous visual field loss at an eatlier stage of the disease process than conventional
white-on-white perimetry (Johnson et al, 1683a and b Sample i al, 1803a). Furihermora,
laboratory based siudies had demonstrated a reduction of BWE sensitivily hefore
achromatic sensitivity loss in a varisty of other ocular disaases including diabelic
retinopathy (Adams ef al, 1887a; Greensiein &l al, 1680a; Greensiain ai al, 1088), age-

related maculopathy (Applegate el al, 1867, Haagarsirom-Pornay and Brown, 1666} and
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retinitis pigmentosa (Greenstein et al, 1989a). The clinical relevance of blue-on-yeliow

perimetry in the investigation of these conditions was unknown.

Short-wavelength stimuli are preferentially absorbed in the normal eye by the pre-
receptoral filters, namely the components of the ocular media and the macular pigment. In
addition, the magnitude of pre-receptoral absorption exhibits considerable between-

subject variation which confounds the interpretation of SWS sensitivity.

Diabetic retinopathy is the leading cause of blindness among adulis of working age in the
Western World (Kiein, 1888) and diabetic maculopathy in particular is one of the
commonest causes of loss of visual function in diabetic patients. Prompt laser phoio-
coagulation, however, can halt the further progression of diabetic maculopathy
(Varougsiraeie, 1988). Diabeiic maculopathy was seiecled for siudy since fhe
assessment of SWS sensitivity may permit the earlier detection of visual dysfunction than
the procedures currently avaiiabie paricularly that of visual acuity (Zwas et al, 1880,
Adams, 1982; Zisman and Adams, 1982; Adams et al, 1987a; Greenstein et al, 1989a;

Greenstein et al, 1990 and 1992) and therefore enable earlier medical intervention.

The aim of the second part of the study was to develop a technique for blue-on-yellow
perimetry, to investigate the influence of pre-receptoral absorption on the blue-on-yeliow
hill of vision and to apply the procedure fo cases considered to be at risk of devaloping
diabetic maculopathy. The study of blue-on-yeliow perimetry necessitaled ihe
modification of a commercially available HFA 640. In addition to the hardware
modifications, experimenis were underiaken, firstly, 10 determine the peak wavelengih of
ihe SWS spectral sensitivity function with the chogen background conditions and having
defined the stimulus wavelength, secondly, to ensure and quantity the magnitude of
BWE isolation. The investigation of pre-receptoral absorpiion was also underakan wiih

ihis particular stimulus.



Modifications were also made to the HFA for the assessment of pre-receptoral absorption.
A clinical procedure was already established for the assessment of ocular media
absorption based on the determination of scotopic sensitivity (Sample et al, 1988a;
Johnson et al, 1988b). As a result of the current study, suggestions were made to reduce
the influence of ocular media absorption since the scotopic sensitivity procedure was
found to be time consuming. In addition, the influence of macular pigment on the blue-
on-yellow hill of vision required investigation if blue-on-yellow perimetry was o be
employed for the assessment of visual function within the macula region. Macular pigment
absorption was assessed uiilizing a previously described psychophysical procedure

which was considered suitable for application with the HFA (Pease et al, 1887).

In the diabetic study a number of control stimulus and background combinations were
utilized in addition to blue-on-yeliow perimetry. An aliernative stimulus filiar, with a broadar
spectral iransmission, was employed for this aspact of ihe siudy since it permitied a
greater dynamic range and had previously been shown o provide adequate BWE
isolation (Johnson et al, 1988b). Furthermore, the employment of a filter with a broader
spectral transmission reduced the attenuation of sensitivity due to the macular pigment. It
was recognized that the macular pigment assessment procedure was unsuitable for

application in diseased eyes since it depended on the underlying assumption of normal

spectral sensitivity.

The research was carried out within the Department of Vision Gciences, Aston University,
Birmingham and the study had approval from the Aston University Human Science Efhical

Commitiee and where applicable from the East Birmingham Healih Authorily Research

and Ethics Sub-Commitiee.

Normal control subjects were recruited from old age pensianar aesociations and Tram

studanis and staff of the Universiiy. The nature of the praceduras wera fully auplalngd
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both with an information sheet and verbally and on arrival subjects were requested to sign

a consent form.

Ocular hypertensive patients were recruited from the Birmingham and Midiand Eye
Hospital (BMEH) and were selscted with the full cooperation of the consuitant
ophthalmologist who provided confirmation of diagnosis and ensured that volunteers
satisfied the necessary inclusion and exclusion criteria. Patients were required o aitend
the Department for one visit but all had previously under gone numerous axaminations
with the HFA. Initial contact was made by letter which explained the nature of the
procedures involved. Patients were requesied to return a form stating whether or not
they were prepared to volunteer for the siudy. Appointments were then made by

telephone and confirmed by letier.

Diabetic patients were racruited from the Birmingham Haarlands Hospital (formarly East
Birmingham Hospital) and were selecied by research nurses with the full cooperation of
the consultant diabetic physician and consultant ophthalmologist who provided
confirmation of diagnosis and ensured that volunteers satisfied the necessary inclusion
and exclusion criteria. The recruitment procedures were identical to those of the ocular
hypertensive patients. Patients were required to attend the Department for four
appointments and subsequently to attend the Birmingham Heartlands Hospital for retinal
photography within a maximum period of two weeks after the last appointment at the
Depariment. The consultant ophthalmologist considered that fluorescein angiography of

paiienis within the study was not appropriate on ethical grounds. Biood sugar level was

recorded at the end of each visit to the Depariment.

There were few logistical problems associated with the project. Fecruitment of the

diabetic subjects praved 10 be difficuli, however, due 1o the fact thai four appoinimans

were required from each voluntear. Access fo the modified HEA 640 was sharad aqually
with a concomitani study of hiua-on-yeliow perimeiry in glaucama and aouiar
hyparension bul inle did not ereate any difficuliies.
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CHAPTER 3. THE ASSESSMENT OF PHYSIOLOGICAL STATOKINETIC
DISSOCIATION.

Statokinetic dissociation (SKD) describes a reduced sensitivity 1o a static stimulus relaiive

to the identical kinetic stimulus in clinical perimeiry.

This phenomenon was first reporied by Riddoch (1817) using manual parimetric
techniques in 9 patients with occipital lobe injuries. Moving slimuli were readily deiected
in areas of the visual field that exhibited severely depressed or an absence of sensitivity
io stationary stimuli of equivalent size. It was hypothesized that mofion percaplion and
form and colour percepiion were mediated by different araas of the occipital cortax. This
dissociation of functions, iherefore, resulied in the iotal praservation of moiion
perception mecnanisms and SKD was a phenomenon limited to lesions of the ocoipiial
cortex. Furthermore, the absence of SKD was considered to be a poor prognostic sign for

recovery.

SKD has been confirmed in patients with lesions of the occipital cortex (Holmes, 1918;
Plant and Wilkins, 1988; Charlier et al, 1989; Finkelstein and Johnson, 1989; Yabuki et al,
1989), but has also been documented in patients with lesions of the oplic radiations
(Plant, 1986; Yabuki et al, 1989), optic tract (Zappia et al, 1871; Bender and Bodis-
Waliner, 1678), optic chiasma (Zappia et al, 1871; Bafran and Glaser, 1980; Charlier &1 al,
1086; Yabuki et al, 1989) and optic nerve (Safran and Glaser, 1680; Charlier ei al, 1068,
vabuki et ai, 1989). It has also been documented in retinitis pigmeniosa (Wood & al,

1086a), optic neuritis (Wedemeyer et al, 1680; Osako et al, 1881a; Osako et al, 1661b)

and glaucoma (Katsumori @t al, 1661).
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Holmes (1918) found that sensitivity to a moving stimulus in cases of occipital cortex injury
was usually restricted to particular areas of the scotoma. It was argued that rather than a
complete preservation of motion sensitivity, SKD represented a relative loss of form
sensitivity. Motion sensitivity was regarded as being more resistant to disease or injury
although both functions exhibited diminished sensitivity. Indeed, only one of the cases
described by Riddoch (1917) exhibited SKD over the whole area of the scotoma; in all
other cases SKD was restricied io subregions of the scotoma. Furithermare, in
discussions of the Riddoch phenomenon both Polyak (1957) and Teubsar and co-workers
(1960) suggested that SKD could be explained by an increased fragility of the form

detection mechanisms.

Using Goldmann perimetry Zappia and co-workers (1871) demonstrated SKD in a patient
with a lesion of the optic tract and in a patient with a lesion of the apiic chiasma. Thay
concluded that SKD was not limited to lesions of the occipital coriex and had no
prognostic significance for recovery. SKD was explained by a relative loss of form
sensitivity. An association of SKD with an enhanced local adaptation or Troxler effect to
static stimuli (Bay, 1953) or a tatigue effect with repeated static presentations (Sunga and

Enoch, 1970) was also suggested.

Safran and Glaser (1980) demonstrated SKD for the achromatic detection of white and
red stimuli using Goldmann perimetry in normal subjects and in patients with lesions of the
anterior visual pathway. Evidence from slectrophysiological and psychophysical studies
also suggesied that kinetic stimuli were detected by movement-depandeant channals
(analagous fo Y-type, transient, phasic, M-call) that responded prefarentially fo temporally
changing stimuli of low gpatial frequency, while static siimuli were detecied by movemani-
independent channels (analagous io X-type, gustained, tonic, P-cell) thal ware

rasponsible for ihe perception of spatial contrast, form and colaur (Ikeda & Wright, 1672a;

Kulikowski & Tolhurst, 1873; Tolhurst, 1673). Furthermore, the receplive fialds of 1he
mavemeni-dependent channels were proposed 1o be largar wiih aupandable bardare
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(Ikeda and Wright, 1971; Ikeda & Wright, 1972a; lkeda & Wright, 1972b). SKD was
explained by a selective loss of the movement-independent channels. The detection of
moving stimuli at the edge of scotoma was attributed to the larger receptive fields of the
movement-dependent channels. SKD was not demonstrated, however, when the end
point was the colour recognition of red stimuli. This latter finding was attributed io the

processing of colour information through the movement-independent channels.

The effect of varying stimulus parameters and test conditions for 17 patients with retinitis
pigmentosa was studied by Wood and co-workers (1986a) using manual static, automated
siatic and manual kinetic perimetry. All 17 patienis exhibited SKD and the magnitude of
this function increased with increase in stimulus size. An enhanced spatial summation was

speculatively proposed to explain the mechanism of KD in retinitis pigmeniosa.

The spatial and temporal properies of patients exhibiting KD were invastigaied using
sinusoidal wave gratings by Plant (1986) and Plait and Wilkins (1088). It was reasoned
that conventional perimetric techniques were unsuitable for determining the underlying
mechanism of SKD because the ability to detect a moving stimulus was velocity
dependent (Johnson and Keltner, 1987). A preferential loss for stimuli of high spatial and
low temporal frequencies was found in a patient with an optic radiation lasion (Plant,1886)
and in a patient with an occipital cortex lesion (Plant and Wilkins, 1988) despite an overall
reduction in contrast sensitivity. The results suggested a relative sparing of mechanisms
responsible for the detection of low spatial and high temporal frequency stimuli rather
than a separate pathway. Direction discrimination was also demonstrated suggesting that
the residual mechanisms subserved mation perception (Plant and Wilking, 1888). The

exisience, however, of a functionally distinct but anatomically contiguous pathway for {he

detection of moving stimuli was not excluded.

The velocity dependent characteristics of SKD were studied by Wademeyer antd o«
warkers (1860) using automatad parimetry and a Goldmann gize | slimulus in nermal

gubjects and pailenis with a history of optic neuritis. Although boil graups axhilaliad
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SKD, the magnitude was found to be relatively large for optic neuritis patients and to be
independent of stimulus velocities between 1° and 8° per second both for normal
subjects and for optic neuritis patients. A selective loss of function of the tonic (X-type,
sustained, P-cell) ganglion cells was suggested to explain the mechanism of SKD in optic
neuritis. Indeed, chromatic and flicker sensitivity studies have suggested a selective loss
of function of the tonic ganglion cslls in various optic nerve diseases (Alvarez and King-

Smith, 1984, King-Smith et al, 1984).

Yabuki and co-workers (1989) empioyed automated static and manual kinetic perimetric
techniques in a retrospective study of 162 eyes of patients with lesions located
throughout the visual pathway. Approximately 20% of patienis exhibited 8KD; ihe
magnitude of this function was independeni of the location of ihe lesion within the visual
pathway. There was no evidence 1o sug@esi that SKD had any prognaostic significance for
recovery. Successive lateral spatial summation (Greve, 1873) in areas of reducad raefinal

sensitivity was proposed to explain the presence of SKD.

Charlier and co-workers (1989) employed automated perimetry to assess SKD in 83
patients with various types of neuro-ophthalmic disorders. SKD was exhibited by 12
patients with either lesions of the optic chiasma or occipital cortex and was explained by
the processing of motion and form information by separate channels. Furthermore, the
sparing of subcortical visual pathways responsible for the phenomenon of "selactive
attention” (Singer et al, 1977) was hypothesized as the specific underlying machanism.
. Similar conclusions were made by Finkelstein and Johnson (1889) in & case repor of a
patient with an occipital lobe infarction. I was suggested, however, that the speciiic
mechanism of 8KD in this case might be the phenomenon of "blindsight” (Banders &t al,

1674), in which the superior colliculus or exirasiriate corlex have been suggesied o

process moverment information (Weiskraniz, 16687).

Automated static and manual kintic perimetric techniques were uged by Katsumar and
co-workers (1681) 1o assess BKD in glaucomalaus 6ye8 with early visual fisld dafacie.
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The difference in sensitivity between the upper and lower visual fields was compared
between the two techniques. Approximately 11% of stimulus locations exhibited SKD
greater than +5dB; peripheral stimulus locations exhibited the greatest magnitude of
SKD. 8KD was speculatively explained by a greater vulnerability of the large ganglion celis

to selective damage in glaucoma (Quigley et al, 1987; Quigley, 1987).

The spatial summation characteristics of 5 optic neuritis patients with demonstrable SKD
were compared to those of B glaucoma patients and 12 normals by Osako and co-workers
(1991a). Autornaied static perimetry was empioyed using Goldmann stimulus sizes 11l and
V. The magnitude of spatial summation, measured by the increase in sensitivity for
stimulus size V compared fo size |ll, was found fo be greater for both patient groups in
regions of the visual field with reduced sensitivity and 1o ha considerably higher jor tha
aptic neuritis patients. it was, therefore, suggested that SKD in oplic neuritis might ba

explained by an abnormal spatial summation afiect.

Osako and co-workers (1991b) assessed both the temporal response and spatial
summation characteristics of 9 optic neuritis patients and 9 normals using automated static
perimetry for Goldmann stimulus sizes Il and V and sinusoidal flicker modulation (contrast)
thresholds at 2, 8 and 20 Hz. in addition, SKD was assessed using automated kinetic and
static perimetry for stimulus size |. Optic neuritis patients exhibited a non-salective loss of
flicker sensitivity for all 3 temporal frequencies; regions of the visual field that could detect
a Kinetic stimulus often exhibited an absolute loss of flicker sensitivity to ane or more
frequencies. A preferential loss of P-cells (lonic, X-type, sustained) would be expected 1o
produce a selective reduction in sensitivity to low temporal frequencies. SKD in optic
neuritis was suggested to be unrelated 1o the temporal characteristics of M- and P-celis.
Furthermore, the magnitude of gpatial summation was found to be considerably higher for
the optic neuritis patients than ihe normal subjects suggesting that 8KD in optic neuritie

might be explained by an gnhanced spatial summation @itact.
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In a review of the temporal properties of spatial vision, Plant (1991) suggested that SKD in
both anterior and posterior visual pathway abnormality can be explained by the
preferential loss of anatomically distinct visual pathways which mediate sensitivity for
stimuli of high spatial and low temporal frequencies. These spatiotemporal losses were
thought to reflect the properties of the magnocellular and parvoceliular systems systems
rather than the neuronal receptive field characteristics. Distinction was drawn between the
SKD described by Plant (1986) and Plant and Wilkins (1988) and that of "blindsight”
(Sanders et al, 1974) in which there is no conscious perception of the stimulus by the
patient despite directional specific eye movements and that of the residual vision
phenomenon described by Barbur and co-workers (1880) in which the magnitude of the

sensitivity loss is much greater.

A "physiological’ SKD was first documented by Fankhauser and Schmidi (1860). Twarty
normal subjects were assessed using Goldmann manual perimetry and stimuius sizes 0 ©
V presented at a velocity of 1° per second. In general, a greater sensitivity (approximately
2dB) was demonstrated to kinetic stimuli. Within 2° eccentricity, however, sensitivity to

static stimuli was greater.

Using manual perimetric lechniques, seven of the 15 normal subjects studied by Safran
and Glaser (1980) exhibited physiological SKD. Each subject demonsirated a greater
sensitivity to kinetic stimuli and the magnitude of SKD varied betwesn 8° and 0°.
Furthermore, using automated perimetry Wedemeyer and co-workers (1688) found the
mean magnitude of physiological 8KD 10 be 6° (8D 2.00°) in & sample of five niarmal
subjects, while Osako and co-workers (1881b) found the mean magnitude of this function

io be 4.6° (8D 1.25°) ina sample of nine normal subjecis.

i an infra-threshold slimulue (dlafined by sialic parimairy)

Grave (1873) hymthégizeﬁ {ha
givad if in motion. The succaseive glirmulation of individual recepiare within &

may bé perc

&1



given receptive field would result in a lateral spatial summation effect and, therefore, the
stimulus would be detected. This hypothesis of "successive lateral spatial summation”

was also proposed to explain physiological SKD in later studies (Safran and Glaser, 1980;

Osako et al, 1991b).

Safran and Glaser (1880) hypothesized that the mechanism of physioclogical SKD was
related to a larger receptive fisld size of the transient ganglion cells (Ikeda and Wright,
1971; Ikeda & Wright, 1972a; ikeda & Wright, 1972b). Elscirophysiological and
psychophysical studies suggested that information relating to motion detection was
mediated by the transient ganglion cells (Ilkeda & Wright, 1872a; Kulikowski & Tolhurst,
1973: Tolhurst, 1973). Furthermore, motion detection by the phasic mechanisms (V-type,
transient, M-cell) was hypothesized to be slightly more sensitive than form detaction by
ihe fonic mechanisms (X-type, sustained, P-cell) undar the conditions amployed in

perimeiry (Wedemeyer et al, 1088).

3.1.4, Aim of the study.

Physiological SKD has received relatively little attention. indeed, previous studies of SKD
in visual pathway abnormality have ignored the possibility ot a physiological component of
this function (Charlier et al, 1989; Katsumori et al, 1991). The magnitude and incidence of
physiological SKD is equivocal (Fankhauser and Schmidt, 1960; Safran and Glaser, 1980;
Wedemeyer et al, 1989; Osako et al, 1991b). Discrepancies in findings have arisen from a
lack of standardisation in perimetric procedures (Safran and Glaser, 1980). Furthermore,
the variation in the magnitude of physiological SKD as a furiction of such factore as age,
meridian, stimulus size, stimulus duration and adaptation level, together with the

interaction of these factors with eccentricity are unknown.

The aim of the study, therefore, was: (1) to examine the relationship between glatic and

kingtic measurements of he visual field using the standardized procedures of auiomated

perimelry; (2) fo deferming ihe Incidence of physiological 8KD:; and (3) 1o determine fhi

e
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effects of age, meridian, stimulus size and eccentricity together with their interactions on

physiological SKD.

The sample consisted of two groups: 20 age-maiched young subjects (10 males and 10
temales; mean age 21.21 years, SD 1.37 yrs) and 20 age-maiched elderly subjects (10
males and 10 females; mean age 69.05 years, SD 8.03 yrs). Exclusion criteria included
systermic conditions with known ocular involvement, systemic medication with known CN&
effects, a pasi history of eye disease, the use of topical eye freatment, the use of contact
lenses, a positive family history of glaucoma in a first degree relative, a history of diabaias
mellitus and neurological or psychiatric iilness. All subjecis had intraocular pressures of
iess than 21 mmHg, normal media, narmal fundi and normal siatic threshold caniral visual
fields by Humphrey automated perimetry (program 30-2). Subjscts in the young group
had distance refractive errors within +0.75 diopter sphere and +0.75 diopter cylinder and
a visual acuity of 6/6 or better. Subjects in the elderly group had distance refractive errors

within +3.50 diopter sphere and +1.50 diopter cylinder and a visual acuity of 6/9 or betier.

3.2.2. Perimetry.

Perimetry was undertaken for the right eye of each subject using the HFA 640 (sofiware
version 5.2). This is an automated projection perimeter, capable of both static and kinetic
visual field examination, which employs a bowl luminance of 31.5 asb at a viewing distance
of 33 cm. Static stimuli are presenied for a duration of 200 msec, using a 4-2 dacibél
double staircase strategy based upon a starting value at an intensity slightly brighiar than
the subjecis expected threshold (Haley, 1987). The last seen gtimulus value is ideniified
as the threshold at that point. The sensitivity scale measured in decibels is refarred o &
maximum stimulus uminance of 10,000 ash. The dafault siatic sfimulus size is Galdmann

i (0.431°). Kinetic glimuli corresponding 1o Goldmann equivalent sizes | o Y and

k]



Goldmann equivalent intensities 0dB to 49dB are presented at a default stimulus velacity

of 4° per second (Kinetic Perimetry, 1989). The default kinetic stimulus is -2e (0.108°).

SKD can be assessed variously. The sensitivity to a static stimulus can be determined and
compared to the sensitivity of an identical kinetic stimulus. The difference in sensitivity
between the two stimuli is expressed in terms of degrees (Charlier at ai, 1989, Osako at
al, 1991a). Alternatively, the threshold for a kinetic stimulus can be determined and the
static sensitivity can then be assessed at the same point. The laiter method measuras

5KD in daecibels.

The kinetic stimuli were chosen to produce a spread of discrete eccentricities for
Goldmann equivalent sizes | and il along the 16° and 195° maridians. For the young
group, the I-2e, I-2c, i-1e, I-ic, I-1a, I-4°d (20, 22, 25, 27, 29, 31dB respeciively) and the
lil-47c, 137, 1-37d, 111-37c, 111-3°b (32, 36, 36, 37, 38dB) stimuli were usad. For ithe aldary
group the i-3b, I-2e, I-2c, I-2a, I-1e, I-1d (18, 20, 22, 24, 25, 26dB) and lii-4e, lil-4'c, li-4 a,
H1-37e, 11-37d (30, 32, 34, 35, 36dB) were used. Preliminary studies had shown thai kinetic
targets could not be consistently detected within 10° eccentricity for a stimulus velocity of
4° per second. The selection of the luminance values between the two age groups was

influenced by the steepening of the sensitivity gradient with age.

All Kinetic stimuli were presented randomly along the 15° and the 185° meridians using
the manual mode facility of the kinetic program (Figure 3.1). The kinetic stimuli
automatically commenced travel {owards fixation from 75° eccentricity. For stimulus values
which were detected within 20° of fixation, the kinetic stimuli were presenied from 30°

aceentricity using the "Zoom 10 30°" option on the touch scréen of the HFA in ordar 0

save time and to reduce subject fatigue.

gaven repelitions of each of the 11 kinatic stimull (six size | & five size IIl) were presenied

along each of the fwo meridiang. The mean location of the 7 presanialions for aash
giimulus was detarmined and then expreasad In 1Brme af ihe reapaciive ¥ and y
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coordinates. Static sensitivity for the corresponding stimulus size was then determined 7
times using a custom static threshold program at each of the mean locations of the kinetic
stimuli. In addition, 7 repetitions of the static foveal threshold for both stimulus sizes were

carried out during the custom program. A maximum of four custom static threshold

programs were required to accommodate all the eccentricities.

The kinetic and static examinations for stimulus sizes | and Il each lasted a maximum of 45
minutes, and were carried out on four separate days. All tests ware underiaken within &
maximum period of 4 weeks and generally within 14 days. Subjects were given frequent
rest periods during each examination. The order of examination was varied within the
constraint that the kinetic investigation for a givan stimulus size had to precede the glatic
investigation for that size in order to obtain the eccantricities far the cusiom siatic

threshold programs.

Prior to the investigation, all subjects undertook four practice sessions (o minimize any
learning effects (Wood et al, 1987a; Heijl et al, 1989; Searle et al, 1991). The static
training consisted of two examinations carried out with program 30-2 using stimulus sizes |
and Ill. This program thresholds 76 points out to an eccentricity of 30°. The order of
stimulus size was randomised between the two examinations which were carried out on
separate days. The kinetic training consisted of two examinations using the six size I and
the five size 11l stimuli presented along the 15° and 195°¢ meridians, with six repetitions of
the 3 inner isopters and three repetitions of the outer isopters. The order of stimulus size
was again randomised between ihe fwo examinaiions which were algo carried out on

separate days. Consequenily, a total of 4 separate training sessions each lasting

approximately 30 minutes were carried out on separate days. The order of the kinefic and

static training sessions was further randomised.

Siatic stimuli were presanied ai {he inlegar closaet 1o ihe maan aocentricity of ihe saven

repetitions for each kintic stimulus. The resolution of tha cusiom pragram within 50°

aceentricily was 1°. Locations peyend 30° eueentriclly ware firnliad ta @° rasaluiion.
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Together with potential rounding errors the maximum disparity between the kinetic and

static stimulus locations amounted to 1.5°. This compares to an amplitude of physiological

eye movement of 0.5° (Carpenter, 1988).

The distance refractive correction was employed, together with the appropriate near
addition in the elderly group, to correct for the viewing distance of 33 cm. Refractive
correction was not employed for the static or kinetic stimuli located greater than 30° from
fixation in order to avoid arifacts due to the trial lens rim. Natural pupils were used
throughout. The pupil diameter was measured on two occasions during the four sessions
using the video monitor. The measurement was corrected for the magnification of the
optical system; group mean pupil diameter for the young subjects was 5.46 mm (8D 1.21

mm) and for the eiderly subjects 3.81 mm (8D 0.71 mm).

Operator involvement during the examinations was kept fo a minimum; subjacis ware
realigned when necessary. The Heiji-Krakau biind spot technigue for monitoring the
quality of fixation is not operative during kinetic perimetry. Fixation was monitored
qualitatively using the video eye monitor. All perimetry was performed by one operator 1o

minimise inter-examiner variation (Berry et al, 1966; Ross et al, 1984).

In order to permit analysis of the kinetic and static sensitivity gradients, both within- and

between-age groups and within- and between-stimulus sizes, the area under each

sensitivity gradient for each subjact was calculated. This standardized the data for the four

combinations of age and stimulus size. To siudy the influence of eccentricity and maeridian

on SKD, the area under each senaitivity gradient was calculated saparaiely for four 2onas:

250 i 40° i@fﬁp@fa"y. 10° to 25° wﬁ’i?}ﬁra"y, 10° to 25° nasally and 26° io 40° nasally. The

dimensions of the zones Were selacted ampirically o provide, wherever possible, three

stimulus locations within each zone. The area under aach zone was fhen determined by

fhe Trapezium Fule. An addilional ihrae data painis per zone were inierpolated &l fked

locations from the measured data. The ragion wiihin 10° eccantricily wae nal analyand
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due t PR _
0 the absence of kinetic isopters in this area. Similarly, the region beyond 40°

eccentrici
icity was not evaluated due to an absence of points within this region which arose

from the steeper hill of vision in the elderly group.

A repeated measures analysis of variance (ANOVA) was undertaken on the area values.
The effects of stimulus type (ie kinetic or static), stimulus size (ie | or 11}, meridian (ie
temporal or nasal) and eccentricity were the within-subject factors. Age was treated as a
between-subjects factor. The within-subject factors stimulus size, meridian and
eccentricity, together with their associated interaction terms, defined the shape of the hill
of vision. The within-subject factor stimulus type, together with the associaled interaction
terms, described the SKD as a function of stimulus size, meridian and sccentricity. The
between-subjects factor, age, identified the differences between the young and alderly

age groups.
43 F _

The static and kinetic sensitivity gradients corresponding to each age group for the two
stimulus sizes are shown in Figure 3.2. The standard errors of the group mean static
sensitivity data were larger for the size | stimulus and for the older age group. The
standard errors of the group mean kinetic sensitivity data were larger for the older age

group, for stimulus size Il and with increasing eccentricity.

The relationship between the area underneath the static hill of vision derived by ihe

Trapezium Rule and the static mean sensitivity of each stimulus size for each age group &

shown in Figure 3.3. The distribution of area values paraliel to the abscissa shows fhai the

area measure of sensitivily was a maré representative indicator of the betwean-subject

variation in the shape of the sensiivity gradient.

The results of the ANOVA are given in Tablé 5.1, The area undarmadath the hill @i viglon
was greater for the lemporal meridian fhan for the nasal meridian (p=00.010) and was
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greater for the 10°- 25° zones than for the 25°- 40° zones (p=0.014) particularly for the
older age group (p=0.003). The increase in area from the 25°- 40° zone to the 10°- 25°
zone was greater for the nasal meridian than for the temporal meridian (p<0.001). These
eftects are due 1o a steeper profile of the hill of vision in the nasal visual field, the gradient

of which increases with increasing eccentricity and with increasing age.

As would be expected, the area underneath the hill of vision increased with increase in
stirnuius size (p<0.001). This increase was more marked for the temporal meridian than for
the nasal meridian (p=0.038) paricularly within the 10° - 25° zone (p=0.008). Also, the
increase in area with increase in stimulus size was greater for the younger age group
(p=0.032). The kinetic and static sensitivilies were lower for the elderly age group

(p<0.001).

The kinelic profiles for both stimulus sizes were significanily highar than the
corresponding static profiles (p<0.001), particularly within the 10° - 26° zong of ths
temporal meridian (p=0.024). This latter effect is due to a greater influence of the reduced
sensitivity in the blind spot region on the static sensitivity gradient compared to the kinetic

sensitivity gradient.

The magnitude and variation of physiological SKD for all stimulus locations as a function of
age and stimulus size is shown in Figure 3.4. The mean SKD for stimulus sizes | and i1l in
the young age group was 4.41dB (SE 0.14, median 4.15) and 4.64dB (SE 0.12, median
4.43) respectively and in the elderly group 4.02dB (SE 0.16, median 3.86) and 4.682dB
(SE 0.20, median 4.43). The steep slope of the curnulative frequency curves illusiraies

ihe minimal variation in SKD both within- and between-subjects.
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The data shows that the results of kinetic and static perimetry are not quantitatively the
same. All subjects demonstrated a greater sensitivity to a kinetic stimulus. An “inverse
SKD", whereby a greater sensitivity is demonstrated for a static stimulus rather than a

Kinetic stimulus, was present in only 8 of the 880 determinations.

The findings are in agreement with previous studies which show that SKD can be
demonstrated in normal subjects (Fankhauser and Schimidt, 1960; Safran and Glaser,
1980; Wedemeyer et ai, 1989; Osako et al, 1991b). In this study, physiological SKD was
present in all subjects for both stimulus sizes using a stimulus velocity of 4° per gacond.
Physiological SKD was found to be largely independent of eccentricity conirary 10 a
previous study which employed manual perimeiry (Fankhauser and 8chmidi, 1960). The
incidence of SKD is higher than that reparied previously for manual perimeiry using

stimulus sizes 1 to V and a stimulus velocity of 3° per second (Safran and Glaser, 1980).

In this study, physiological SKD was assessed in terms of luminance rather than position
(i.e. a vertical rather than a horizontal approach to the hill of vision). The thresholding
strategies of the two methods of perimetric examination may contribute to the magnitude
of physiological SKD. There is a reduction of the given kinetic isopter when a stimulus is
moved from unseen to seen regions of the visual field due to the reaction time of the
subject. This effect, however, is diminished by an apparent increase in the given isopter
caused by the greater temporal and spatial summation of a maoving gtimulus (Tate and
Lynn, 1977). Furihermore, kinetic isopters for I-4e (10dB), I-2e (20dB) and I-1e (26dB)
stimuli have been found to be constant for stimulus velocities between 1° and 4° per
second and only a slight reduction in sensitivity was found for a stimulus velacily of 6° per
second (Johnson and Keltner, 1887). The magnitude of simple reaction fime s
approximately 200 msec and shows no congistent deterioration from 20-80 years of age:
above 60 years of age the deterioration is minimal (Keele, 1888). Assuming ne
summation effects, reaction fime would accouni far fhe Inward displacement of the kinatie
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isopters by approximately 0.8°. This effect is comparable to the magnitude of
physiological eye movements (Carpenter, 1988). The anticipated efiect of a longer
reaction time would be to displace the kinetic isopters inward, thus potentially producing a
larger mismatch between the positions of the static and kinetic thresholds. Assuming a
reaction time of 500 msec, the combined error from the mismaich of the threshoid
positions and the resolution of the static threshold positioning offered by the perimetar
would total a maximum of 3.5°. However, the interaction of age and SKD was not

statistically significant (p=0.908).

The threshoiding algorithm employed for the determination of static sensitivity will also
influence the magnitude of SKD. Threshold estimation varies as a function of the
direction and the step size employed in the crossing of threshold (Anderson et al, 1886,
Johnson et al, 1982). The aigorithm used by the HFA includes a final 2dB crossing of
threshold that will probably occur in an ascending direction bul can also ocour in a
descending direction; threshold is taken as the iast seen stimulus at thai location. The
measurement error associated with the thresholding procedure is + 1dB. This is

contaminated further by the local short-term fluctuation of the threshold estimate.

Refractive correction was not employed for the assessment of kinetic and static sensitivity
beyond 30° eccentricity. The reduction in perimetric sensitivity due to defocus (Sloan,
1961: Fankhauser and Enoch, 1962), however, is reduced with increase in stimulus size
(Fankhauser, 1879; Wild et al, 1988) and with increase in gccentricity (Benedetio and
Cyrlin, 1985; Wild et al, 1088). Although peripheral refractive error has a major influence
on motion thresholds in the peripheral retina (Leibowitz et al, 1872; Johngon and
Leibowitz, 1974), it would appear that in relation to siatic automated perimatry the eifect is
insignificant (Wild et al, 1968). In addition, defocus induces gimilar changes in sansitivity
for both static and kinetic stimuli (Benedetio and Cyrlin, 1086).

The determination of the mechanism of physiclogical BKD was not & specilic aim of i

study and, therefare, any axplanation can only be speciilative.
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The magnitude of physiological SKD might be expected to increase with increase in
stimulus size if "successive lateral spatial summation” was the mechanism responsible for
the detection of kinetic stimuli. Physiological SKD, however, was found to be
independent of stimulus size (p=0.178). The ratio of summation for the kinetic stimulus
(influenced by area and velocity) relative to summation for the same diameter siaiic
stimulus (influenced by area alone) was identical for both stimulus sizes | and [Il. This does
not necessarily exclude the hypothesis of "successive lateral spatial summation” as one
of the underlying mechanisms of physiological SKD. it might, however, indicate a
saturation point in terms of stimulus velocity (less than 4° per second) or stimulus size

(less than 0.108° diameier) at which further summation cannot occur.

The suggestion of Safran and Glaser (1980) that 8KD can be axplained by the racaplive
field properiies of the transient ganglion cells is controversial. The distinction batwaen X
and Y cells made on the basis of transient and sustained responses has been
demonstrated to be dependent on conirast level, such that at low contrast
(corresponding to threshoid detection) the properties of the two cell types are similar
(Lennie, 1980a). In addition, there is no evidence to suggest any segregation of
information from X and Y cells in the occipital cortex (Lennie, 1880b). The hypothesis
made by Wedemeyer and co-workers (1989) that motion detection by the phasic
mechanisms (Y-type, transient) might be more sensitive than form detection by the fonic
mechanisms (X-type, sustained) under the conditions employed in perimetry are neither

substantiated nor denigrated as a result of the findings of this study.

Electrophysiological evidence suggesis that ganglion cells which project fo the
magnocellular layers (analogous {0 the phasic mechanisms) of the laleral geniculate body

and corlex are responsible for the detection of low contrast, moving stimull (Hicks et al,

1683: Cavanagh et al, 1984; Derringion and Lennie, 1664; Kaplan et al, 1680). It i

{easible, therefore, that the magnoceliular system is more sensitive 1o the conditions

amployed in kinetic perimetry rather than fhose of static perimetry. Thie explanation of
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SKD suggests an increased sensitivity of the magnocellular system to kinetic stimuli rather

than the detection of static and kinetic stimuli by different mechanisms.

The quantitative comparison of static and kinetic measurements of the visual field is
confounded by physiological SKD. In general, the kinetic technique over-estimaied the
static perimetric profile by an average of 4.5dB. Minimal variation was found in the
magnitude of this function both within- and between-subjects. Physiological 8KD was
exhibited by all individuals for both stimulus sizes and all kinetic stirﬁuius valuas using &
stimulus velocity of 4° per second. In addition, the magnitude of physiological 8KD was

found to be largely independent of age, stimulus size, meridian and eccantricity.

Any fuiure studies of SKD in visual pathway abnormality should considar the physiological
component of this function and ensure that equivalent conditions are employed for the
assessment of static and kinetic perimetry. Further research should investigate the
underlying mechanisms of SKD both in normal subjects and in patients with visual
pathway abnormalities. In particular, techniques which exclude the influence of stimulus
velocity, such as flicker perimetry or modulated sinusoidal wave gratings, should be
employed to elucidate the variations in spatial and temporal sensitivity with eccentricity.
The generation of spatiotemporal threshold surfaces (ie three-dimensional plots which
illustrate the reiationship between spatial and temporal sensitivity) for various stimulus

locations should provide a more complete analysis of the characteristics of functional logs

in visual pathway abnormality.
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CHAPTER 4. FATIGUE EFFECTS DURING A SINGLE SESSION OF AUTOMATED

STATIC PERIMETRY IN NORMAL SUBJECTS AND OCULAR HYPERTENSIVE
PATIENTS.

Automated perimetry has improved the reproducibility of clinical visual field testing when
compared to manual perimetric techniques. The outcome of a visual field examination,
however, is influenced by various exiraneous factors. The influence of optical faciors
such as pupil size (Fankhauser, 1979; Mikelberg et al, 1887, Lindenmuth et al, 1668;
Heuer et al, 1989), refractive error (Benedetio and Cyrlin, 1985; Weinreb and Parman,
1086 Aichinson, 1087; Hauer et al, 1887) and madia opacilies (Guthauser et al, 1687,
Heuer et al, 1989: Wood et al, 1989; Dengler-Harles et al, 1800) are wall documanted

(see Chapter 1).

Other extraneous factors which influence the outcome of a visual field examination
include psychological effects such as learning and fatigue. Indeed, variability of response
is common during and between examinations in many types of psychophysical tests. Low
(1946) measured peripheral visual acuity in 43 normal subjects on 8 successive occasions
after noticing an improvement in performance between the first and the second eyes at a
single examination. A modified perimeter was employed to present Landolt ringe of
varying angular subtense in any one of four positions. The subject identified the position
of the break in the Landolt ring. On average, subjects responded to stimuli elaven fimes
more efficiently after fraining. The improvement in performance, however, varied markadly
between subjects (ie 4 1o 144 foid improvement). In order io achieve an oplimum

perormance 25 hours of training was considered necessary. The paripheral reting wae
hypothasized fo be an unpractised sensory area.

Haider and Dixon (1861) measurad threghold over a period of 14 minuies in fan parmal

subjects. The brighiness of tWo conetanily presented spots of light differing it irtansliy
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by 0.05 log units were simultaneously adjusted by the subject until only one of the stimuli
was visible. Subjects attended for six sessions over a period of approximately 4 weeks.
Group mean threshold was relatively stable during the first session but tended to rise over
subsequent sessions indicating a within-examination fatigue effect. It was suggested that
the improvement due to training effects masked the effect of fatigue during the first
session. In addition, the threshold was considerably lower at the start of the second

session indicating a learning effect between the first and second sessions.

Sunga and Enoch (1970) described a “short-term saturation” or fatigue effect in patients
with optic nerve and cortical lesions. A modified Goldmann perimeter was employad o
present continuous or tachistoscopic stimuli at selected locations in the visual field.
Sensitivity deciined in a progressive time-related manner to repeated stimuli. This effec
occurred even in areas of the visual field with normal lavels of sensiiivity. In addition,

reduciion of the background luminance resulted in a reduced faligue afiect.

Ronchi and Salvi (1973) continuously measured absolute threshold to a stimulus &' of arc
in diameter, presented for 100 msec over a period of 2 hours for nine normal dark-
adapted subjects. Subjects were experienced in the psychophysical procedures and
were tested under binocular viewing conditions. During the first hour an oscillatory
decline in sensitivity was reported, after which time sensitivity oscillated around a baseline
sensitivity level. The deterioration in sensitivity over time was less pronounced with
increase in eccentricity beyond 30° and in monocular areas of the binocular visual fisld.

Large variations were recorded between individuals. It was suggested that a deciine in

vigilance might explain the fatigue effect.

Agpinall (1874) employed the Farnswonrh-Mungell 100-hue test o measure perormance
in two groups of normal subjects. One group had bean praviously trained in the teel
procedure. The jrained group exhibited an improved parformance and & raducsd

between-subject variation when compared 10 ihe unirained group. The rasulis Ware
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explained by changes in the response criterion of the untrained group as a result of

unfamiliarity with the test conditions.

The Nicolet CS-2000 Vision Tester was employed by Kelly and Tomlinson (1987) to
assess monocular contrast sensitivity functions over 5 consecutive days in a group of 20
normal young subjects. The sample was then divided into four groups of five subjects and
confrast sensitivity was assessed aither 1, 3, 5 or 7 days afier the initial iraining period to
determine the time course of any deterioration in the learning effect. A further group of
five subjects underwent the the same training program and repeatad the test 7 days after
training but both eyes were assessed at each session. There was no obvious increasa in
contrast sensitivity over the 5 day training period. Contrast sensitivity also remained siable
after the training period. Furthermore, there was no obvious gvidence of a trangfer of
leaming between eyes at a single session or between gessions. It was suggested thai the
variability of the technique was foo high o detect the sublle alierations In senaitivity due

to learning or fatigue.

The Farnsworth-Munsell 100-hue test was also employed by Breton and co-workers
(1988) to study the learning effect in a group of 26 normal untrained subjects and in a
group of 30 normal trained subjects. A significant improvement in performance over at
least four successive tests was demonstrated by the untrained group, while the trained
group exhibited no clear trend towards improvement. It was hypothesized that the source

of this learning effect was cognitive rather than a change in colour discrimination.

4 1 1. Learning.effects in perimetny.

Learning effects, whereby sansitivity increases during and beiween parimetric
axaminations, h(ava been reporied in both manual and automated perimetry. Manual slatic
profile perimeiry was employed by Aulharm and Harms (1067) to sludy the within-ieel
change in sensitivity in normal subjects al & siimulus locationt batwaen 0° and 18°
ecceniricily. Threshoid was determined fweniy limas over a periad of one day & each
siimulus location. The leaming effect varied from zaro 16 6na lod unil beiween individuale.
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Furthermore, the improvement in sensitivity generally occurred over the first ten sessions
and then plateaued. The level of sensitivity attained at the end of the training session was

retained when the test was repeated up to seven days later.

Although recognising the presence of a learning effect in manual static perimetry, Greve
(1873) suggested that differences obtained batween successive examinations were
insignificant because the improvement in sensitivity was diffuse. The magnitude of a field
defect, therefore, would not change in relation to the sensitivity of the surrounding visual
field. The learning effect was explained in part by a sieepening of the slope of the
frequency of seeing curve. The range of luminances over which the chance of detaciion
of a stimulus varied between 1% and 99% was found io be approximaiely 0.50 log units
for untrained normal subjects and 0.30 log units for trained normal subjecis. In addition,
Tate and Lynn (1977) attributed the learning eflect to a change in the critarion for stimulus
detection. As familiarity with the test procedure was gained ihe paient would respond (o
stimuli that were previously ignored. The learning process could be accelerated il

feedback or encouragement was given to the patient.

Gloor and co-workers (1980) employed Program 31 of the Octopus perimeter to study the
long-term fluctuation in 32 glaucomatous eyes and suggested that learning could result in
an increase in sensitivity of up to 2 decibels at each stimulus location. Subsequently, the
between-examination alteration in sensitivity was assessed by Gloor and co-workers
(1981) in 120 eyes of 66 patients, with ocular hypertension or glaucoma, using Program
31 of the Octopus perimeter. A leaming affect was found between the first and second
examinations which was characterized by a reduction in the size of any scotoma and an
increase in sensitivity of up to 2dB per stimulus location. A similar increase in sanshivity,

however, was not found between the second and third examinations. Gloor and co-

workers (1981) stated that there wae a need to difierentiate betwaen irie change in the

visual field and learning efiécts.
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In a study of visual field reproducibility Parrish and co-workers (1984) employed Program
30 of the Perimetron automated perimeter to assess static sensitivity along the
superotemporal (45°) meridian on five occasions over a period of 30 days in 18 eyes of 13
normal subjects. The variability was higher than expected and was attributed to the fact
that the subjects were not previously trained. Furthermore, to determine the magniiude
of short- and long-term fluctuation in automated perimetry Flammer and co-workers
(1984b) arbitrarily ignored the first automated perimetry result in order to avoid
contamination of the data by learning effects. Similarly, Wilensky and Joondeph (1884)
considered that it was necessary to ignore the resulis of the first two examinations.
Kosoko and co-workers (1986) could find no evidence of a between-eye learning sffect,

however, as indicated by a reduced test duration for the second eye examined.

Wood and co-workers (1987a) employed Program 21 of the Oclopus 201 automaied
perimeter in conjunction with stimulus size il to assess tha change in the sansitivity over
time of the visual field of the right eye in 10 naive normal subjects during eight serial
examinations each carried out on separate days (days 1-5 inclusive and days 15, 16 and
44). Eight subjects exhibited a learning effect which was more pronounced in the
superior hemifield and for stimulus locations beyond 30° eccentricity, while two subjects
exhibited no obvious improvement in sensitivity. The exact pattern of the learning effect,
however, differed between subjects: some exhibited a large increase in sensitivity at the
second examination, while others showed a gradual increase in sensitivity up to the fifth

examination. Furthermore, the leamning effect was retained when the test was repeated

on days 15, 16 and 44.

In a retrospective siudy, Werner and co-workers (1988) employed program 32 of ihe
Octopus 201 automated perimeter 16 examine 20 glaucomatous eyes on four separata
sccasions. The four examinations were caffied out over a maan periad of 80 months and

the patients were experienced in Goldmann manual perimetry. No obvious change over

ihe four visite was found in the Indices maan gensiiivily, 1oial losa, of in the nufmber of
disturbed stimulus locatians (@ disturbad stimulus loeation was defined as a poalni Witk &
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sensitivity value 5dB or more below the age-matched normal value). A significant
decrease in the short-term fluctuation was reported, however, between the first and
second visits (p<0.001). It was concluded that the learning effect was insignificant in
glaucoma patients who had previous experience of manual perimetry and that a single

baseline examination would probably be sufficient in this population.

Heijl and co-workers (1989) employed Program 30-2 of the HFA to assess the sensitivity
in both eyes of 74 normal subjecis on three occasions (an interval of two months betweean
each examination) and for a separate group of 10 normal subjacts on ten occasions (an
interval of one week between each examination). Mean sensitivity increased with fraining
particularly for the second eye ai the first session compared fo the first aye at the firsi
session and for the first eye at the second session. A concomitant improvament in the
visual field indices mean deviation, shori-term fluctuation and corrected pattern standard
daeviation was also reported. Furthermore, the learning effect was retainad whan the fesi
was repaated two and four months later. For the 74 normal subjacis, the group mean
mean sensitivity improved by 1.3dB between the first and third visits. This improvement in
sensitivity was more pronounced for peripheral stimulus locations. Subjects with a low
mean sensitivity at the first examination exhibited a greater learning effect. They

concluded that a single visual field examination was inadequate to provide accurate

baseline information.

A HFA 630 was employed by Wild and co-workers (1989) in conjunction with stimulus size
Il to assess static sensitivity for 19 naive patients with suspected glaucoma. A cugiom
program consisting of 60 stimuli arranged in a square grid with a 12° interstimulus gpacing
and extending 1o 60° eccentricity was utilised for the study. The visual field of the righit
eye foliowed by the lefl eye was examined on 4 separate days (days 1-3 inclusive and day
18). The global, superior, inferior, central and peripheral maan sensifivity indices of the
right aye exhibited a significant increase over the first three visite (ps0.01), while tha
global shor-term fluciuation, ceniral mean deviation and the number of slimuiue
presentations exhibited a concoriitant significant decrease (ps0.01). These changas
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occurred mainly between the first and second visits. The improvement in performance of
the left eye was less pronounced. Furthermore, both the right and left eyes showed
significant improvements in sensitivity between the third and fourth visits, but the
changes were more pronounced for the left eye (p<0.001). The increase in mean
sensitivity was greater for peripheral stimuli than for the central stimuli. They concluded
that the resulis of a clinical visual field examination were influenced by the order of

examination between eyes and by the interval beiween visils.

The effect of learning on the visual field indices mean sensifivity and shoni-tarm
fluctuation was reporied by Autzen and Work (1980). They utilized program 32 of the
Octopus 2000R automated perimeter in conjunction with stimulus size l1l. They axamined
each aye of 33 naive normal subjects on two occasions separated by between 3 and 34
days (mean 12.5 days). Mean sensitivity improved by 0.650d8 +1.76 (p<0.08) for baih
eyes betwaen the two visits and shori-term fluctuation declined by 0.30dB2 (ps=0.000).
The improvement ot mean sensitivity in the upper temporal guadrani, howevar, failed 6

reach statistical significance.

In a retrospective study, Werner and co-workers (1990) reported on the results from 29
eyes of patients with suspected glaucoma examined on four separate occasions with
program 32 of the Octopus 201 automated perimeter. The four examinations were canied
out over a mean period of 24 months and subjects were experienced in Goldmann kinetic
and multiple stimulus suprathreshold static perimetry. There was no obvious improvement
over the four visis for global mean sensitivity o for mean sensitivity within 20° eccentricity.
A significant increase in mean sensitivily occurred, however, for stimulus localions
heyond 20° ecceniricity (p=0.012). Furthermore, siatistically significant improvemaenia
between the first and second visits were also reporied for shori-ierm fluctuation, toial loes
and the number of disturbed stimulus locations (p<0.01). The resulis suggesied hat 1he
ed to peripheral siimulug locations in glaucoma suspacts

learning etlect was small and limit

who had pravious axperience of manual perimetric fechniguas. They concluded thai fwo
haseling examinations would bé sufficient 1o minimize any leaming sffacts,
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In a similar type of retrospective study based upon the resulis of 45 clinically stable
glaucoma patients Kulze and co-workers (1990) attempted to determine the factors
associated with the learning effect using program 30-2 of the HFA. One eye from aach
subject was studied over the first two visits. The group mean mean defect decreased by
1.7dB between the two visits (p<0.05), while at the same time the central reference lavel
increased significantly (p<0.05). Pravious expearience of manual or automated
suprathreshold static perimetry had no significant effect on learning. They suggesiad that

predicting which patient required a second baseline fisld examination in order o minimize

learning efiects was difficult.

Searle and co-workers (1991) utilized a custom program of the HFA 640 (stimulug siza i
which consisted of 30 stimuli situated between 9° and 24° eccentricily 1o assess slalic
sensitivity for each eye of 38 normal naive subjects. The cusiom program was
approximately & minutes in duration and was repeated thrae times without inlerruption for
each eye on each of two separate visits with an interval of approximaiely 2 weeks batwesn
visits. Stimulus durations of 100 and 200 msecs were randomly assigned to each subject
(n=20 and n=18 respectively). For the 200msec stimulus duration, group mean global
and pointwise sensitivity decreased for both eyes over the three programs indicating a
within-eye fatigue effect. The within-eye decrease in sensitivity was greater for ihe
second eye at each visit. At the second visit, however, group mean mean sensitivity
improved by 1.4dB for the first eye examined reiative to the first visit indicating a between-
visit learning effect. Similarly, the shor-term fluctuation, the number of glimulus
presentations and the test duration increased for boih eyes over the three programs
suggesting a within-eye fatigue effect, but were lower for the second visit indicating a
between-visit learning effect. Peripheral stimulus locations exhibiied a grealar change in
and learning. Although, as would be gupscied, the mean

sensitivity due fo fatigue

sensitivity was lower, similar irends were noted for the 100 meec stimulug duration. i was

concluded that confidence limits for the definition of abnormality should account fof ihe

aidar in which ihe ayes of an individual are examined.
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Long-term changes in perimetric sensitivity were studied by Wild and co-workers (1991).
The methodology was the same as that employed for an earlier study of serial learning
effects (Wild et al, 1989). Perimetry was undertaken for both eyes of 16 patients with
suspect glaucoma using a HFA 630 automated perimeter and a custom program
consisting of 60 stimuli within 60° eccentricity. The initial training program (four
examinations on 3 successive days and again afier an interval of 12 days) was followed
after a period of between 5 and 15 months (mean 8.7 monihs) by two examinations on &
successive days. The group mean ceniral mean sensitivity (ie stimulus locations within 30°
eccentricity) of the first eye deteriorated by 1.6dB between the final examination of the
training period and the first long-term follow-up examination (p<0.002). Furthermare,
betwean the final examination of the training period and the first long-tarm follow-up
examination both the global shori-term fluctuation (64.3%; p<0.01) and tha number of
stimulus presentations (3.8%; p<0.05) incraased significanily. Afler an appropriate
iraining regime, therefore, the presence of any further lsarning effect at long-term follaw-

up is insigniticant.

The first four visual field examinations of 15 clinically stable glaucomatous eyes assessed
using the G1 program of the Octopus 2000 automated perimeter were retrospectively
evaluated by Marchini and co-workers (1981). The mean interval between each
exarnination varied between 2 and 4 months. There was a statistically significant reduction
(p<0.05) in the indices mean defect and short-term fluctuation between the first and
second visits and this improvement in performance was retained over the subsequert
visits. Furthermore, there was a significant reduction (p<0.05) in the number of disiurbed
poinis in the whole field (and in all quadrants except the inferior nasal guadrant) between
the first and second visits and also in the peripheral field and in the number of stimulus

presentations. it was concludad, therefore, that a single baseline field would net be

sufficiant in this population to avaid learming effects.

Program J1 of ihe Ociopus automaled perimeter wae gmployed by Marra and Flarimer
(1861) o consacuiively MEAGLIS siatic thrashold twelve timas ai & sfimulus locations
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between 3° and 28° eccentricity over a time period 5 to 8 minutes. Seventy normal
subjects, 16 "early" glaucoma patients and 14 cataract patients were recruited for the
study. One eye of each volunteer was chosen at random. Sensitivity remained stable for
the three stimulus locations in the majority of eyes over each repetition of the custom
program and no obvious difference was demonstrated between trained and untrained
subjects or between normal and diseased eyes. A statistically significant learning effect
was exhibited, however, by subjects with large refractive errors (p<0.05), pariculary
myopes (p<0.01). The iearning efiect was suggested to be small and to accur betwaen

examinations rather than during a given examination.

in summary, the learning effect resulis in an increase in sensitivity paricularly for
peripheral stimulus locations during and between perimetric axaminations in both normal
and diseased eyes. The increase in sensitivity due to the learning affect is most
noticeable for the second aye ai the first session compared io the firsl eye al iha firsl
session and for the first eye at the second session compared {o the first eye a ihe first
session if the order of eye examined remains constant between the two visits. The clinical
consequence of the learning effect is a noticeable improvement in the visual field indices

MD, SF and CPSD between perimetric examinations which is retained over a period of

months.

Fatigue effects, whereby sensitivily decreases during a perimetric examination, have
been reported in both manual and automated perimetry. Greve (1973) recognised the
influence of fatigue on manual perimetry and suggested that fatigue could be minimized
by allowing the patient rest periods during the exarmination. Furhaermore, Heijl and Krakau
(1675) and Haijl and Drance (1983) reporied that the fatigue gffect was generally more

pranounced for automated perimairy than for manual perimeiry.

The Compeier automated static perimeter (Heill and Krakau, 1876) was employad by Haill
(1677a and b) to assess he fatigue affect in a group of 18 nermal subjecie and In & graup
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of 19 glaucoma patients. Threshold was repeated over a continuous period of
approximately 30 minutes for one eye of each volunteer at 6 stimulus locations located at
5°, 10° and 15° eccentricity. Sensitivity was generally stable for the first 4 to 10 minutes
but decreased over the duration of the test. The deterioration in mean threshold was less
than 1.5dB for the normal group but was higher for the glaucomatous group reaching up
to 6dB to 10dB at some sitimulus locations. Stimulus locations that exhibited a
pronounced fatigue effect were often situated close 1o a visual field defect; otherwise,
the magnitude of the fatigue effect was found to be independent of stimulus eccentricity.
Both short-term fluctuation and the number of fixation lossas increased over the duration
of the test for the glaucomaious group. The development of faster test procedures was
encouraged to avoid fatigue and the use of the fatigue effect as a provocative fest for

disease was suggesied.

Haimin and Krakau (1870) utilized the Competer aulomaied parimetar 1o siudy the efieci
of fatigue on 5 normal and 13 glaucomatous eyes. Threshold was repeatediy assessed
over a 30 minute test session for 6 stimulus locations on 12 occasions using & stimulus
duration of 0.5 seconds. Normal subjects exhibited a stable sensitivity. The glaucoma
patients, exhibited a decrease in sensitivity in areas of field loss, with adjacent areas of
normal sensitivity exhibiting no obvious decline in sensitivity. An increased stimulus

duration of 1 second overcame the fatigue effect.

The fatigue effect was studied by Heijl and Drance (1683) using both manual and
automaied static perimetry in 21 patients with primary open angle glaucoma and in two
patients with suspected glaucoma. Six stimulus locations between 6° and 20° eccentricly
were confinuously assessed using a 0.25 second slimuiug duration with the Compater
automated perimeter over a period of 30 minutes. Background luminances of 0.1, 1.0 or
10.0 cdr @ were randomly employed for each individual. Manual siatic parimetry wae
underiaken using the Tubingen perimetar at background luminances of 10 and 20 cdm @
with a 100 msec stimulus duration for stimulus locations in or adjacent jo soolomaia. Bach
stimulus location was teatad fof approximately 18 minuies. Tha glaucoima palianie
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demonstrated a significant rise in the differential threshold during prolonged continuous
testing, which was more pronounced in scotomatous or adjacent areas of the visual field.
Furthermore, the fatigue effect was found to be independent of background luminance

but was of a greater magnitude for automated perimetry. The use of the fatigue effect as a

provocative test for glaucoma was suggested.

Rabineau and co-workers (1985) assessed the effect of fatigue on 8 normal trained
subjects. Program 31 of the Octopus 201 automated perimeter was repeaied 4 times for
the right eye of each volunieer over a period of 1 hour. Short-term fluctuation and mean
sensitivity was determined for each of the four consacutive examinaiions. Group maean
mean sensitivity and shori-term fluctuation showed no obvious deterioration over the four
examinations. I was concluded that for practical test situations fatigue had no influence
an perimetric threshold or on fluctuation in well motivated narmal subjecis over a period of

i hour.

Langerhorst and co-workers (1987) assessed the fatigue effect in 44 normal subjects, 26
ocular hypertensives, 38 glaucoma suspects and 36 glaucoma patients. The
Scoperimeter was utilized fo continuously measure threshold at either 60 stimulus
locations within 25° eccentricity over 30 minutes or at 4 stimulus locations between 5° and
15° eccentricity over twenty minutes. Although the deterioration in group mean mean
sensitivity over time was greatest for the glaucoma group, considerable overlap oceurrad
between the four groups. The use of fatigue as a provocative fest for dispase was
therefore regarded as unreliable. Furthermore, the fatigue eflect was found to be maore
pronounced with increase in age for all four groups. Nevertheless, the proximity of visual
field loss was found to have no influence on the magnitude of the fatigue effect. A lack of

correlation between fatigue in the central and in the full visual field suggesied an

accentricity dependency of the fatigue effact.

The Seoperimeter was employed by Suzumura (1668) io siudy ihe faligue affect in 86

nomnal eyes, 34 ayes with suspactad glaucorma and 24 gyes wiih primary opan angla
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glaucoma. A static threshold custom program consisting of 60 stimulus locations was
repeated five times in succession for each volunteer. All three groups of subjects
exhibited a deterioration in sensitivity over time but the glaucomatous group showed the
greatest reduction. The magnitude of the fatigue effect was found to be greater for an
annulus between 5° and 19° compared with an annulus between 18° and 25° eccentricity
and for the hemifield containing the visual field defect. It was suggested that an enhanced

fatigue effect might precede identifiable glaucomatous visual field defacts.

The Digilab 750 automated perimeter was employed by Johnson and co-workers (1888)
to continuously measure sensitivity at 5°, 10°, 15° and 20° eccentricity af 1.6 minute
intervais over a period of 21 minutes for each eye. The sample consisied of 18 normal
subjects and 16 patients (13 glaucomas and 3 oplic neuropathies) with “early o
moderate” visual field loss. Both groups exhibited a reduction in sensitivity as a funciion
of test duration. The magnitude of the fatigue effect was greatar for the patient group,
however, and increased with increase in stimuius eccentricity. The normal group
exhibited negligible change in sensitivity over time at 5° and 10° eccentricity and a mean
reduction of 1dB to 2dB at 15° and 20° eccentricity, while the patient group exhibited a
1dB to 2dB reduction at 5° and 10° and a 4dB reduction at 15° and 20°. In addition, a briet
rest midway through the test reduced the magnitude of the fatigue effect. The patient
group exhibited a higher rate of false-positive and false-negative responses, but no
obvious time dependency was noticed for either of these functions. The development of
faster test procedures and the introduction of rest periods during the examination was
encouraged. In addition, the use of the fatigue effect as a provocative 1esl was

considered to be unreliable due to the large variation in resulte between both normal and

pathological eyes.

The phase concept of program G1 of ihe Oclopus perimeter was uillised by Wildbarger
and Robert (1988) fo assess fatigue in 46 ayes of 26 patients with optie neurapathy and
in 47 eyes of 28 age-maiched normal subjects. Both groups were allowad a shori iraining

period prior o the test and regular breaks were allswed during the procadure. Thidy fwa
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per cent of normal subjects and 70 to 77% of patients exhibited a lower mean sensitivity in
phase 2 compared to phase 1 for all 59 stimulus locations. The difference in group mean
mean sensitivity between the two groups was statistically significant. In addition, the loss
of sensitivity was greater for peripheral rather than for central stimulus locations. A
corresponding deterioration between phase 1 and phase 2 in the visual field indices
mean defect and corrected loss variance was also reporied. Using the Arden conirast
sensitivity test, however, a similar deterioration in sensitivity was not obvious for aither

group.

Changes in sensitivity within 10° eccentricity were investigated by Fujimoto and Adachi-
Usami (1893) for 10 normal subjects, 10 patients with recovered oplic neuritie and 10
glaucoma patients. Program 31 of the Octopus 201 automatad perimater was repeated
three times without interruption for one aye of each volunteer. Eight of the 26 slimulug
jocations of program 31 were selected for the calculation of mean sensilivity and short-
term fluctuation. The glaucoma group exhibiied a statistically significant deterioration in
group mean mean sensitivity from the second to the third test (p<0.025), while the other
two groups showed no obvious change over time. Short-term fluctuation was found to be

significantly higher in the group with recovered optic neuritis than in the normal group

(p<0.025).

in summary, the fatigue effect leads to a8 progressive deterioration of sensitivity as a
function of test duration particularly for peripheral stimulus jocations. Furthermare, (he
fatigue effect is more pronounced in diseased rather than in normal eyes and also in
scotomatous or adjacent areas of the visual field. Fatigue effecis have, in general, been
investigated using the repeated ihresholding of selecied stimulus locations and fhe
outcome of fatigue on the completé field within 30° ecceniricity for ihe first and gacond
ayes tested is unknawn. In addition, the influence of resi periods on the fatigue afieol

within- and batween-ayes al a single session of automaiad perimetry is also unknown.
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Despite a relative lack of information concerning the interaction between learning and
fatigue effects within- and between-eyes at a single examination, various criteria for

abnormality have been proposed based upon an interocular asymmetry in the visual field.

in a study of the between-subject variation of the hill of vision in 146 normal eyes, Katz
and Sommer (1986) reasoned that an interocular difierence in sensitivity might indicate a
learning effect, a fatigue effect or a true asymmetry of sensitivity. No consistent changes
in sensitivity, however, could be found between the two eyes despite tha fact that the
right eye was always tested first. Any interocular ditferences in sensitivity were considerad

to reprasent a true asymmetry of the visual fisld.

The interocular asymmetry of the normal visual field was assessed by Brenton and oo-
workers (1986) in 20 trained normal subjecis. Program 30-2 of the HFA 610 was
employed and the right eye was always examined first. The interocular difierence in group
mean mean sensitivity between the first and second examinations was minimal (+0.3dB,
SD +0.5), while the pointwise difference ranged from 0dB to 9dB, with greater asymmairy
occurring in the upper hemifield. Short-term fluctuation was not statistically ditferent
between the two eyes. A ditference of interocular mean sensitivity greater than 1.4dB
was suggested to indicate abnormality (p<0.001). The fatigue effect was assumed to be

counterbalanced by a learning efiect that anhanced the sensitivity of the second eye.

Feuer and Anderson (1889) employed program 30-2 of the HFA {0 assess the visual field
of both eyes of ten inexperienced normal subjects. One eye was testad twice and the
order of testing was randomized to reduce the influence of learning and fatigue. The
diiferance in mean deviation between the fwo eyes (0.65d8) was lass than fhe tesi-relast
value for the eye tested twice (0.70dB). The sensifivity of the two eyes of the nermal
subjects, therafore, was within the resolution of the measuremsnt procedure. An
interocular asymmairy of mean deviation greater ihan 2dB, or a difierance of 1Bl W
confirmed on 8 second occasion, wéra suiggested fo be suspicious. Anifaciual causae of
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visual field asymmetry, however, should be excluded for the finding to represent early

visual field loss.

Program G1 of the Octopus 201 automatad perimeter was employed by Zulauf and co-
workers (1891) to study the asymmetry between the right and left visual fields of 138
normal subjects. Mean sensitivity was significantly higher for the first eye tested (p<0.04).
The difference in mean sensitivity between the first and second eyes of trained subjecis
was 0.4dB (85th percentile 1.7dB), while that of untrained subjects was 0.6dB (85th
percentile 2.4dB). It was concluded that an asymmeiry in mean sensitivity of greater than

2dB was indicative of early visual field loss.

A retrospective study by Thélen and co-workers (1682) agxaminad whethar lateral (ie
interocular) differences in visual field sensitivity indicatad the future onaet of glaucoma.
The sample initially comprised 47 patienis exhibiting ocular hyperiension, 22 of whoim
eventually developed glaucoma. Mean sensitivity was calculated ior stimulus locations
within 30° eccentricity for either programs 31/32 or program G1 of the Octopus 201
perimeter. The interocular difference in sensitivity was significantly higher (p=0.027) in
the group that developed glaucoma despite the fact that the visual field indices for both
eyes were within normal limits. Furthermore, the same eye repeatedly demonstrated the
lower sensitivity. An ocular hyperiensive patient with an interocular difference in maan

sensitivity, therefore, was at greater risk of developing glaucoma.

in summary, any interocular ditference in the perimetric sensitivity of normal subjects is
considered to be less than that of the resolution of the measurement procedure. An

exaggerated interocular difference of sensitivity, however, has been suggested o

indicate abnormality assuming that arlifaciual causes of visual field asymmeiry such as

learning and fatigue effecis have been excluded.
it can be hypothesized that within-eye learning and fatigue eflecie oppote aach aihar
during any given axamination and that the recultant efiect on perimairic senaliivity

126




changes with the number and frequency of follow-up examinations. That is, the influence
of the learning component is initially prevalent and consequently the fatigue component
is masked. The learning component diminishes, however, with gain in experience of the
test procedure by the patient. At some point in time, the influence of the learning
component plateaus and the fatigue component prevails. At this stage, the resuliant
effect on perimetric sensitivity is influenced to a greater extent by the fatigue componant
which increases with test duration. In addition, it can also be hypothesized that the
resultant is different between the first and second eyes at the same visit due fo an

increased influence of the fatigue efieci.

By using subjects experienced in automated static perimetry the aim of the siudy was (o
determine; (1) the time course of the fatigue effect within ihe first and second aye at &
given examination across the visual field out fo 30° accentricity; (2) the influence of a rast
period during the examination of a given eye; and (3) whether any differences in the
fatigue effect are present between ocular hypertensive patients and age-matched normal
subjects. Such information might provide insight into the underlying basis for the

interocular asymmetry recorded at a given visual field examination.

The sample consisted of two groups: 20 normal subjecis (8 males and 11 femalas; mean
age 67.21 years, 8D 8.21) and 20 acular hyperiensive patients (8 males and 12 females;
mean age 66.55 years, SD 6.50). Subjecis were age-malched betwaen the two groups.
All individuals had normal central fislds and had previously experienced a minirmum of 8
static thrashold central visual field examinations with the HFA program 30-2. All had
disiance refractive errors of nof graater than +3.0008 and / or +2.600C, a visual acuily of

&0 or befier, normal media and normal fundi.
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Normal subjects had an intraocular pressure of less than 21 mmkg, while the ocular
hypertensives had a recorded intraocular pressure greater than 21 mmHg on more than
one prior occasion. Exclusion criteria included systemic conditions with known ocular
involvement, systemic medication with known CNS effects, a past history of eye disease,
the use of pilocarpine topical eye treatment, the use of contact lenses, a history of
diabetes mellitus and neurological or psychiatric iliness. Exclusion criteria for the normal
group additionally included a positive family history of glaucoma in a first degree relative

and the use of any topical eye traatment.

Parimetry was undertaken for both eyes of each individual using program G1X of the
Ociopus 1-2-3 perimeter. The stimulus approximates to a Goldmann size Il (0.664°) and is
generated by a broad band light emilting diode (582nm +78nm / -32nm at 10%)
prasented for a duration of 100 msecs. The maximum stimulus intensity of 4000 asb is
referenced to a value of 0dB and the background iuminance is 31.5 asb (Oclopus i-2-8
Operating Instructions, 1990). The direct projection of both the stimulus and the fixation
target from infinity with the Octopus 1-2-3 removes any need for a near correction.
Program G1X thresholds 59 stimulus locations, including the fovea, out to an eccentricity
of 28.3°. The program is divided into two phases. During phase 1, all 59 locations are
thresholded. Stimuli are presented, using a 4-2dB bracketing strategy based upon a
starting intensity 4dB brighter than the age-corrected normal values. The final threshold
value is adjusted by +1dB depending on whether the final stimulus is seen or not seen
respectively. During phase 2, all the locations are re-thresholded using a staring intensity
corresponding 1o that recorded in phase 1. Each phase consists of 4 stagas, with phass
1 comprising stages 1 to 4, and phase 2 comprising siages 6 o 8. The location of ihe
stimuli in stage 1 are identical to thoge of stage 6, and likewise for stagee 2 and 6. 3and 7
and & and B. The thresholding of all points in any stage is completed before the stan of
ihe ensuing stage (Octopus 1-2-3 Perimeter Digest, 1681, Messmer and Flammar,

1861).




The Octopus 1-2-3 perimeter was selected for three reasons. Firstly, the stimuli are
thresholded in a relatively random order with respect to eccentricity (Figure 4.1) unlike the
HFA which measures sensitivity at four primary seed points to determine the starting
intensity of neighbouring stimulus locations. As the seed points of the HFA are located at
12.7° eccentricity the order of threshold determination is inherently biased towards
ceniral stimulus locations earlier in the test program (Heijl, 1985). Secondly, the
examination routine of program G1X is divided into two phasas thereby providing a
convenient means of assessing the effect of a within-examination rest pariod. Thirdly, the
two phases are each divided into four stages thereby providing a means of assassing

within-examination changes in sensitivity.

The designated first eye for a given subject was randomly assigned. A resi period of &0
saconds was given to each subject at the end of phase 1 and a further break of 3 minuias
was allowed before the examinafion of the second aye. The distance reiraciive correction
was employed throughout and pupil size was measured for each eye using the video eye
monitor. The measurement was corrected for the magnification of the optical system.
Mean pupil sizes were 4.25 mm (SD 0.80) and 4.05 mm (SD 0.60) for the first and second
eyes respectively of the normal group and 4.40 mm (SD 0.90) and 4.60 mm (SD 1.00) for

the first and second eyes respectively of the ocular hypertensive group.

Throughout the examination the Octopus 1-2-3 displays a rolling (ie continually updated)
value of the visual field indices on the monitor which represent the field at any given time.
The indices displayed during the examination are only an approximation, howeaver, since
they are derived from sensitivity values gathered poth from completely and incompletely
thresholded stimulus locations. As stimuli are presented at an initial value brighier than
fhe expecied threshold, the incompletely thresholded locations exhibil an apparent
under estimation of sensilivity. This eror in the displayed value is then compoundad

ihroughout each of the slages. The indices displayed on the prini-oul, howaver, aré nof

subject o this error.
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The results for each stage cannot be accessed via the instrument printer without the
premature curtailment of the examination. The phase 1 results were therefore
documented photographically, under the room illumination of the examination using 125
ASA FP4 film without flash, whilst the patient rested between phases. The equations of
Flammer (1986) were used to recalculate the mean defect and loss variance
corresponding to the end of each of the sight individual stages. Tha stimulus locations
corresponding to each stage were identifisd from the G1X literature (Octopus 1-2-3
Operating Instructions, 1990; Octopus 1-2-3 Perimeter Digest, 1991). The phase 2
results were caiculated from the final print-out which displays the sensitivity values in
terms of the mean of phase 1 and phase 2. The appropriate normal values necessary for
the calculations were provided by the manufacturer (Personal communicaiion Inarzeag
AG. Schiieren, Switzerland). The shori-term fluctuation was similarly calculated for each of
the stages 5 1o 8. The time fo complele each stage, the tolal numbar of stimuiug

presentations and the number of catch trials were also racorded.

4.2.3. Primary analysis.

A repeated measures ANCOVA was separately carried out for mean defect and loss
variance with ocular condition as a between-subjects factor and stage, phase, and eye as
within-subject factors and age as a covariate. The ANCOVA is an analysis of variance
technique which was used 1o correct for the effect of the differing ages within the sample.
Each stage of program G1X was considered to be an ordinal categorical variable (ie stage
i, stage 2, stage 3, eic). Where appropriate, the Greenhouse-Geisser correclion was
applied to account for the lack of compound symmetry due to ihe serial correlation
between the repeated measures. In the case of shori-term fluctuation, which was only
calculated over phase 2, the within-subject factors were siage and aye. To account for
accumulating Type | errors (the possibility of finding a significant difference for & particular
parameter when no such diiference actually exists) a Bonferroni correction wae applied.
The convantional 0.05 level was divided by ihe number of analysas (=3) and the outcama

of statistical lesfing was considered 1o bé significart only at the p£0.017 level.




To identity potential differences in the fatigue effect between hemifields, indices were
calculated for each of the four hemifields. Separate ANCOVA were then undertaken 1o
identify for each index, differences between the superior and inferior hemifields and
between the nasal and temporal hemifieids. The influence of stimulus eccentricity was
investigated by separately calculating the indices for locations within and beyond 17°
eccentricity. An eccentricity of 17° was chosen in order to achisve an approximaiely equal
distribution of stimulus locations between the selecied annuli: 31 stimuli were located
inside 17° eccentricity and 28 stimuli were located beyond 17° ecceniricity. The bias
arising over the various stages from the inequality in the distribution of the stimulus
lacations between the two annuli (Figure 4.1) was reduced by underaking the ANCOVA
on the central and peripheral annuli indices calculated cumulatively over stage. A
Bonferroni correction was applied both to the hemifield and o the annulus analyeis. Only

iesis significant at p<0.017 ara discussed.

The Bonferroni correction is only appropriate if the analyses are independent of each
other. Some dependency, however, is present in that mean defect covaries with loss
variance (albeit more in severe loss), the indices representing the global field are highly
correlated with those from each of the hemifields and from each of the annuli and the
indices of one hemifield are correlated with those of the opposite hemifield. As a result,

the inferences are more conservative than if the analyses were completely independent.




The group mean global MD for each eye of the normal and ocular hypentensive groups as
a function of stage and the associated ANCOVA summary table are shown in Figure 4.2
and Table 4.1 respectively. The MD was poorer (ie more positive) with increase in age
(p=0.003). Furthermore, the MD was poorer in the second eye (p<0.001) irrespaciive of
diagnosis and declined (ie became more positive) over stage for both groups (p<0.001).
The deterioration in the group mean global MD over stage was 2.57dB and 2.44dB for the
first and second eyes respectively of the normal group and 2.14dB and 2.33dB for the
ocular hypertensive group. The decline over stage was greater for phase 1 than for phase
2 (p<0.001). The MD was worse in phase 2 compared with phase 1 (p<0.001) and this
difference was more pronounced for the ocular hyperensive group (p=0.008) with the

difference betwaen groups increasing with increase in age (p=0.012).

4,32, Giobal loss variance (LV).

The group mean global LV for each eye of the normal and ocular hypertiensive groups as
a function of stage and the associated ANCOVA summary table are shown in Figure 4.3
and Table 4.2 respectively. The LV was poorer (ie more positive) with increase in age
(p=0.004). Furthermore, the LV was poorer in the second eye (p=0.007) irrespeactive of
diagnosis and declined (ie became more positive) over stage for both groups {p=<0.001).
The deterioration in the group mean global LV over stage was 4.20dB2 and 7.23dB2 for
the first and second eyes respectively of the normal group and 5.32dB2 and 6.02dB2 for
the ocular hyperiensive group. The LV was greater in phase 2 compared {0 phase T
(p<0.001) and the difference between phases was greatest in ihe first eye of the aldaerly
ocular hyperiensives (p=0.016). The overall decline in sensitivily over slage and phasa

was greater in the normal group compared fo the ocular hyperiensive group (p=0.012).
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Fig. 4.2.

MEAN DEFECT (dB)

MEAN DEFECT (dB)

§TAGE

Bar charis of global mean defect (dB) againsi siage for the normal
subjects (top) and ocular hyperensive patienis (bottam); Open
hars first eye; closed bars second eye. The arror bars rapresent
one elandard error of ihe maan.
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Fig. 4.3.

LOSS VARIANCE(dB?)

LOSS VARIANCE(dB?)
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1 2 a4 5 6 7 §
STAGE

Bar chars of global loss variance (dB2) againet stage for the
normal subjects (top) and ocular hyperiensive patlants (botiomy);
Open bars first eye; closed bars second aye. The arror bars
represent one siandard error of the maan.
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4.3.3. Giobal short-term fluciuation (SF).

The group mean global SF for each eye of the normal and ocular hypertensive groups as
a function of stage and the associated ANCOVA summary table are shown in Figure 4.4
and Table 4.3 respectively. The SF was unaftected by increase in age (p=0.081). It was

similar between the two eyes (p=0.061), regardless of group (p=0.880) and the alteration

over stage was not statistically significant (p=0.0686).

The group mean superior and inferior hemifield MD for each aye of the normal and ocular
hyperensive groups as a function of stage and the associated ANCOVA summary fable

are shown in Figure 4.5 and Table 4.4 respectively.

The MD of both the superior and inferior hemifields deteriorated with increase in age
(p=0.002). Both hemifieid MDs were poarer in the second aye (p<0.001), particularly for
the ocular hypertensive group (p=0.017). The MD of both hemifieids deteriorated over
stage (p<0.001) and this deterioration was greater with increase in age (p=0.003). The
deterioration over stage of both hemifield MDs was greater for phase 1 than for phase 2
(p<0.001) and this deterioration was different between the two eyes (p=0.004). The MD
of both hemifields were poorer in phase 2 than phase 1 for the older patients of the ocular

hyperensive group (p=0.001).

The inferior hemifield MD was poorer than that of the superior hemifield (p<0.001) and
ihis difference was greater with increase in age (p=0.008). Although not slatistically
significant overall (p=0.199), the trend was to a greater deterioration over stage of tha
inferior hemifield MD compared fo that of the superior hemifield, which increased with
increase in age (p<0.001) and was greater for the ooular hypertensive group (pe0.007)
paricularly as age increased (p<0.001). Furthermore, the greater deterioration over slage
of the inferior hemifield MD with increase in age compared to thai of the superior hemifleld
was more pronounced for thé second eye (p=0.008). The difference baiwean hsmifield

MDe over slage was also more pronounced for the first phass (p<0.001).
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Fig. 4.4.

SHORT-TERM FLUCTUATION (dB)

SHORT-TERM FLUCTUATION (dB)
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8TAGE

Bar chars of global shor-term fluctuation (dB) againgl siage for
ihe normal subjects (iop) and ocular hyperensive pati@m@
(bottom); Open bars {irsi eye; closed bars second aye. The aror
bars represant one slandard error of ihe mean.
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The group mean superior and inferior hemifield LV for each aye of the normal and ocular
hypertensive groups as a function of stage and the associated ANCOVA summary table
are shown in Figure 4.6 and Table 4.5 respectively. Both the superior and inferior
hemifield LVs deteriorated with increase in age (p=0.003). The LV of both hemifields was
worse for the second eye (p=0.010). Both hemifield LVs deterioraied over stage
(p<0.001), particularly in the second eye (p=0.012) and over phase (p<0.001). The
deterioration over stage of both hemifiald L.Vs was greater for phase 2 than for phase 1
(p=0.011). The deterioration over phase of boih hemifields was greater for the second

eye of the normal group (p=0.017).

Although the overall magnitude of the LV was similar for the two hemifisids (p=0.887), ihe
deterioration in the superior hemifield LV over stage was greater than that of the infarior

hemifield (p=0.009).

13.6. S ‘or / inferior hemifield . .
The group mean superior and inferior hemifield SF for each eye of the normal and ocular
hypertensive groups as a function of stage and the associated ANCOVA summary table
are shown in Figure 4.7 and Table 4.6 respectively. The SF was unaffected by age
(p=0.267) and was similar between the two eyes (p=0.028), regardless of group

(p=0.859).

There was no difference in the SF of the two hemifields (p=0.387) or in the magniiude of

the deterioration over stage betwaen hemifields (p=0.628).

The group mean nasal and temporal hamifield MO for each eye of the narmal and acular
hypertansive groups as a function of slage and the associatad ANCOVA summary table
are shown in Figure 4.8 and Table 4.7 respectively. Tha MD of both hemiiialds was paorer
with increase in age (p=0.003). Bioth fhe nasal and temporal hemifield MDS ware poarer i
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the second eye (p<0.001). Both hemifield MDs deteriorated over stage (p<0.001), with
the deterioration over stage increasing with increase in age (p=0.007) and betwaen eyes
(p=0.003). Both hemifield MDs deteriorated over phase (p<0.001), with the deterioration
over phase greater for the ocular hypertensive group (p=0.001) particularly with increase

in age (p=0.002). The deterioration over stage of both hemifield MDs was greater for

phase 1 than for phase 2 (p<0.001).

There was no difference, however, in the MD of the two hemifields (p=0.406) or in the

magnitude of the deterioration over stage between the two hemifields (p=0.644).

The group mean nasal and temporal hemifieid LV for each eye of the normal and acular
hyperensive groups as a function of stage and the associated ANCOVA summary tabie
are shown in Figure 4.9 and Tabie 4.8 respectively. Boih the nasal and temporal hemifield
LVs were unaffected by age (p=0.021). The LV ot both hemilieids was poorer in the
second eye (p=0.002). Both hemifield LVs deteriorated over stage (p<0.001) and phase
(p<0.001), with the deterioration over phase greater for the second eye of the elderly

normal subjects (p=0.013).

The deterioration over stage in the nasal hemifield LV was greater than that of the

temporal hemifield (p<0.001) and ihe difference between the hemifields over stage was

different between phases (p=0.012).

4.9.9. Nasal/iemporal hemifield shord-term fluciuation.

The group mean nasal and jfemporal hemifield SF for each eye of the normal and ocular
hyperensive groups as a function of stage and ihe associated ANCOVA summary table
are shown in Figure 4.10 and Table 4.9 ragpaciively. The LV of both hamifields wae
unaffected by age (p=0.146). There was no difference in the magniiude of tha 8F of the
iwo hemifields (p=0.268). The nasal hemifield 8F, howevar, éxhibiied graater
datarioration over siage than that of the temporal hemifiald (p=0.008).
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e

The group mean cumulative central and peripheral annuli MD for each eye of the normal
and ocular hypertensive groups as a function of stage and the associated ANCOVA
summary table are shown in Figure 4.11 and Table 4.10 respectively. The MD of both
annuli was poorer with increase in age (p=0.010) and was poorer in the second eye
(p<0.001) and in phase 2 (p<0.001). Furthermore, the MD of both annuli deteriorated
over stage (p<0.001), particularly for the normal group (p=0.006) and with increase in age
for both groups (p=0.002). This effect was most pronounced in the elderly normal group
(p=0.015). The decline of both annuli MDs over stage was greater for phase 1 than for

phase 2 (p<0.001) and was different between the iwo eyas (p=0.012).

The peripheral annulus MD deieriorated more over stage ihan that of the central
(p<0.001) and this change was more pronounced in phase 1 (p<0.001). In addition, the
difference beiween the central and peripheral annuli MDs wag most pranounced in phass
2 compared to phase 1 (p<0.001) and this difference was greater for the normal group

(p=0.008), particularly as age increased (p=0.009).

4.3.11. Central/ peripheral annuli loss varance.

The group mean cumulative central and peripheral annuli LV for each eye of the normal
and ocular hypertensive groups as a function of stage and the associated ANCOVA
summary table are shown in Figure 4.12 and Table 4.11 respectively. The LV of both
annuli was poorer with increase in age (p=0.008) and deteriorated over stage (p<0.001).
Both the central and peripheral annuli LVs were larger in phase 2 (p<0.001) and also in

ihe second eye (p=0.013). The deterioration of both annuli LVs over stage was greatar

for phase 1 than for phase 2 (p<0.001).

The peripheral annulus LV was greater than that of the cantral (p<0.001) and this
difference became mora marked over stage (p<0.001) and phase (p<0.001), with tha
difference over slage being mare pronounced for phageé 2 compared o phasa 1
(p<0.001).
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The group mean cumulative central and peripheral annuli SF for each eye of the normal
and ocular hypertensive groups as a function of stage and the associated ANCOVA
summary table are shown in Figure 4.13 and Table 4.12 respectively. The SF of both

annuli was unaffected by age (p=0.075) but deteriorated over stage (p=0.009).

The peripheral annulus SF was greater than that of the ceniral (p<0.001) and ihis

difference decreased over stage (p<0.001).

The time to complete all 8 stages, expressed cumulatively as a function of eye and of
group, is shown in Figure 4.14 and the associated ANCOVA summary fable is shown in
Table 4.13. The time to compiete all 8 stages was unaffected by age (p=0.568). The
examination time was longer for the ocular hyperensive group (p=0.046). It was greater in
the second eye irrespective of diagnosis (p=0.004) and the difference betwaen ayas
increased with increase in age (p=0.016). As would be expected, time increased over
stage (p<0.001) and over phase (p<0.001), with the increase over phase greater with
increase in age (p=0.047) and greater for phase 1 of the second eye of the ocular
hypertensive group (p=0.049). The increase in time over stage was greater for phase 1

(p<0.001) particularly for the second eye (p=0.024).

4.3 14. Nymber of stimulus presentations.

The difference in the number of stimulus presentations beiween ihe first and second
eyes as a function of the average mean sensitivity for the first and second eyes of a given
individual is shown in Figure 4.15. There is a general trend for a greater number of
stimulus presentations in the second eye. The data shows no obvious difierencas,

howaver, batween he normal subjects and ocular hyperiensive patients.
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The number of fixation losses, false-positives and false-negative responses obtained was

minimal and insufficient to warrant any form of analysis.

in summary, the results show a progressive deterioration over stage of the global indices
MD and LV despite the introduction of breaks within the examination procedure. In
addition, the deterioration of MD was greater for the inferior hemifieid and for the
peripheral annulus, whilst that of LV was greater for the superior and nasal hemitields and
for the peripheral annulus. Global SF exhibited no significant altaration over stage. The
deterioration of SF was greater, however, for the nasal hemifield. in general, these
changes were more pronounced for phase 2 and for the second eye and with increase in

age but varied differently between the fwo groups.

The progressive deterioration in perimetric sensitivity over stage found in this study
compare favourably with the results of Searle and co-workers (1991) who reported a
decline in sensitivity over time at each of two separate examinations with the deterioration
being greater in the second eye. In contrast, the results do not agree with those of Marra
and Flammer (1991) who reported no obvious change in sensitivity both in trained and
inexperienced normal subjects and cataract and glaucoma patients for the repeatad
thresholding of 3 stimulus locations over a period of 5 to 8 minutes using the Qﬁtcspus
perimeter. The use of 59 stimulus locations in the current study, however, will resuli in a
considerably greater uncertainty as 1o where in the visual fisld the next stimulus will be
presented. The greater demands on subject vigilance, therefore, could concaivably

resuli in @ more pronounced fatigue effect (Fujimoto and Adachi-Usami, 1662a).

The poorer sensiiivity in phase 2 compared io phase 1 reinforces the finding of & dacling
in sensitivity over stage. It would also suggest thal the break of one minuie batwaan

phases al best only retards the progressive decline In sensiiivily for a relaiivaly ahan

g6




.
;
L
e

period of time. In addition, the poorer sensitivity in the second eye would suggest that a
between-examination break of three minutes is insufficient to overcome the between-eye

transter of the fatigue eftect resutting from the examination of the first eye.

The use of fatigue as a provocative diagnostic test for glaucoma has been proposed
(Heijl, 1977b & c; Heijl and Drance, 1983; Suzumura, 1988). This has proved to to be
unreliable, however, due to the considerable overlap of results between normal subjects
and glaucoma patients (Langerhorst et al, 1987; Johnson et al, 1988a). In broad
agreement with this latter finding, the performance of the normal and ocular hypertensive
groups in the current study were found to be almost indistinguishable. indeed, between-
eye differences in pointwise sensitivity of up to 9dB have previously been reported in

normal subjects (Brenton et al, 1986).

The results indicate a progressive overall depression of the hill of vision during the course
of the examination, together with a localised loss (ie a shape change). The depression
was more marked in the inferior field than the superior field but similar between the nasal
and the temporal fields, whilst the localised loss was more pronounced in the superior and
nasal fields. The alterations in sensitivity were aiso greater for the peripheral annulus. In
general, the shape change was more exaggerated for the second eye but the
components of the shape change varied differently between the two groups. When
considered overall, the results suggest a sinking together with a steepening of the hill ot
vision. This finding is compatible with earlier studies which have found a pronounced
fatigue effect for peripheral stimulus locations (Langerhorst et al, 1987; Johnson et al,
1988a: Wildberger and Robert, 1988). The change in LV, however, may also reflect

additional shape changes which are independent of eccentricity.
The fatigue effect was investigated for a given number of completed stimulus locations.

An alternative experimental design would have been to study the fatigue effect over a

predefined and fixed time. The duration of each individual stage (Figure 4.14), however,
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was such that any between stage analysis was considered to be clinically acceptable for all

between-phase, between-eye and between-group comparisons.

It might be argued that the deterioration of the visual field indices over the eight stages of
the G1X examination could occur as a result of the increase in information arising from the
progressive inclusion of newly thresholded stimulus locations. That is, the initial
thresholded stimulus locations might be excessively influenced by false-positive
responses and / or subsequent stimulus locations might be excessively influenced by
false-negative responses. The visual field indices express, however, the difference
between the measured sensitivity and that of the established normal values and as such
should approximate to zero in the normal field. Any change in the visual field indices must
therefore represent a real change in sensitivity and not an artifact due to the progressive

inclusion of thresholded values from additional stimulus locations.

The precise pattern of the decline in sensitivity may be contaminated by the difference
between the number of central and peripheral stimulus locations over stage (Figure 4.1).
From Figure 4.1, it can be seen that the number of peripheral stimulus locations is
greatest for stage 2 and for stage 6, while for stages 3 to 4 and 7 to 8 respectively the
proportion of central to peripheral locations is similar. Fatigue effects are known to greater
for peripheral stimulus locations (Langerhorst et al, 1987: Johnson et al, 1988a;
Wildberger and Robert, 1988) and, therefore, the results could be subject to an artifact in
that a greater reduction in sensitivity could occur between stages 1 and 2 and particularly
between stages 5 and 6 (phase 2) due to the difference in the proportion of central to

peripheral stimuli. The data, however, shows little sign of this.

The difference in the starting juminance of the staircase procedure might have influenced

the magnitude of the threshold estimation between the two phases. However, the

starting position of the staircase relative to the threshold influences the efficiency of

threshold determinations but not the accuracy (Johnson et al, 1992).
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4.4.1. An explanati f 1t hani (1 . f
The mechanism of the fatigue effect in perimetry is unknown. The shape change in the
superior field might be associated with a progressive upper lid ptosis although no obvious
reduction in palpebral aperture size was noted on the video monitor. Such a loss,

however, is small relative to the decline in sensitivity of the inferior field.

Ganzfeld blankout (Fuhr et al, 1990) or the Troxler phenomenon (Davson, 1980), due to
the suppression of eye movements and the subsequent formation of a stabilised retinal
image (Steinman and Levinson, 1990; Campbell and Andrews, 1992), have been
proposed to explain the fatigue effect. The Troxler phenomenon results in a preferential
fading of the peripheral visual field and is frequently reported by patients undergoing
routine perimetric examination. The underlying mechanism can be explained by an
increase in receptive field size when presented with a motionless stimulus (Campbell and
Andrews, 1992). This hypothesis is consistent with the greater deterioration in mean

defect and loss variance for the more peripheral regions of the visual field.

Psychological factors such as attention or vigilance may also have a bearing on perimetric
fatigue (Coren and Ward, 1989). The influences on performance during monotonous
tasks which require sustained attention are not totally understood (Mackworth, 1969).
However, performance is known to decline in situations of sustained attention and this
decline occurs due to a loss of vigilance soon after commencement of the task (Warm,
1984). The process by which performance deteriorates is described as the "vigilance
decrement”, which typically occurs within 20 to 35 minutes and at least 50% of the loss
occurs within the first 15 minutes (Teichner, 1974). The theory of habituation, that is the
waning of neural responsiveness due to repetitive stimulation, is often used to explain
the vigilance decrement (Warm, 1984). As a result, the background event rate (ie the
frequency of stimulation) is a very important determinant of performance (Jerison and
Pickett, 1964). An increased frequency of stimuli leads to a greater decline of the rate of
ction. In addition, by the phenomenon of dishabituation, performance can recover

dete

following changes in the mode of stimulation (Mackworth, 1968; Mackworth, 1969). In
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other words, a stimulus is more likely to be detected if it is new, unexpected or difficult to
interpret due to an increased arousal response. The fact that performance can suddenly

recover as a result of dishabituation distinguishes the vigilance decrement from fatigue.
4.5, Conclusions.

The increase in the visual field indices mean defect and loss variance in a time-related
manner, particularly for the second eye, questions the currently accepted duration of a
perimetric examination. The use of alternative and faster measurement strategies, such as
the dynamic step unit (DSU) strategy of the Peristat 433 perimeter (Weber, 1991 and
1992: Vivell et al, 1991), RIOTS (real-time interactive optimized test sequence) (Johnson
and Shapiro, 1991) and the FASTPAC strategy of the HFA (Moss et al, 1992; Flanagan et
al, 1993a; Flanagan et al, 1993b) seem to be a clear and logical direction for the
development of automated perimetry. Alternatively, the possibility of reducing the
number of stimulus locations in order to reduce examination time has been suggested to
be clinically feasible (Funkhouser et al, 1989a and b: de la Rosa et al, 1990 and 1992;
Fujimoto and Adachi-Usami, 19923, b and c; Weber and Diestelhorst, 1992). The goal

should obviously be to produce reliable and reproducible test procedures which avoid

fatigue.

Alternatively, if the conventional algorithms are to be utilised, then confidence limits for
the definition of abnormality should reflect the more pronounced effect of fatigue on the
second eye and be different between the two eyes. In addition, the introduction of
breaks during an examination, although insufficient to reverse the fatigue effect, may

retard the progressive decline in sensitivity due to fatigue.

Further study should be directed towards the influence of the Troxler phenomenon and

vigilance decrement on perimetric fatigue. The development of stabilised retinal images

should be discouraged using the appropriate stimulus and background conditions, while
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greater arousal res
ponse thereby suppressing the vigilance decrement (Solso, 1988)
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CHAPTER 5. THE MODIFICATION OF A HUMPHREY FIELD ANALYZER 640 FOR BLUE-

ON-YELLOW PERIMETRY AND THE QUANTIFICATION OF PRE-RECEPTORAL
ABSORPTION.

Blue-on-yellow perimetry employs a blue stimulus to preferentially stimulate the SWS
pathway and a high luminance yellow background to saturate both the medium
wavelength sensitive (MWS) and the long wavelength sensitive (LWS) pathways and to

simultaneously suppress rod activity.

5 1.1. The development of biue-on-vellow perimetry.

Numerous laboratory based studies have shown that blue-yellow colour vision

abnormalities can be an early sign of ocular disease.

5 1.1.1. Hue discrimination and colour matching tests.

Hue discrimination and colour matching tests, both of which employ foveal fixation, have
demonstrated a blue-yellow colour vision deficit prior to the manifestation of visual field
loss in glaucoma (Lakowski et al, 1972a: Lakowski and Drance, 1979; Drance, 1981;
Drance et al, 1981; Motolko and Drance, 1981: Adams et al, 1982; Flammer and Drance,
1984: Airaksinen et al, 1986; Sample et al, 1988b and c; Steinschneider and Ticho,
1991). indeed, Foulds and co-workers (1974) using the Farnsworth-Munsell 100 Hue test
found that an artificial increase in the intra-ocular pressure of normal subjects resulted in a
blue-yellow deficit, which disappeared when the intra-ocular pressure returned to normal.
Conversely, Hamill and co-workers (1984) found no correlation between acquired colour
vision deficits and the presence of early glaucomatous cupping of the optic disc. A blue-
yellow deficit, however, has been demonstrated in diabetic patients without diabetic
(Kinnear et al, 1972: Lakowski et al, 1972b; Adams,

retinopathy or with early retinopathy

all et al, 1983; Roy et al, 1984 and 1986; Mantyjarvi, 1987; Trick et al, 1988;

Greenstein et al, 1990; Lagerlof, 1991: Birch et al, 1991; Hardy et al, 1992).
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Chromatic adaptation and spectral sensitivity techniques have also demonstrated a
selective loss of the short-wavelength sensitive (SWS) pathway to foveal stimuli prior to
the presence of visual field loss in glaucoma (Zwas et al, 1982; Adams et al, 1982; Alvarez
et al, 1983a; Vola et al, 1985; Alvarez and Mills, 1985; Zwas and Shin, 1987; Adams et al,
1987b and c; Sucs and Verriest, 1989; Yamazaki et al, 1989; Lakowski et al, 1989;
Greenstein et al, 1989a and b; Zwas et al, 1991). In addition, such techniques have also
demonstrated a selective loss of the short-wavelength sensitive (SWS) pathway to foveal
stimuli in diabetics without retinopathic abnormality (Marré and Marré, 1984; Zwas et al,
1980: Zisman and Adams, 1982; Vola et al, 1982; Adams et al, 1987a and b; Greenstein
et al, 1989a, b and c; Greenstein et al, 1990; Terasaki et al, 1990; Schefrin et al, 1991;
Greenstein et al, 1992). Indeed, a number of studies have found that the selectivity of the
SWS pathway attenuation is greater in diabetes than in glaucoma since the reduction of
sensitivity of the achromatic mechanism is less in diabetes (Adams, 1982; Greenstein et
al, 1989a and b). Furthermore, a selective loss of the short-wavelength sensitive (SWS)
pathway to foveal stimuli has been demonstrated in numerous other diseases including
age-related maculopathy (Marré, 1973; Alvarez et al, 1983b; Applegate et al, 1987;
Haegerstrom-Portnoy and Brown, 1989), retinitis pigmentosa (Hansen, 1977; Sandberg
and Berson, 1977; Young, 1982; Greenstein and Hood, 1986; Greenstein et al, 19833, b
and c), central serous choroidopathy (Verriest and Uvijls, 1977; Adams, 1982; Terasaki et
al, 1990), optic neuritis (Zisman et al, 1978; Alvarez et al, 1982; Terasaki et al, 1990), optic

atrophy (Krill et al, 1970), toxic amblyopia (Zisman et al, 1978) and familial macular

dystrophy (Bresnick et al, 1989).

Early glaucomatous visual field loss generally occurs beyond the foveal region (Aulhorn
and Harms, 1967; Drance, 1969; Aulhorn and Karmeyer, 1976; Werner et al, 1977, Hart
and Becker, 1982; Mikelberg and Drance, 1984; Caprioli and Sears, 1987). Laboratory

based studies of colour vision deficits in glaucoma, however, have generally employed

foveal fixation. A clinical procedure to assess SWS pathway sensitivity over the central (ie

within 30° eccentricity) visual field, namely blue-on-yellow perimetry, was developed by
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Heron and co-workers (1988). Subsequently, other clinical studies have demonstrated
that blue-on-yellow perimetry detects glaucomatous visual field loss at an earlier stage of
the disease process than conventional white-on-white perimetry (Johnson et al, 1989a;
Sample and Weinreb, 1990; De Jong et al, 1990; Weinreb and Sample, 1991, Flanagan
et al, 1991; Johnson et al, 1991; Adams et al, 1991; Sample and Weinreb, 1992;

Johnson et al, 1993a and b; Lewis et al, 1993; Sample et al, 1993a).

The clinical utilization of blue-on-yellow perimetry in diseases other than ocular
hypertension and glaucoma, however, has been minimal (Lutze et al, 1989; Jacobson et
al, 1990). The evidence from laboratory based studies would suggest that blue-on-yellow
perimetry may permit the earlier detection of numerous ocular diseases. Indeed, it would

seem that the potential benefits of this clinical technique have not been fully explored.

The optimum stimulus parameters for biue-on-yellow perimetry have yet to be
standardized. A background fitter transmitting all visible wavelengths above 530nm (eg
Wratten #12 or Schott OG530) is generally utilized. The magnitude of the required
background luminance is equivocal (Johnson et al, 1989a; Sample and Weinreb, 1990).
Background luminances of 180 cdm™ (De Jong et al, 1990), 200 cdm-2 (Johnson et al,
1989a: Johnson et al, 1991; Adams et al, 1991: Johnson et al, 1993a and b; Lewis et al,
1993), 300 cdm-2 (Flanagan et al, 1991) and 500 cdm-2 (Heron et al, 1988) have been
utilized. A background luminance of 80.9 cdm2 for blue-on-yellow perimetry has also
been advocated on the basis that higher adaptation levels only raise SWS pathway
thresholds rather than increase isolation (Sample and Weinreb, 1990; Weinreb and
Sample, 1991; Sample and Weinreb, 1992; Sample et al, 1993a). However, Yeh and co-
workers (1989) found that the maximum isolation of the SWS pathway in the normal eye

was only achieved above an adaptation level of approximately 140 cdm-2 for a pupil

diameter of 3mm, whilst Aguilar and Stiles (1954) demonstrated that background

luminances of up to 300 cdm2 were necessary to suppress rod activity. In addition, Wald

and co-workers (1955) demonstrated that the scotopic mechanism is more sensitive to
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blue light compared with the photopic mechanism. Furthermore, the proportion of rods to
cones is known to increase with increase in eccentricity (Davson, 1980). Consequently, it
is plausible that at a relatively low background luminance a loss of sensitivity of the SWS
pathway may result in the detection of the stimulus by the scotopic mechanism. indeed,
rod dominated vision at photopic light levels (ie 310 cdm™2) has been demonstrated to be

a feature of advanced optic nerve and retinal disease (Kalloniatis et al, 1993).

The choice of stimulus filter is also equivocal. A stimulus filter with a discrete spectral
transmission in the short-wavelength region of the visible spectrum (eg 440nm; half point
bandwidth less than 20nm) has been used to promote isolation of the SWS cone
response, but such a filter attenuates the dynamic range of the perimeter (Sample and
Weinreb, 1990: Weinreb and Sample, 1991; Sample and Weinreb, 1992; Sample et al,
1993a). Alternatively, a stimulus filter with a broader spectral transmission in the short-
wavelength region (eg OCLI blue dichroic, transmitting wavelengths below 500nm) has
been used to permit a greater dynamic range (Johnson et al, 1989a; De Jong et al, 1990;
Johnson et al, 1991; Adams et al, 1991; Flanagan et al, 1991; Johnson et al, 1993a and
b: Lewis et al, 1993). A broadband stimulus filter does not guarantee the same degree of
isolation as a narrowband filter, however, since the transmission of wavelengths up to
500nm may allow detection of the stimulus by the MWS cones in the presence of an SWS
cone deficit (Sample and Weinreb, 1990; Weinreb and Sample, 1991). Fortunately, SWS
pathway isolation is encouraged by the use of a larger stimulus diameter (ie greater than
1°) and a longer stimulus duration (ie 200 msec) (King-Smith and Carden, 1976; Harwerth

et al, 1993) both of which increase the dynamic range of the perimeter.

in summary, the magnitude of SWS isolation can be increased by the use of a biue
stimulus filter with a narrow spectral transmission (Sample and Weinreb, 1990; Weinreb

and Sample, 1991; Sample and Weinreb, 1992; Sample et al, 1993a) or by a higher

background luminance (Yeh et al, 1989). However, the narrower the spectral transmission

of the blue filter the lower the maximum stimulus intensity, while the higher the

background luminance the lower the sensitivity of the visual system (see Section 1.3.3);
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the combined effect is to substantially attenuate (ie by approximately 1.3 log units) the
dynamic range. Consequently, the conditions which favour SWS isolation are in conflict
with those which allow a maximum dynamic range. A fundamental requirement of
perimeter design, however, is the attainment of maximum dynamic range (Fankhauser,
1979). This goal is particularly pertinent for biue-on-yellow perimetry since any increase in
the maximum stimulus intensity can be employed to increase the dynamic range per se

but also to provide a greater choice of stimulus and background conditions to further

improve SWS isolation.

5.1.3. Pre-receptoral gbsorption.

Short-wavelength stimuli are preferentially absorbed by the ocular media (Said and Weale,
1959: Ruddock, 1965a; Mellerio, 1971; Coren and Girgus, 1972; Norren and Vos, 1974;
Zigman, 1978; Werner and Wooten, 1980: Werner, 1982; Wyszecki and Stiles, 1982;
Zeimer and Noth, 1984; Pokorny et al, 1987; Weale, 1988; Sample et al, 1988a and
1089: Johnson et al, 1988b; Johnson et al, 1989b; Savage et al, 1993; Johnson et al,
1993) and by the macular pigment (Ruddock, 1963 and 1965b; Bone and Sparrock,
1971: Yasuma et al, 1981; Wyszecki and Stiles, 1982; Pease and Adams, 1983;
Moreland and Bhatt, 1984; Norren and Tiemeijer, 1986; Pease et al, 1987; Werner et al,
1987 Bone et al, 1988; Kilbride et al, 1989; Hammond and Fuld, 1992; Bone et al, 1992)
which confounds the interpretation of SWS sensitivity. In addition, ocular media
absorption increases with increase in age (Said and Weale, 1959; Mellerio, 1971; Coren
and Girgus, 1972; Zigman, 1978: Werner and Wooten, 1980; Werner, 1982; Pokorny et
al, 1987; Weale, 1988; Sample et al, 1988a; Johnson et al, 1988b; Johnson et al, 1989b;
Savage et al, 1993). Furthermore, the magnitude of absorption due to the ocular media
(Coren and Girgus, 1972: Norren and Vos, 1974: Werner and Wooten, 1980; Werner,
1982: Pokorny et al, 1987; Sample et al, 1988a; Johnson et al, 1988b; Johnson et al,
1989b: Savage et al, 1993) and due to the macular pigment (Wyszecki and Stiles, 1982;
Pease and Adams, 1983; Pease €t al, 1987; Werner et al, 1987; Bone et al, 1992)
e variation between individuals of the same age. The attenuation of short-

exhibits a larg

wavelength light arising both from the ocular media and from the macular pigment
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therefore needs to be separated from any loss of SWS pathway sensitivity due to the.

disease process.

Techniques have already been developed for the assessment of ocular media absorption
and applied clinically to blue-on-yellow perimetry (Sample et al, 1988a and 1989; Johnson
et al, 1989b). The influence of the macular pigment, however, on the outcome of blue-
on-yellow perimetry is unknown (de Jong et al, 1990; Sample and Weinreb, 1990).
Indeed, such information is essential if the potential benefits of blue-on-yellow perimetry

are to be exploited for the detection of macular disease.

Spectral sensitivity is known to be influenced by factors such as the chromatic
composition (Auerbach and Wald, 1955; Marks and Bornstein, 1973; Kalloniatis and
Harwerth, 1991) and intensity of the adapting background (Brindley, 1953; Wald, 1964;
Ingling, 1969; Kalloniatis and Harwerth, 1990 and 1991); the size (King-Smith and
Carden, 1976; Kuyk, 1980; Johnson and Massof, 1982; Kokoschka and Adrian, 1985)
and duration of the stimulus (Ronchi, 1974; King-Smith and Carden, 1976) and the
eccentricity at which the stimulus is presented (Kuyk, 1980; Kitahara et al, 1983; Hibino,
1992). It was therefore necessary to assess spectral sensitivity using the parameters
employed for blue-on-yellow perimetry since the resultant effect of the interaction of the
parameters was unknown. The wavelength of the stimulus filter utilized for blue-on-yellow

perimetry was determined by the peak sensitivity of the derived SWS pathway spectral

sensitivity function.

515 Aim.
The aim was: (1) to modify a HFA 640 for blue-on-yellow perimetry taking into account the

conflicting requirements of SWS pathway isolation and dynamic range; (2) to further

modify the HFA to permit the quantification of pre-receptoral absorption particularly that

due to the macular pigment; (3) to determine the peak wavelength of the SWS spectral
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sensitivity function with the chosen background conditions; and (4) to quantify the

magnitude of SWS pathway isolation obtained with the chosen stimulus conditions.

521G | modificat ) o

Humphrey 5.3 software was utilized to extinguish the intrinsic background illumination for
all investigations. Two auxiliary lamp housings, designed to provide a high intensity
adapting field and to facilitate the easy interchange of background fitters, were mounted
on either side of the HFA close to the intrinsic background sources. Both housings
consisted of an ELE/ELT 80 Watt / 30 volt tungsten halogen lamp (General Electric,
Cleveland, Ohio), an infra-red filter, the appropriate background filter and an opal diffusing
fitter. The opal diffusing filter was positioned flush with the surface of the perimeter cupola

to ensure uniform illumination over the cupola surtace.

The uniform diffusion of light leaving the lamp housing is desirable to avoid any non-
uniformity of illumination on the cupola surface. A self-luminous surface will distribute light
over a wide range of directions and will have a certain luminous intensity (defined as the
juminous flux emitted per unit solid angle in any given direction) in each direction. If an
elementary area, Ag, of a self luminous-surface has a luminous intensity d | in a direction

inclined to the normal at an angle, @, the projected area in direction @ is Ag cos 2 and the

luminance (defined as the luminous intensity per unit projected area) is given by:

Luminance = 9!/ Aq cos @

Observation of a self-luminous surface indicates that the brightness of the surface is
independent of the angle of inclination of the surface to the direction of observation. The
equation above shows that the luminous intensity of any element, d |, is proportional to

cos @ (Longhurst, 1973). This is known as Lambert's cosine law of emission. A surface

which obeys this law is termed a uniform diffusing surface. No surface provides totally
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uniform diffusion but opal glass is close to this ideal condition, such that transmitted light

is radiated approximately according to Lambert's cosine law of emission.

The diffusing properties of the lamp housing and accompanying filters were verified by
placing the housing with the front diffusing filter at the centre of rotation of a degree
scaled turntable. The luminous intensity of the diffusing surface was then recorded with a
mini-spot photometer at a distance of 4 metres so that the diffusing surtace fell within the
sight-ring of the photometer for all angles of @. The lamp was run at 15 volts to obtain a full
scale reading on the photometer for a 0° angle of inclination to the direction ot

observation ot 3000 cd/m2

(the units used are insignificant since the recorded
measurement is the ratio of luminous intensity for the various angles of @). Measurements
of luminous intensity were taken to the left side of the lower lamp housing since it was

from this side that incident light entered the perimeter bowl.

The diffusing properties of the lamp housing were found to be a good approximation to
an ideal uniform diffuser. For an angle of inclination, @, of up to 30° the photometer
reading was within +1.50% of the theoretical value of a uniform diffusing surtace and for a
@ of up to 70° within £5.00% (Table 5.1.). Furthermore, the integrating sphere propetrties
of the cupola will tend to reduce any residual non-uniformity of illumination. Indeed, direct
photometric measurement with both /ag{j!jgg lamp housings in operation revealed that

the illumination on the perimeter cupola was within +2.00% of the mean value within 30°

of fixation in all meridians.

The ELE/ELT tungsten halogen lamps were powered by a stabilized Farnell power unit
(Farnell Instruments Ltd, Wetherby, Yorkshire, UK) and the life of the lamps was extended
by deliberately under running the voltage at 28 5 volts. In addition, the stability of the
auxiliary background juminance was routinely checked by direct photometric
measurement. The body of each lamp housing acted as a heat sink and cool air was drawn

over the housing via ducting to further dissipate heat (Figure 5.1.). A removable filter
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1] Photometer reading Theoretical value Deviation
(degrees) (cd/m?) d1=3000 X Cos @ (%)

0 3000 3000.00 0

10 2995 2054 42 +1.35

20 2800 2819.07 -0.68

30 2600 2598.07 +0.07

40 2200 2208.13 -4.46

50 1900 ' 1928.36 -1.49

60 1450 1500.00 -3.44

70 1000 1026.06 -2.60

Table. 5.1. The percentage deviation of the photometer reading from the

theoretical value of an ideal uniform diffusing surface as determined
by Lambert's cosine law of emission for various angles of inclination,

@, of up to 70°.
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Figure 5.1. The modified Humphrey Field Analyzer 640 showing the
yellow background employed for biue-on-yellow
perimetry and a stationary size V biue stimulus situated
above fixation.
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holder was attached to the projector amm of the HFA, which allowed the easy interchange

of stimulus filters.

In order to cater for the contflicting interests of maximum SWS pathway isolation and
maximum dynamic range, a method was devised to increase the maximum stimulus
luminance of the HFA. Concave spherical reflectors are often used to increase the light
output of illumination or projection systems. This is achieved by locating the centre of
curvature of the reflector at the source (Figure 5.2.) so that the reflector images the

source back on itself (Smith, 1966).

A focused image of the stimulus bulb filament in situ was projected onto the surface of the
perimeter cupola by gaining access to the command structure software and then
positioning a +3.00 diopter lens in front of the projector arm. The optical system of the
HFA was then adjusted to ensure that the filament image was central in relation to the size
V (1.724°) stimulus patch (Figure 5.3.). Direct measurement of the projected image
showed that the height of the filament covered approximately 65% of the diameter of the

stimulus patch, while the filament width covered the whole diameter.

The stimulus bulb was then removed from the HFA and mounted on an optical bench to
produce, with the aid of a +10.00 diopter lens, a magnified sharp filament image. The
height of the filament image and the distance from the lens to the focused image were

measured and the actual height of the filament was calculated to be 1.45mm.

Where:
Distance from lens to image, I = 1341.00mm
Focal length of lens, = 100.00mm
Height of filament image, h' = 18.00mm
and magnification, m = f = 100
= 12.41
. . _h
Therefore, actual height of filament, h ="/n
18.00 —
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The effective diameter of the size V field stop (ie in the filament plane) was 2.23mm.

Where:

Effective diameter of size V field stop =1.45X 100[65 =2.23mm

The extent to which the filament could be decentred whilst remaining within the field stop

was 0.39mm.

Where:

Filament decentration - (2.23-1.45) _
Io = 0.39mm

Both terminals of the stimulus bulb were then machined to remove 0.33mm of length,
using a custom made jig. When the bulb was placed back in the socket of the HFA, a
decentred projected filament image was obtained just within the size V stimulus margin
(Figure 5.3.). A small reduction in stimulus intensity was noted (-3.57%) but this was within

the permitted calibration tolerance of the instrument (Table 5.2.).

A first-surface concave mirror with a 28.00mm radius of curvature and a 40.00mm diameter
was then positioned 28.80mm behind the filament centre (Figure 5.2.) to produce a
slightly reduced defocused image of the filament within the confines of the size V
projected stimulus margin. This increased the uniformity of luminance across the stimulus

spot. The image of the filament was thus reduced by a tactor of 0.95.

Where:
Radius of curvature of mirror, r = 28.00mm
Mirror vertex to filament, | = 28.80mm
. . . 2/ 1 / -1
and mirror vertex to image, | = (7~ P
1 -1
= Clog oo~ l2g.80) = 27:24mm
e _ I'/
Therefore, magnification, m =/
27.24 _

The concave mifror was adjusted to give a filament image partly above and partly

overlapping and interieaved between the original filament profile for 30% of the size V
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Stimulus bulb set up Stimulus luminance Change in luminance
(asb) (%)
Theoretical 0dB 10,000 —
Bulb centred 10,540 +5.40
Bulb lowered 9,643 -3.57
Mirror uncovered 16,002 +60.02
Table. 5.2. The percentage difference in stimulus luminance, relative to 10,000

apostilbs, for the various combinations of stimulus bulb position.
Luminance values in apostilbs are also shown. A stationary 0dB size
V stimulus was projected onto the perimeter bow! surface to permit
measurement with a photometer and positioning clamp supplied by
Humphrey Instruments Inc.
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stimulus patch diameter (Figure 5.3.) to further ensure uniformity of luminance and to
minimize filament heating. Prior to switching on the HFA, a matt black deflector angled at
30° to the horizontal and sloping away from the stimulus bulb, was placed in front of the
concave mirror. The deflector was removed on completion of the calibration procedure.
As the calibration procedure is only activated when the HFA is switched on, the

instrument remains unaware of the increase in stimulus intensity.

An increase in stimulus intensity of 60% on the HFA default 0dB value of 10,000asb
(Table 5.2.) was achieved ie the maximum stimulus luminance without any filter in place
was 16002asb. The increase in light output by the concave mirror can be attributed to
both the formation of a second filament image and the increase in temperature of part of
the filament which results from the return of radiation by the mirror. The contribution of the
second filament image to the overall increase in light output was calculated to be 45%.
Where (Figure 5.3.):
The filament height was measured to cover approximately 65% of the diameter of the

size V stimuius.

Filament height, h = 1.45mm
Diameter of stop image in filament plane,d = 14%/g g5 = 2.23mm
Radius of stop image in filament plane, r =1.115mm

Extent of filament above horizontal of stop image, z
=1.450mm - 1.115mm =0.335mm
Cos @ =0.335 415 = 0.3004

o = 1.266 radians

Sin @ = 0.9535

Therefore, area not illuminated by filament (ie area above line a' - b'), Ay,
=2 (@/2 ,Sin@ COS@/Z) f2
=0979r2

ol
and total area =nf
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Hence, area illuminated by filament (ie area below line a' - b'), Ao
= Total area - A4
= (n-0.979) r2

=2163 r2

Increase in light output due to the formation of the filament image

=A1/p
=079/ 163 = 045

ie = 45%

A turther increase in light output occurred due to the rise in temperature of the stimulus
bulb filament as a result of the return of 15% of the total radiation to the filament from the
mirror.
Where (Figure 5.3.):
Half cone (plane) angle subtended by the mirror at the source, 0,
= sin-1(20/2g) = 45.6°
The solid angle subtended by the mirror at the source, @,
=2n (1 -'COS(b)
Without the mirror in place the energy from the filament is radiated into 4n Steradians.
Therefore, proportion of the total energy returned from the mirror to the filament
= 2n (1-Cos0) / 4
=030/, =0.15
ie = 15%
(The mirror reflectance is assumed to be approximately 98% taking into account the

complete visual spectrum).

The temperature of the filament was increased by 4.5% in the area of overlap and was

reduced by only 1.0% (due to an increase in the electrical resistance of the hotter part of

the filament) where no overiap occurred.

232

|



Where:

Without the mirror in operation, filament radiation, Ezla

and filament resistance,

Therefore,

=878
R =(IT0
E2 =aBT05

E is the stimulus bulb voltage, a is a constant describing the increase in the resistance of

the filament with increase in temperature, B is a constant for the particular lamp

(dependent upon the filament design) and T, is the filament temperature without the

mirror in operation. The supply to the HFA stimulus bulb is voltage controlled. The total

voltage with the mirror in operation can be considered to consist of two part fractions: E{

for part p of the filament at temperature Ty (in the area of overlap) and E for part 1-p of the

filament at temperature T, (where no overlap occurs).

Where:

With the mirror in operation, for part p of the filament of resistance, Ry,

=apTy

E2 =aB.0.85P2 TS i, (i)

With the mirror in operation, for part (1-p) of the filament of resistance, R,

=a(1-p) T2
ER =aB. (1-p)2 T2, (ii)
E]/E2 = HI/HQ
=P T1/ (12p) Toerrrmereerssmsereseonecnenes (iif)
Tiry, =(0.85)"3 (ie W/ = (i)
T| =1.055 T2 =5 T2 (iv)
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With the mirror in operation, for the whole filament; E2
= a8 (pTy + (1-p) T2) (0.85pT 4+ (1-p) T24)
Therefore, To = (pT1+(1-p) T2) (0.85pT 14+ (1-p) T2?)

= (ps+(1-p)) (0.85p s?+ (1-p)) T25

Fraction of area overiap between filament and image (Figure 5.3d.),

=2 Z/h
= 2 X 0335/1 45 = 46%

This area is to be considered to be receiving reflected radiation.

For p = 0.46, (1-p) = 0.54 and s from equation (iv)

Therefore, T2 =099 T,

ie T2is 1.0%less than T
and Ty =1.045T

ie Ty is 4.5% greaterthan T

The luminosity of a tungsten source taken over the visible spectrum is proportional to
T8.25 where T is the temperature of the source (T8-25 is derived by considering
luminosity contributions with respect to wavelength throughout the whole of the visible
spectrum). The relative increase in light output due to returned radiation and the

consequent alteration in the filament temperature was calculated to be 16%.

Where:
Relative increase in luminosity = (p (TU7)829) + ((1-p) (T27)829)
= (0.54.(0.990)8-25) + (0.46.(1.045)8.25)
= 1.158
e = 16%

Therefore, a 61% theoretical increase in the stimulus bulb output was derived (45%
increase in light output due to the formation of the second filament image and 16% due to

the heating of the filament) which showed close agreement to the observed increase in

light output of 60%.
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The 4.5% rise in the filament temperature was equivalent to a 11.6% increase in the
voltage supply to the stimulus bulb without the mirror. This resutted in an effective voltage

supply to the filament of 10.60 volts.

Where:
T
= (1.045)2:5 =1.116
ie = 11.6%
Therefore, the effective voltage supply, E' =1.116x9.5 = 10.60 volts

E' and E are the voltages of the stimulus bulb with and without the mirror in operation

respectively.

The nominal life of the stimulus bulb was 50 operating hours for a default voltage of 12
volts (Osram Lighting Catalogue '93/94). The voltage supply to the stimuius bulb in the
conventional HFA, however, is deliberately under run at 9.5 volts to produce an extended
filament life of approximately 1117 operating hours. The life of the filament with the mirror
in operation at the effective voltage of 10.60 volts was calculated to be 260 operating
hours using the equation (Cayless and Marsden, 1983):

(E )—13.3

Actualfiamentile = Nominal Filament Life x (5/¢

-13.
=50 (10-60/45 0g) 7133

= 260 hours

where E' is the applied voltage and E is the rated voltage.

The increase in measurement range as a resutt of the concave mirror was 0.20 log units.

Where:
Default maximum stimulus luminance, AL =10, 000asb = 4.00 log units
Mbdiﬁed maximum stimulus luminance, AL’ = 16,002asb = 4.20 log units
Therefore, increase in dynamic range =log AL’ - log AL ~ =0.20 log units.
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5.2.2. Modificati ) ‘
The modifications to the HFA and methodology for the assessment of ocular media
absorption were similar to those of Sample and co-workers (1988a,1989 and 1991). The

technique is based upon the deviation of scotopic spectral sensitivity from the absorption

spectrum of rhodopsin.

Blocking material was fixed within the HFA to reduce the leakage of light from the stimulus
bulb onto the cupola surface. The resultant luminance of the background was less than
0.01 cdm™2. In addition, a red filter (Cinelux; 406 red) (Strand Lighting Ltd, Isleworth,
Middlesex, UK) was positioned over the fixation target to ensure dark adaptation. Fixation
was monitored during the measurement of ocular media absorption with the aid of an infra-
red source, which consisted of an M94 20 Watt / 12 volt tungsten halogen lamp (Osram
Ltd, Wembley, Middlesex, UK) mounted behind a Schott RG830 "black light" filter (only
transmitting wavelengths above 750nm). The assembly was encased within a steel tube
and fixed to the frame of the HFA such that infra-red radiation was reflected off the bow!
surface and onto the subject. The technique for the assessment of ocular media

absorption is described in full in Chapter 6.

The psychophysical technique utilized for the assessment of macular pigment absorption
was similar to that of Pease and Adams (1983) and Pease and co-workers (1987). This

particular technique was chosen because of the relative ease of applying the

methodology to the HFA.

A light box, consisting of an ELC 250 Watt / 24 volt tungsten halogen lamp (General
Electric, Cleveland, Ohio) mounted behind a series of infra-red fiters and cooled by a
squirrel cage fan, was suspended above the forehead rest of the HFA. Four achromatic
lenses were arranged to project a uniform (within + 2.00% of the mean) 26° diameter

central field from the light box on to the cupola. A red 460 cdm2 central adapting field of

26° diameter was produced by the combination of light from the light box and from the two
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auxiliary lamp housings and by inserting a Schott RG645 filter (Schott Glaswerke, Mainz,
Germanyy) in front of each of the three light sources. The transmission characteristics of
this filter were considered to be suitable for adaptation of the LWS pathway (Adams,
personal communication, 1991) and are detailed in Figure 5.4. A 25Hz flicker wheel was
positioned between the stimulus bulb and the aperture plate of the HFA. A relay coll
allowed the flicker wheel to be reset when not in use thereby ensuring an uninterrupted

stimulus light path. The technique for the assessment of macular pigment absorption is

described in full in Chapter 6.

The choice of filters for blue-on-yellow perimetry was based on those of Johnson and co-
workers (1989a, 1991, 1993a and b; Johnson, personal communication, 1980). The
yellow adapting background was produced by inserting a Schott OG530 filter (Schott
Glaswerke, Mainz, Germany) into each of the auxiliary lamp housings. The transmission
characteristics of this filter were considered to be suitable for adaptation of the MWS and
LWS pathways and are detailed in Figure 5.5. An adaptation level greater than that
employed by Johnson and co-workers (1989a, 1991, 1993a and b) was selected in the
light of criticism from other studies which asserted that a broad band stimulus filter did not
ensure the same degree of SWS pathway isolation as a narrowbanc filter (Sample and
Weinreb, 1990: Weinreb and Sample, 1991). An increase in background luminance has
been demonstrated to result in an increased magnitude of MWS and LWS pathway
adaptation (Yeh et al, 1989). The detection of a broadband blue stimulus by the MWS
pathway using a higher adaptation level would theretfore be suppressed (Adams,
personal communication, 1992). As a result, an adaptation level of 330 cdm was chosen
taking into account the requirements of a viable dynamic range ie the increase in
background luminance from 202 cdm™? (Johnson et al, 1989a, 1991, 1993a and b) to 330
cdm'2 resulted in a 0.20 log unit depression of sensitivity, which was nullified by the 0.20
log unit increase in measurement range due to the concave mirror. Consequently, the
dynamic range was equivalent to that of Johnson and co-workers (1989a, 1991, 1993a

and b). In addition, rod function has been demonstrated for adaptation levels of up to 300
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_2 _2
cdm ™. The 330 cdm™“ yellow background was found to be accepted without discomfort

by the majority of individuals who participated in the study.

Spectral sensitivity was determined, using the HFA in conjunction with the parameters
previously selected for blue-on-yellow perimetry (ie a 330cdm™2 yeliow background and a
stimulus of 1.724° angular subtense and of 200msec duration), for one randomly
selected eye of each of 14 normal young subjects (6 males and 8 females: mean age
24.40yrs, SD 2.84). Inclusion and exclusion criteria were as those for the young subjects
described in Chapter 3. In additon, all subjects were normal trichromats and had been
extensively trained in the psychophysical techniques to be employed. Natural pupils were
used through out (mean diameter 3.63mm, SD 0.48) and the distance refractive
correction was employed. Sensitivity was assessed three times for 12 narrowband stimuli
(410nm to 605nm, HPW 9nm to 11nm) at 9 locations along the 45° and 225° meridians
(0°, 5.6°, 9.9°, 15.5° and 21.2°) using a custom threshold program. The order of stimulus
filter was randomised. In addition, absorption due to the ocular media and macular
pigment was assessed on two separate occasions in order to correct the SWS pathway
spectral sensitivity function for the attenuation by the pre-receptoral filters. In total, a

maximum of six 45 minute visits were required from each subject.

The decibel notation displayed on the HFA screen was recalculated to account for the

attenuation of the stimulus luminance due to the introduction of each stimulus filter using

the equation:

dB =k +10log L/AL

where dB is sensitivity measured in decibels, k is a constant dependent upon the state of

retinal adaptation, L is the background luminance and AL is the threshold (L and AL are

measured in apostilbs).
When L is 31.5asb and AL is 10,000asb (ie default parameters of the HFA)

Then dB =40-10log AL
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Say, the printout of the HFA is 15dB derived using a 530nm narrowband filter with a

maximum stimulus luminance of 413.4asb.
Then 15 =40 - 10 log AlLtheor

Ay = log™1 250 = 316.22asb

The HFA does not account, however, for the attenuation caused by the 530nm

narrowband stimulus filter.

Maximum AL of HFA in default mode = 10000asb = 4.00 log units

Maximum AL of HFA with 530nm filter = 413.4asb = 2.62 log units

Therefore, attenuation due to the 530nm narrowband fiter, AL atten

=4.00-2.62

= 1.38 log units
The true threshold value, AL = Altheor - Al atten

=250-1.38 = 1.12 log units
ie = 13.18asb

The threshold value derived for each individual filter was normalized relative to the
stimulus luminance of the narrowband filter which provided a maximum dynamic range,

that is 570nm, and the results were expressed in log units.

Maximum AL of 570nm fitter = 422.0asb

Maximum AL of 530nm filter = 413.4asb

The threshold of the 530nm narrowband filter normalized relative to the 570nm filter

=422.0/443 4 X 13.18
= 13.45asb

and the normalized sensitivity = Log (1036.7/43 45) =1.88 log units
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Figure 5.7.
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Figure 5.8.
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Figure 5.9.
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The effective maximum stimulus luminance for each filter and appropriate background was

calibrated using an LMT L1003 photometer (LMT Lichtmesstechnik GMBH Berlin,

Germany).

Group mean spectral sensitivity functions corrected for pre-receptoral absorption for each
eccentricity are shown in Figures 5.6 to 5.10. As expected, the mechanisms mediating
detection of wavelengths greater than 500nm were saturated, whiist the sensitivity of the
SWS pathway was relatively enhanced. In addition, the SWS pathway spectral sensitivity
function exhibited peak wavelengths at 440nm, 460nm or 470nm. As a result, a stimulus
wavelength of 460nm was selected for blue-on-yellow perimetry since a 440nm filter
would reduce the measurement range, whilst a 470nm filter would reduce the magnitude

of SWS pathway isolation (Figures 5.6 to 5.10).

506 C ffication of SWS patt isolati
The magnitude of SWS pathway isolation was determined by assessing threshold versus
intensity functions (TVI) (Stiles, 1959 and 1964; Stockman and Mollon, 1986; Pugh and
Kirk, 1986). The technique assesses rod and cone function by varying the background
luminance over a wide range of intensities and the wavelength characteristics of the
background and stimulus can be manipulated to reveal a particular cone type. Under the

conditions utilized for blue-on-yeliow perimetry, blue cone (SWS pathway, 1) function is

determined.

TVI functions were measured with the HFA in conjunction with a 1.724°, 200msec
stimulus for one randomly selected eye of each of 10 young subjects (4 males and 6
females: mean age 24.40yrs, SD 2.87). Inclusion and exclusion criteria were the same as
those employed for the determination of spectral sensitivity. The pupil was fixed and
dilated (mean diameter 6.80mm, SD 0.62) for each subject with one drop of 1%
Tropicamide instilled in to the lower conjunctival sac (puncta closed). A second drop of

1% Tropicamide was instilled where necessary to ensure a fixed pupil and a steady state

of cycloplegia. A near addition compatible with the magnitude of residual accommodation
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Figure 5.11.
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Figure 5.13.
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Figure 5.14.
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Figure 5.15.
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eccentricity along the 225° meridian. The error bars represent +1
standard error of the mean. The predicted sensitivity of the T4
mechanism is shown by the extrapolated diagonal line. The
difference in threshold between the 14 and [14 mechanisms at

330cdm-2 (ie vertical line) represents the magnitude of SWS
pathway isolation.
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Eccentricity Mean SWS isolation Standard deviation
(degrees) (log units) (log units)
+21.2° 1.4 0.23
+15.5° 1.4 0.11
+9.9° 1.4 0.12
+5.6° 1.5 0.19
0° 1.7 0.26
-5.6° 1.5 0.18
-9.9° 1.3 0.1
-15.5° 1.3 0.13
-21.2° 1.2 0.15
Table. 5.3. The magnitude and the standard deviation of SWS isolation for 9

stimulus locations along the 45° and 225° meridians (0°, 5.6°, 9.9°,
15.5° and 21.2°). A positive eccentricity corresponds to the 45°
meridian and a negative eccentricity corresponds to the 225°

meridian.
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was used for the viewing distance of 33cm together with the distance ‘refractive
correction. The procedure was commenced approximately 15 minutes after instillation. .
Sensitivity was assessed three times at each of thirteen background luminances (range
0.15 cdm™ to 330 cdm2) using a 460nm (HPW 9nm) stimulus filter at the same locations
as for the determination of spectral sensitivity. The background luminance was varied
using a Farnell (Farnell Instruments Ltd, Wetherby, Yorkshire, UK) variable voltage
transformer. The order of background luminance was randomised. It was acknowledged
that variation in the colour temperature of the yellow background would influence the
magnitude of isolation at photopic background luminances. A maximum of four 45 minute

visits were required from each subject.

Group mean TVI functions for each eccentricity are shown in Figures 5.11 to 5.15.°A
Stiles template was fitted to the data and extrapolated to predict the threshold of-the
underlying cone mechanism (ie ng4). The vertical line corresponds to the background
luminance employed for blue-on-yellow perimetry, whilst the lower and upper horizontal
lines indicate the log threshold of the n1 (SWS pathway) and =4 (MWS pathway)
mechanisms respectively at 330 cdm™2. The difference in threshold between the =1 and
n4 mechanisms represents the magnitude of SWS pathway isolation. As expected,
isolation of the SWS pathway was achieved at all stimulus locations. Tiie mean magnitude
of SWS isolation was approximately 1.4 log units (range 1.2 log units to 1.7 log units)
(Table 5.3.). The higher standard deviation of the foveal SWS isolation value (Table 5.3.)

can be explained by the between subject variation in macular pigment absorption.

: :

Sample and Weinreb (1980) achieved an additional 0.7-0.8 log units of dynamic range by
increasing the voltage supply to the HFA stimulus bulb from 9.5 volts to 13 volts. A
consequence of the increase in voltage supply is a significant reduction in the life of the

stimulus bulb from approximately 1117 operating hours to 17 hours. In addition, this

modification may compromise the calibration of the HFA . Calibration is undertaken at the
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default 9.5 volt supply by the adjustment of ‘a neutral density filter which ensures that
despite ageing of the stimulus bulb the default maximum stimulus intensity is maintained .
at 10,000asb. The output of the stimulus bulb at the higher voltage cannot be
guaranteed, however, by the calibration carried out at 9.5 volts ie the stimulus bulb output
may be attenuated at 13 voits due to the effects of ageing but satistactory calibration may

still be achieved at 9.5 volts by the appropriate adjustment of the neutral density filter.

The employment of a 330 cdm2 background luminance will result in a smaller pupil size
than that obtained at lower adaptation levels. A reduction in pupil size increases the
lenticular pathlength and therefore might be expected to accentuate the magnitude of
ocular media absorption (Weale, 1961; Mellerio, 1987; Weale, 1991). The influence of
pupil size is small, however, in relation to the magnitude of ocular media absorption
(Sample et al, 1988a; Werner, 1982). Indeed, a 4mm reduction in pupil diameter
increased mean ocular media absorption at 460nm by approximately 0.1 log units in a

group of 80 year old subjects (Weale, 1991).

The comparison of the magnitude of SWS pathway isolation with other studies is difficult
since different background and stimulus combinations have been utilized. Johnson and
co-workers (1988b) gained 1.1 log units of isolation using a 202 cdm2 background
luminance and a relatively broadband blue stimulus filter (ie OCLI blue dichroic). In
addition, Sample and co-workers (1993a) claimed 1.5 log units of SWS pathway isolation
using a background luminance of 89 cdm-2 and narrowband 440nm stimulus filter,

atthough the method employed to derive this figure was not clear.

in summary, the modification of the HFA achieved an increase in measurement range of
0.2 log units, whilst providing a realistic bulb life and ensuring correct calibration of the
instrument. A background luminance of 330 cdm—:2 was selected to permit an equivalent
dynamic range to that of other studies (Johnson et al, 1989a; Sample and Weinreb, 1990)

and to increase the magnitude of MWS and LWS pathway adaptation (Yeh et al, 1989).
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Threshold versus intensity functions in conjunction with a 460nm narrowband stimulus

filter showed that approximately 1.4 log units of SWS pathway isolation was gained.
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CHAPTER 6. THE INFLUENCE OF OCULAR MEDIA AND MACULAR PIGMENT
ABSORPTION ON THE BLUE-ON-YELLOW VISUAL FIELD.

The recognised sources of pre-receptoral absorption are the components of the ocular

media, primarily the crystalline lens and the macular pigment.

6.1.1. The crystalline lens,

The crystalline lens consists of a single cell type in various stages of cyto-differentiation
(Marshall, 1985). The cellular contents of the lens are enclosed within a basement
membrane termed the capsule. A single layer of epithelial cells separates the anterior
capsule from the lens fibres. Each fibre arches over the equator of the lens to meet fibres
from the opposite side at the lens sutures. The outer fibres comprise the lens cortex,
while the inner fibres make up the lens nucleus. The fibres of the nucleus can be
distinguished from those of the cortex by an absence of nuclei and organelles and by a
reduced metabolic rate (Marshall, 1985; Bron et al, 1993). The lens fibres are deposited in
a series of "onion-skin” layers from the equatorial germinative epithelial cells. All the cells
of the lens are retained throughout life (Marshall, 1985). As each new fibre is formed,
older fibres are displaced towards the lens nucleus and are reduced in volume, a process
described as compaction (Bron et al, 1993). The sagittal width of the human lens at birth is
approximately 4mm. This value remains constant during the first 20 years of life, while the

lens grows equatorially, but increases at a rate of approximately 29um per year after this

age (Brown and Tripathi, 1974).

Metabolic energy at cellular level is derived from glucose which enters the lens from the
aqueous by active transport (Giles and Harris, 1959). Amino acids may also provide an
energy source (Trayhurn and van Heyningen, 1973). The metabolism of the cortex is
essentially anaerobic, whilst that of the epithelium is aerobic (Kinoshita et al, 1961;

Kinoshita, 1965). The epithelium and the superficial posterior cortical cells are major sites
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of ionic pumping which regulate the osmotic and pH balance within the lens (Duncan,

1969; Gorthy et al, 1980; iwata, 1985 Williams et al, 1992).

Crystallins comprise ninety percent of the lens protein (Weale, 1963; van Heyningen,
1972). The lens crystallins exhibit a short range molecular order similar to that of glass:
This short range molecular order is responsible for the transparency of individual lens
fibres (Delaye and Tardieu, 1983) and is also partly responsible for the high refractive
index of the lens. In addition, lens transparency is also achieved by an orderly
arrangement of the lens fibres, an absence of organelles within the fibres, the
displacement of lens nuclei away from the optic axis, small extracellular spaces and thin
fibore membranes (Yorio and Bentley, 1976; Bron et al, 1993). The normal young human
lens has a transparency of 90% for wavelengths of light between 500nm and 1000nm
(Lerman and Borkman, 1976). Diffuse aggregation of the crystallins will result in a
generalized loss of lens transparency, whilst disruption of the lens fibre organization and
integrity, expansion of the extraceliular space and focal aggregation of lens proteins will

result in a total loss of transparency, ie a lens opacity.

6.1.2. The macular pigment.

The macular pigment is comprised of a number of yellow non-bleaching carotenoid
compounds primarily the xanthophylis lutein and zeaxanthin which are present in roughly
equal proportions (Waid, 1949; Snodderly et al, 1984a; Bone et al, 1985; Bone et al,
1988: Handelman et al, 1988). It is concentrated in the receptor axon (Henle fiber) layer

and, to a lesser extent, in the inner plexiform layer of the retina (Snodderly et al, 1984a).

Both lutein and zeaxanthin posses an elongated molecular structure (isler, 1971; Bone
and Landrum, 1984; Bone et al, 1992) and therefore exhibit dichroism, ie the absorption
of polarized light depends upon the angle of incidence relative to the axis of the molecule
(Bone and Landrum, 1984). In addition, a proportion of the lutein and zeaxanthin
‘molecules are thought to be arranged in a non-random manner within the bilipid

components of the receptor axon membranes such that the molecular axes are aligned

258



tangentially with respect to concentric circles about the fovea (Bone and Landrum, 1984;
Bone et al, 1992). The dichroic properties and non-random arrangement of the macular

pigment result in the entoptic phenomenon of Haidinger's Brushes.

The topographical distribution of the macular pigment exhibits a peak value at the fovea
with an exponential decline to negligible pigmentation at eccentricities from 2° to 5.5°
(Ruddock, 1972; Stabell and Stabeli, 1980; Williams et al, 1981a; Viénot, 1983; Pease
and Adams, 1983; Snodderly et al, 1984a and b; Moreland and Bhatt, 1984; Werner,
Donnelly and Kliegel, 1987; Bone et al, 1988; Kilbride et al, 1989; Abadi and Cox, 1992).
This distribution may be explained by the preferential uptake of zeaxanthin by the cones

and, to a lesser extent, of lutein by the rods (Bone et al, 1988).

5.1.3. Light al .  ligt
A distinction should be made between the terms light absorption and light scatter since
the two phenomena occur concurrently as a result of reduced optical transmittance
(Norren and Vos, 1974). Absorption is proportional to the inverse of optical transmittance.
Indeed, any psychophysical procedure designed primarily to estimate light absorption will
be influenced to a lesser degree by light scatter and vice versa (Norren and Vos, 1974):
Absorption refers to the assimilation of light energy by pigments, whiist scatter refers to
the redirection of light energy (Hemenger, 1982). In relation to biue-on-yellow perimetry,
absorption can be anticipated to be the more important attenuating factor since intraocuiar

light scatter is known to depend minimally on wavelength (Vos and Bouman, 1859;

Wooten and Geri, 1987).

) .
Ocular media absorption exhibits an exponential increase with light of shorter wavelength
(Ludvigh and McCarthy, 1938; Geeraets et al, 1960; Boettner and Wolter, 1962; Cooper
and Robson, 1969; Norren and Vos, 1974; Wyszecki and Stiles, 1982) and either a linear
(Said and Weale, 1959: Mellerio, 1971, Werner and Wooten, 1980; Werner, 1982;

Weale, 1988; Savage et al, 1993) or a biphasic increase (Coren and Girgus, 1972;
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Zigman, 1978; Pokorny et al, 1987; Sample et al, 1988a; Johnson et al, 1988b) with
increase in age. In addition, ocular media ‘absorption has been reported to vary by -
approximately 1 log unit (relative to 400nm) between subjects of the same age (Coren
and Girgus, 1972; Norren and Vos, 1974; Werner and Wooten, 1980; Werner, 1982;
Pokorny et al, 1987; Sample et al, 1988a; Johnson et al, 1988b). Light absorption
attributable to the cornea and vitreous is minimal (Wyszecki and Stiles, 1982; Weale,
1991; Savage et al, 1993) and the increase in ocular media absorption with increase in
age is thought to occur primarily within the nucleus of the crystalline lens (Weale, 1991).
Indeed, ocular media absorption may have some functional role by reducing chromatic

aberration and acting as a filter for damaging short wavelength light (Marshall et al, 1983).

6.1.5. Macular pigment absorption.

The absorption spectra of the macular pigment exhibits a peak optical density-at
approximately 460nm, a negligible absorption for wavelengths greater than 560nm and
shows a variation in the peak optical density between individuals of the same age of
approximately 1 log unit (De Vries et al, 1953; Naylor and Stanworth, 1954; Brown and
Wald,1963; Wyszecki and Stiles, 1982; Pease and Adams, 1983; Snodderly et al, 1984a;
Bone et al, 1985 Pease et al, 1987; Werner et al, 1987; Bone et al, 1988; Handelman et
al, 1988; Bone et al, 1992). It does not vary systematically with age {Ruddock, 1965b;
Bone and Sparrock, 1971; Yasuma et al, 1981; Pease et al, 1987; Werner et al 1987;
Bone et al, 1988). Theories relating to the function of the macular pigment include: the
reduction of chromatic aberration and glare (Walls and Judd, 1933; Wald, 1967; Rodieck,
1973; Reading and Weale, 1974: Nussbaum et al, 1981; Snodderly et al,1984a), the
passive protection of the retina by the absorption of damaging short wavelength light
(Lawwill et al, 1977; Ham et al, 1976; Ham et al, 1979; Sperling et al, 1980; Nussbaum et
al, 1981; Haegerstrom-Portnoy, 1988) and the active protection of retinal tissues by the
inactivation of cytotoxic free radicals or singlet oxygen atoms produced by photoreceptor
light absorption (Feeney and Berman, 1976; Krinsky, 1976; Krinsky, 1979; Nussbaum et

al, 1981; Kirschfeld, 1982; Bone and Landrum, 1984; Haegerstrom-Portnoy, 1988).
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6.1.6. Aim of the study,
The intluence of the macular pigment on the blue-on-yellow visual field has not been
investigated. Previous psychophysical studies of macular pigment absorption have
employed a 1° diameter stimulus and a Maxwellian view system (Pease and Adams, 1983;
Pease et al, 1987; Werner et al, 1987). The estimation of macular pigment is dependent
upon the optical density at the edge of the area of stimulation rather than the average of
the area stimulated (Werner et al, 1987; Bone et al, 1992). It is necessary, therefore, to
assess macular pigment absorption under similar conditions to those of biue-on-yellow
perimetry. Such information is essential if biue-on-yellow perimetry is to be of value in the

detection of macular disease.

A clinical procedure for the estimation of ocular media absorption based upon the
difference in scotopic sensitivity between two narrowband spectral stimuli which are
equally absorbed by rhodopsin is well established (Sample et al, 1988a; Sample et al,
1989: Johnson et al, 1988b; Johnson et al, 1989b). Using this procedure, a large
vanation in optical density between normal subjects at any given age of approximately one

log unit (relative to 400nm) has been found (Sample et al, 1988a; Johnson et al, 1988b).

The reliability of a test procedure is defined as the consistency of results between two
separate measurements of a given variable (Elliott and Bullimore, 1993). Reliability is
determined by the interaction of two components; a within-test component that occurs at
each of the first and second measurements and a between-test component. The within-
and between-test components can vary independently of each other. The within-test
component is reflected by the magnitude of the standard deviation (or standard -error) of
the mean of a series of measurements at a given session, whilst reliability (ie-the resultant
of the within-test component of the first and second sessions and the between-test

component) is reflected by the coefficient of repeatability (COR). The COR describes the

95% confidence limits for any discrepancy between test and retest data (Bland and

Altman. 1986; Reeves et al, 1987). For normally distributed data, the COR is 1.96

multiplied by the standard deviation of the discrepancy. A low COR represents a
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measurement procedure of high reliability. The' COR can also be employed to determine

the significance of change in performance at follow-up (Reeves et-al, 1987).

The extent to which the reported variation in macular pigment absorption is due to true
between-subject variation or to poor reliability of the test procedure is unknown. Similarly,
the variation in ocular media absorption can aiso be attributed to either true between-
subject variation or to poor reliability of the test procedure. Such information is important if

either of these two procedures are to be utilized clinically.

The primary aim of the study, therefore, was to determine measures of both macular
pigment and ocular media absorption using procedures suitable for application with the
HFA and to relate these findings to the blue-on-yellow visual field. The secondary aims of
the study were to determine: (1) the relationships between macular pigment absorption
and age and between ocular media absorption and age; and (2) the test-retest reliability of

the macular pigment and ocular media absorption procedures.

6.2. Materials and methods.

6.2.1. f { ocul jia al .
Non-invasive techniques for the estimation of ocular media absorption are well
documented and include: the deviation of individual colour matches from averaged colour
matching data (Ruddock, 1965a: Coren and Girgus, 1972); measurement of the deviation
of scotopic spectral sensitivity from the absorption spectrum of rhodopsin (Norren and
Vos, 1974; Sample et al, 1988a; Sample et al, 1989; Johnson et al, 1989b; Savage et al,
1993); and measurement of the relative intensities of the 3rd and / or 4th Purkinje images

for varying wavelengths of light (Said and Weale, 1959; Zeimer and Noth, 1984; Johnson

et al, 1993c).
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Ocular media absorption was assessed by measuring scotopic thresholds for 410nm and
560nm narrowband stimuli (Norren and Vos, 1974; Sample et al, 1988a; Sample et al,
1989; Johnson et al, 1988b; Johnson et al, 1989b). These wavelengths are ‘equally
absorbed by rhodopsin and any difference in scotopic sensitivity can therefore be
attributed to absorption by the ocular media. This technique assumes that the absorption
of light by rhodopsin and the absorption of light per unit pathlength of the crystalline lens
(Mellerio, 1971) both remain constant throughout life. The technique was employed
since it is the currently accepted method for assessing ocular media absorption using the

HFA (Sample et al, 1988a; Sample et al, 1989; Johnson et al, 1988b; Johnson et al,

1989b).

The sample comprised 68 normal subjects (range 20-80 yrs: 36 males and 32 females)
with a minimum of 10 subjects per decade. All subjects were normal trichromats (as
assessed by the Farnsworth D15 test), were experienced perimetric observers with
normal central fields (HFA Programs 30-2 and 10-2) and had been previously extensively
trained in the psychophysical techniques employed. Inclusion criteria included a distance
refractive error of equal to or less than £3.00 dioptres sphere with +3.00 dioptres cylinder,
a visual acuity of 6/ or better, no lenticular opacity present by slit lamp examination and
retinoscopy, normal fundi and an intra-ocular pressure of less than 21 mmHg. Exclusion
criteria were the same as those employed in the study of physiological statokinetic
dissociation described in Chapter 3. One eye of each subject was selected randomly for
the study. The distance refractive correction, together with the appropriate near addition,

was used to correct for a viewing distance of 33 cm. Natural pupils were used for all tests.

The apparatus for the assessment of ocular media absorption is described in full in 5.2.2.

Subjects were dark adapted for 30 minutes. A Goldmann size V (1.724°) 100msec

stimulus presented from above threshold was employed. Using a custom threshold

program, stimuli were separately presented three times each for a 410nm (half point band

width, HPW 11nm) and a 560nm (HPW 9nm) filter at 15.6° eccentricity (to avoid the

macular pigment) along the 45°, 135°, 225° and 315° meridians. The order of presentation
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of the 410nm and 560nm stimuli was randomized. Three successive stable sensitivity
values for each filter were required to ensure constancy of adaptation: If a progressive

change in sensitivity was detected then further dark adaptation was undertaken before

recommencing the test.

Individual ocular media absorption at 410nm was calculated using the equation of Norren

and Vos (1974):
ODpygy = 0.96 (X/0.90)

where OD 0 is the individual ocular media absorption at 410nm, 0.96 is the average or
“standard observer" ocular media absorption at 410nm, X is the measured difference in
sensitivity to the 410nm and 560nm stimuli and 0.90 is the average or “standard
observer" difference in ocular media absorption between 410nm and 560nm. Ocular

media absorption was expressed as the mean of the four eccentricities tested.

The test-retest data for ocular media absorption were obtained for a subsample of 16 ot
the 68 subjects (10 up to 30 years of age; 6 above 60 years of age) with an interval of

seven days between the two visits.

502 : lar pi ! .
Non-invasive techniques for the estimation of macular pigment absorption are also well
documented. Those which are appropriate for clinical application include: imaging fundus
reflectometry (Norren and Tiemeijer, 1986; Kilbride et al, 1989); comparison of the
difference in a colour match at the fovea and parafovea (Ruddock, 1963; Moreland and
Bhatt, 1984); comparison of the difference in the spectral sensitivity at the fovea and
parafovea (Pease and Adams, 1983; Pease et al, 1987; Werner et al, 1987; Hammond

and Fuld, 1992); and measurement of the brightness match between a polarized stimulus

and an unpolarized surround (Bone et al, 1992).
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Macular pigment absorption was assessed by separately measuring MWS pathway
sensitivity to 460nm and 570nm narrowband stimuli at the fovea and at eccentricities of
5.5° and 8°. The difference in sensitivities recorded between the fovea and 8° eccentricity
and between 5.5° and 8° eccentricity for the 460nm stimulus relative to a value of zero at
570nm can be attributed to absorption by the macular pigment (Pease and Adams, 1983;
Pease et al, 1987; Werner et al, 1987). The technique assumes that in the normal eye
MWS cone spectral sensitivity does not vary within 8° eccentricity (except for the
influence of the macular pigment), that the macular pigment is absent at 8° eccentricity
(Moreland and Bhatt, 1984; Snodderly et al, 1984a and b; Werner et al, 1987; Bone et al,
1988, Kilbride et al, 1989) and that the macular pigment spectrum exhibits a peak
absorption at 460nm and negligible absorption for wavelengths greater than 560nm
(Brown and Wald, 1963; Wyszecki and Stiles, 1982; Snodderly et al, 1984a; Bone et al,
1085: Pease et al, 1987; Werner et al, 1987; Bone et al, 1988; Handelman et al, 1988;

Bone et al, 1992).

Forty-six of the 68 subjects (age range 20-80 yrs: 22 males and 24 females) were able to
perform the macular pigment absorption procedure. The number of subjects per decade
were: all 15 up to 30 yrs; 8 out of 10 between 31-40yrs; 6 out of 10 between 41-50yrs; 6
out of 10 between 51-60yrs; 7 out of 10 between 61-70yrs; and 4 out of 13 between 71-
80yrs. The attrition of subjects for the assessment of macular pigment absorption was due
to an inability to detect a flickering stimulus which can be explained by the reduction in

temporal sensitivity with increasing age (McFarland et al, 1958).

The apparatus for the assessment of macular pigment absorption is described in full‘in
5.2.3. Subjects were adapted to the red field for 3 to 4 minutes to achieve LWS pathway
saturation. Using a custom threshold program, a Goldmann size V stimulus flickering at 25
Hz of 1300msecs duration was separately presented three times from below threshold for
both a 460nm (HPW 9nm) and a 570nm (HPW 9nm) filter at each of 3 eccentricities (0°,
along the 45°, 135°, 2950 and 315° meridians. The order of presentation of

5.5° and 8°)

the 460nm and 570nm stimuli was randomised. The 25Hz flicker excluded detection of
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the stimulus by the rods and by the blue cones (Brindley et al, 1966; Eisner and
MacLeod, 1980) and the subjects task was to respond to the flickering stimulus. The

1300msec stimulus duration reduced Troxler fading.

Individual macular pigment absorption at 460nm was calculated using the equation:
ODprg; = (Iog Spagp - 109 Sy460) + (log St57 - 109 Sps70)

where OD .. is the individual macular pigment optical density at 460nm, log Sp460 and
log S;4g0 are the measured 460nm sensitivities at 8° and at the fovea (or 5.5°)
respectively and log S¢57q and log Sps-,-ovare the measured 570nm sensitivities at the
fovea (or 5.5°) and at 8° respectively. The data were represented as the mean of the three

repetitions for each wavelength at each eccentricity.

The test-retest data for macular pigment absorption were obtained from the same 16
subjects as those recruited for the test-retest data of ocular media absorption with an
interval of seven days between the two visits. The 16 subjects utilized for the test-retest
data were recruited from the 46 subjects that were able to perform both the ocular media
and the macular pigment absorption procedures. It was acknowledged that this could

have biased the results since better performing subjects were utilized.

6.2.3 Assessment of blue-on-vellow perimetry.

A 460nm narrowband (HPW 9nm) stimulus filter in conjunction with a 330cdm-2 yellow
background, as detailed in Chapter 5, was utilized for blue-on-yellow perimetry.- A
Goldmann size V, 200msec stimulus, presented from below threshold was employed.
Using a custom threshold program, stimuli were presented three times at each of 5
eccentricities (0°, 5.5°, 10°, 15.5° and 21°) along the 45° and 225° meridians. The mean of

the three repeats was taken as threshold at each location.

The assessments of ocular media absorption, macular pigment absorption and blue-on-

yellow perimetry weré carried out on separate days. The order of assessment was varied
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between individuals and each visit including rest periods lasted a maximum of 50 minutes.

All tests for a given subject were carried out within a maximum period of three weeks.

6.3. Results.

Ocular media absorption relative to 410nm as a function of age for the 68 subjects is
shown in Figure 6.1. The data exhibited a between-subject vanation of approximately 0.8
to 0.9 log units at any given age. The relationship between ocular media absorption and
age was best represented (R2 65.2%) by an increasing exponential equation of the form
y= 0.02¢0-90x ;. 1,82, where y is lenticular absorption in log units and x is age in years.
Ocular media absorption increased by approximately one log unit between the ages of 20

and 80 years.

The test-retest data of the 16 subjects for ocular media absorption relative to 410nm,
expressed in terms of the difference in ocular media absorption between the two visits as
a function of the mean value recorded at the two visits, is shown in Figure 6.2. The
repeated measures were within £0.10 log units for 11 subjects and approximately +0.20
log units for all subjects. The COR for ocular media absorption relative to 410nm was

+0.20 log units.

Foveal macular pigment absorption relative to 460nm as a function of age for the 46
subjects is shown in Figure 6.3. The data exhibited a slight negative slope with increase in
age (r =-0.003), which was not statistically significant (two-tailed t-test, p>0.05). The group
mean foveal macular pigment absorption value relative to 460nm was found to be 0.40 log
units (SE 0.03), which was significantly ditferent from zero (t=11.8, p<0.001). Individual
foveal macular pigment absorption values varied between -0.01 and 0.84 log units (Figure
6.4.). The group mean macular pigment absorption at 5.5° eccentricity was negligible for
all four meridians ie 0.00 log units (SE 0.03) along the 45° meridian, -0.03 log units (SE
0.03) along the 135° meridian, -0.03 log units (SE 0.03) along the 225° meridian and 0.00

log units (SE 0.03) along the 315° meridian. Although the majority of values were above
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Figure 6.4.
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zero, individual macular pigment absorption values at 5.5° varied between -0.5 to +0.7 log

units (Figure 6.4.). There were no differences in the macular pigment absorption between

the four meridians.

The test-retest data of the 16 subjects for foveal macular pigment absorption relative to
460nm, expressed in terms of the difference in foveal macular pigment absorption
between the two visits as a function of the mean value recorded at the two visits, is shown
in Figure 6.5. The repeated measures for the foveal value were within £0.10 log units for
11 subjects and within approximately +0.20 log units for all subjects. The COR was +0.28
log units at the fovea and +0.27 log units at 5.5° eccentricity along the 45° meridian, +0.31
log units along the 135° meridian, +0.44 log units along the 225° meridian and +0.36° log

units along the 315° meridian.

The mean blue-on-yeliow perimetric profile along the 45° and 225° meridians with and
without correction for pre-receptoral absorption relative to 460nm for 42 subjects within
three discrete age groups who completed all three test procedures is shown in Figure
6.6. The blue-on-yellow profile of the elderly group exhibited a lower sensitivity and a
greater between-subject variation than that for the young and middie aged groups. The
net effect of pre-receptoral absorption at the fovea relative to 460nm was in the region of

0.80 log units for all three age groups.

i :

The exponential increase in ocular media absorption with age is in agreement with some
studies (Coren and Girgus, 1972; Zigman, 1978; Pokorny et al, 1987; Sample et al,

1988a; Johnson et al, 1989b) but is contrary to the linear relationship described by others

(Said and Weale, 1959; Mellerio, 1971: Werner and Wooten, 1980; Werner, 1982;

Weale, 1988; Savage et al, 1993). A biphasic function has been attributed to the

inclusion of subjects with cataract (Savage et al, 1993) or to possible changes of the

macular pigment with age (Werner, 1982). Our resuits obtained from a sample without
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Figure 6.6.
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lenticular opacity, however, would tend to exclude the former suggestion, whilstthe lack

of any systematic age dependency in the macular pigment data (Figure 6.3.) would tend .

to exclude the latter suggestion.

The increase in ocular media absorption with age can be explained by increased lens
thickness and / or by increased lens pigmentation (Weale, 1963; Mellerio, 1972). Indeed,
an increase in the sagittal width of the crystalline lens of normal subjects has been
documented with increase in age (Brown and Tripathi, 1974; Sparrow et al, 1990).
Furthermore, the process of lens yeliowing which results in increased ocular media
absorption is thought to occur as a result of the change in molecular size or the diffuse
aggregation of lens crystallins (Benedek, 1971; Spector and Sigelman, 1974; Harding
and Dilley, 1976; Bron et al, 1993). Such a process may occur as a result of the
nonenzymatic glycosylation of lens crystallins (Lutze and Bresnick, 1991) and / or the
accumulation of photodegredative products of molecules which absorb UV-A, eg

tryptophan (Marshall, 1985).

The variation of ocular media absorption of 0.80 to 0.90 log units at any given age relative
to 410nm is in broad agreement with previous findings (Coren and Girgus, 1972; Norren
and Vos, 1974; Werner, 1982; Pokorny et al, 1987; Sample et al, 1988a; Johnsen et al,
1989b; Sample et al 1991; Savage et al, 1993). Ocular media absorption exhibits an
exponential rise in optical density with decrease in wavelength (Norren and Vos, 1974,
Wyszecki and Stiles, 1982). The variation in ocular media absorption with age as a
function of wavelength for the 68 observers is shown in Figure 6.7. The data were
derived from the measurement made at 410nm and scaled relative to wavelength using
the "standard observer" data of Norren and Vos (1974). A concomitant decrease in the
spread of the data can be seen with increase in wavelength in addition to the expected
reduction in the magnitude of ocular media absorption. Group mean ocular media
confidence limits calculated for each decade (minimum of 10

absorption and 95%

subjects per decade) for stimulus wavelengths from 400nm to 480nm are shown in Table

6.1. The data in Table 6.1 suggest that individual ocular media absorption values can be
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400nm 420nm 440nm 460nm 480nm
Up to 30yrs 2.96 1.20 0.55 0.40 0.32
(n=15) (+0.67) (x0.27) | (x0.12) (+0.09) (x0.07)
31 - 40yrs 2.78 1.13 0.51 0.38 0.30
(£0.48) (£0.19) (£0.09) (£0.06) (£0.05)
41 - 50yrs 3.02 1.22 0.56 0.41 0.33
(£0.42) (x0.17) (x0.07) (£0.05) (£0.04)
51 - 60yrs 3.15 1.28 0.58 0.43 0.34
(£0.89) (x0.36) (£0.16) (£0.12) (£0.09)
61 - 70yrs 3.65 = 1.48 0.68 0.50 0.40
(0.70) (+0.28) (#0.13) (+0.09) (£0.07)
71 -80yrs 4.08 1.66 0.76 0.56 0.45
(n=13) (£0.75) _ (£0.30) (x0.14) (x0.10) (£0.08)
Table 6.1. Group mean log ocular media absorption and 95% confidence limits in

parentheses for stimulus wavelengths of 400nm, 420nm, 440nm,
460nm and 480nm as a function of age (10 subjects per decade unless
otherwise indicated). The values are derived from the measurement
made at 410nm and scaled relative to wavelength using the "standard
observer” data of Nomen and Vos (1974).
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predicted with 95% confidence to within + 0.12 log units for a 460nm narrowband
stimulus. This would suggest that it is unnecessary to assess ocular'-media absorption in
the non-cataractous eye when using a 460nm peak wavelength narrowband ‘stimulus:
The use of a 460nm stimulus, however, could be anticipated to reduce the degree of

SWS isolation compared to a stimulus of shorter wavelength.

The test-retest reliability of the ocular media absorption procedure is influenced by the
magnitude of the step sizes of the HFA thresholding algorithm, which in turn are
governed by the maximum stimulus luminance permitted by the given narrowband filter.
The narrowband filter with the larger step size of the two filters (ie the 560nm filter rather
than the 410nm filter) determines the precision of measurement. The test-retest reliability
of ocular media absorption (COR £0.20 log units), can be compared with a final step size
of 0.12 log units for the 560nm narrowband filter, with the range of ocular media
absorption values encountered in the study (0.33 to 0.67 log units at 460nm) and with
the magnitude of the normal short-term fluctuation (0.16 log units +0.03) encountered for
blue-on-yellow perimetry (Sample et al, 1993b). Furthermore, relative to the wavelength
of the narrowband filter employed for biue-on-yellow perimetry (ie 460nm) the 95% test-
retest confidence limits of ocular media absorption can be calculated from the data of
Norren and Vos (1974) to be £0.04 log units ie as wavelength increases, the magnitude

of absorption decreases and consequently the measurement error decreases.

The measurement of ocular media absorption is influenced by the between-subject
variation in pupil size (Weale, 1961; Melierio, 1971; Mellerio, 1987; Weale, 1991). A
reduction in pupil size increases the lenticular pathlength and therefore can be
anticipated to increase the magnitude of ocular media absorption. The purpose of this
study, however, was to describe the effective ocular media absorption since this is
clinically more relevant. Consequently, natural pupils were employed in order to assess
the combined influence of age-related changes in the ocular media and of senile miosis.

In addition, the influence of pupil size is small in relation to the magnitude of ocular media

absorption (Werner, 1982; Sample et al, 1988a) and reduces in importance with increase

278



in wavelength (Weale, 1991). Indeed, a 4mm reduction in apparent pupil diameter
increased mean ocular media absorption relative to 460nm by approximately 0.1 log units
in a group of 80 year old subjects (Weale, 1991). Furthermore, the results are
confounded by the-application of a scotopic measurement of ocular media absorption to a

photopic measurement of biue-on-yellow sensitivity.

The group mean foveal macular pigment absorption of 0.40 log units (SE 0.03) is in close
agreement with other findings (Werner et al, 1987; Wyszecki and Stiles, 1982; Vos,
1872) but is lower than that of a previous study (Pease et al, 1987) which, aithough
employing a similar methodology, utilised a stimulus diameter of 1°. The measurement
procedure, however, is dependent upon the optical density at the edge of the area of
stimulation rather than the average of the area stimulated (Werner et al, 1987; Bone et al,
1992). A Goldmann size V stimulus of 1.724° diameter was employed in this study to be
identical to that of blue-on-yellow perimetry (Johnson et al, 1989a; Sample and Weinreb,
1990: Weinreb and Sampie, 1991; Johnson et al, 1991; Sample and Weinreb, 1992;
Johnson et al, 1993a and b; Lewis et al, 1993; Sample et al, 1993a). The group mean
foveal macular pigment absorption value at 460nm for a 1° stimulus was estimated from
published data, describing the relationship between stimulus diameter and optical density
(Wemer et al, 1987; Bone et al, 1992), to be approximately 0.80 log uniis which is similar

to that of Pease and co-workers (1987).

The group mean macular pigment absorption at 5.5° eccentricity is in agreement with
previous studies which have reported negligible values at eccentricities from 2° to 5.5°
(Ruddock, 1972; Stabell and Stabell, 1980; Williams et al, 1981a; Viénot, 1983; Pease
and Adams, 1983; Moreland and Bhatt, 1984: Snodderly et al, 1984a and b; Werner et al,

1987: Kilbride et al, 1989; Bone et al, 1992; Abadi and Cox, 1992). The group mean

standard error for macular pigment absorption foveally and at 5.5° eccentricity was 0.03

log units in each case. This value is minimal considering that a single absorption value is

‘derived by the estimation of threshold for two different wavelengths at two different

eccentricities. Some subjects exhibited values of macular pigment absorption at 5.5°
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eccentricity greater than +0.2 log units (Figure 6.4.). These findings, particularly negative
absorption values, can largely be explained by the overlap of the size V stimulus onto
areas of the retina influenced by macular pigment absomption and by eye movements

despite the use of trained subjects and the constant monitoring of fixation with the video

monitor of the HFA.

The precision of measurement of the macular pigment absorption procedure is also
determined by the larger step size of the two filters utilized (ie the 570nm filter rather than
the 460nm filter). The test-retest reliability of macular pigment absorption (COR £0.28 log
units foveally; +0.35 log units at 5.5° eccentricity) can be compared with a final step size of
0.13 log units for the 570nm narrowband filter used to estimate macular pigment
absorption and with the range of absorption values encountered at the fovea (-0.01 to
0.84 log units) and at 5.5° eccentricity (-0.46 to +0.66 log units). Both the foveal and 5.5°
measures of test-retest reliability were greater than the magnitude of the normal short-
term fluctuation (0.16 log units +0.03) encountered for blue-on-yellow perimetry with HFA

program 24-2 (Sample et al, 1993b).

The combined effect of ocular media and macular pigment absorption relative to 460 nm is
to attenuate the blue-on-yellow visual field at the fovea by approximately 0.80 log units
and elsewhere by 0.40 log units (Figure 6.6.). The absence of a marked influence of age
on ocular media absorption relative to 460nm can be explained by a flattening in the

exponential relationship between ocular media absorption and age with increase in

wavelength (Figure 6.7.).

The variation in foveal macular pigment absorption for each subject as a function of ocular

media absorption relative to 460nm is shown in Figure 6.8. The range of values for foveal

macular pigment absorption was approximately 2.8 times greater than that due to the

ocular media relative to a stimulus wavelength of 460nm. This finding is in agreement with

a previous study (Kliegl et al, 1984). The disparity in the range of values between the two

functions can be attributed in part to the greater measurement error associated with the
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assessment of macular pigment absorption and to the relationship of the peak absorption
wavelengths of both the ocular media and the macular pigment relative to 460nm ie
macular pigment absorption exhibits a maximum relative to 460nm, whilst the magnitude

ot ocular media absorption is relatively small relative to 460nm (Figure 6.7).
6.5, Conclusion,

Absorption by the ocular media and the macular pigment unquestionably attenuates the
blue-on-yellow perimetric response. The need to assess ocular media absorption in the
cataractous eye is undeniable regardiess of the stimuius wavelength utilised for SWS
isolation. However, when utilizing a narrowband stimulus of 460nm wavelength for blue-
on-yellow perimetry, the assessment of ocular media absorption in the absence of
cataract is clinically unnecessary due to the reduced between-subject variance, the
absence of a marked age effect and good test-retest reliability. Indeed, a correction factor
could be applied for any given age based upon group mean normal data. Conversely, the
use of relatively longer wavelength blue stimuli will reduce the magnitude ot the SWS
isolation. This reduction, however, could be compensated by the employment of a higher

background luminance.

The effective influence of macular pigment absorption on blue-on-yeilow perimetry is
limited to the fovea and out to approximately 4° to 5° eccentricity because of small
fixational eye movements and the overlap of the size V stimulus. The combined effect of
macular pigment absorption and small involuntary eye movements might be anticipated to
result in an increased local short-term fluctuation for blue-on-yellow perimetry within the
immediate macular region using a size V stimulus. The most profound effect ot the
macular pigment will be with HFA program 10-2, which has 30 stimulus locations within 5°
eccentricity. Furthermore, the method employed to assess macular pigment absorption
the diseased macula because the technique is based on the

cannot be applied to

underlying assumption that green cone spectral sensitivity is invariant within 8°

eccentricity except for the influence of the macular pigment. The separation of the two
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absorption components from the neural response using psychophysical techniques such
as those described here is a complex and lengthy procedure which, untit more rapid

objective clinical techniques are developed, will continue to limit the application of biue-

on-yellow perimetry.
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CHAPTER 7. BLUE-ON-YELLOW PERIMETRY FOR THE ASSESSMENT OF MACULAR
SWS PATHWAY FUNCTION IN THE DIABETIC EYE.

Z.1. Introduction,

The loss of visual acuity in diabetic retinopathy can be attributed to either diabetic
maculopathy ie haemorrhages, exudates and retinal oedema within the macular region, or
to proliferative diabetic retinopathy ie neovascularization leading to vitreous haemorrhage
or traction retinal detachment (Bresnick, 1986). Indeed, diabetic maculopathy is the major
cause of blindness in diabetics and occurs in approximately 10% of the diabetic
population (Ghafour et al, 1983; Klein et al, 1984a). in addition, the duration of diabetes is
a risk factor in the incidence and progression of diabetic retinopathy (Klein et al, 1988;
Brinchmann-Hansen et al, 1992a). For patients with diabetes of 20 years or greater
duration, the prevalence of diabetic maculopathy is approximately 25% (Klein et al,

1984b).

The mechanism of diabetic maculopathy can be explained by retinal vascular
hyperpermeability or by ischaemia (Stevens, 1981; Dodson and Gibson, 1991). The
hyperpermeability maculopathies result from a breakdown in the blood-retinal barrier at
the capillary endothelium (Waliow and Engerman, 1977), whilst ischaemic maculopathy
results from vascular closure of the retinal capillaries and arterioles (Bresnick et al, 1976).
In addition, the hyperpermeability maculopathies can be sub-divided into oedematous
and exudative maculopathy. Oedematous maculopathy is characterized by macular
oedema, whilst exudative maculopathy is characterized by the formation of lipid rings
(Stevens, 1981). The classification of maculopathy into hyperpermeable and ischaemic

causes, however, is difficult since a combination of the two mechanisms is frequently

observed (Dodson and Gibson, 1991).
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Diabetic macular oedema is the most common hyperpermeability maculopathy and
presents as an area of slightly opaque thickened retina with cyst-like spaces at the fovea
(cystoid macular oedema) (Stevens, 1981). The pattern of diabetic macular oedema can
be tocal or diffuse. Focal oedema is characterized by hard-exudates-and 'microaneurysms
within the thickened area of retina. Diffuse oedema is characterized by an absence of
exudates, fewer microaneurysms and many dilated capillaries (Bresnick, 1983). Exudative
diabetic maculopathy, however, presents clinically as a yellow intraretinal or subretinal
accumulation of lipoprotein centred on the macula (Toussaint, 1962) which clears with
time to leave features such as crystalline plaques, fibrous nodules and pigmentary
degeneration (Stevens, 1981). Prompt laser photo-coagulation can halt the deterioration
in visual acuity due to diabetic macular oedema and exudative diabetic maculopathy (Patz

et al, 1973; ETDRS, 1985 and 1991; Verougstraete, 1988; Clune et al, 1993).

Ischaemic diabetic maculopathy presents clinically as retinal nerve fibre layer infarcts
(cotton wool spots or soft exudates), blot haemorrhages, diffuse opacification ot the walls
of retinal arterioles and areas of intraretinal microvascular abnormalities. Fluorescein
angiography is generally undertaken to confirm the diagnosis of ischaemic diabetic
maculopathy and to define areas of capillary nonperfusion. Ischaemic maculopathy
responds poorly, however, to conventional laser photocoagulation and is currently

regarded as "essentially untreatable” (Stevens, 1981).

- 1.2 The diabetic crvstaline lens and ocular media absorpti

increased thickening of the capsule (Laurent et al, 1981) and cortex (Huggert, 1953;
Brown and Hungerford, 1982) results in a greater sagittal width of the diabetic crystalline
lens when compared to that of normal subjects of the same age. Indeed; the ‘annual

increase in sagittal width is approximately 1.7 times greater in diabetics compared to

normal subjects (Sparrow et al, 1990). The findings have been explained variously: an

increased rate of lens growth, a swelling of the lens as a result of an increase in membrane

.permeability and / or deficient ion pumping, or a reduced rate of compaction (Bron et al,

1993). As a result of the increased thickness, the surface curvature of the diabetic
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crystalline lens is also greater (Sparrow et al, 1990 and 1992). The two factors, combined,
have been suggested as the mechanism for the increased incidence of myopia in diabetic
patients (Fledelius, 1983, 1986 and 1987). In addition, the transient refractive changes
associated with diabetes are generally thought to be due to changes in the refractive

index of the crystalline lens (Duke-Elder, 1925; Marmor, 1973; Gwimup, 1976; Bron et al,

1983).

Various studies have demonstrated that the increases in ocular media absorption (Weale,
1982; van Best et al, 1985; Lutze and Bresnick, 1991) and in light scattering (Weiss et al,
1982; Bursell et al, 1989a and b) with increase in age are greater in diabetics compared to
normals. The only psychophysical assessment of ocular media absorption in the diabetic
eye is that of Lutze and Bresnick (1991) who measured scotopic thresholds to stimuli
equally absorbed by rhodopsin. The technique is described in Chapter 6 and has-also
been utilized by Norren and Vos (1974), Sample and co-workers (1988a and 1989) and
Johnson and co-workers (1988b and 1989b). Lutze and Bresnick (1991) measured the
rate of increase of ocular media absorption with increase in age in a sample of 31 insulin-
dependent type | diabetics and compared their findings with a sample of 50 normal
subjects. The rate of increase in ocular media absorption with age in young, type | diabetic
patients was similar to the rate of increase found in elderly normai subjects. It was
suggested that the assessment of ocular media absorption may provide a measure of

long-term glucose regulation in diabetic patients.

7 1.3. Disturbances of visual function in diabetes.

A number of investigative techniques, such as contrast sensitivity, dark adaptation,
nyctometry, visual-evoked cortical potentials, electroretinography, hue discrimination,
colour matching, chromatic adaptation and spectral sensitivity have demonstrated a loss
of visual function in diabetic patients with minimal or no retinopathic abnormalities but with
normal visual acuity. The most recent publications reporting abnormalities of contrast

sensitivity in diabetic patients include Higgins and co-workers (1986), Trick and co-

workers (1988) and Brinchmann-Hansen and co-workers (1993), whilst those reporting
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abnormalities of dark adaptation and nyctometry include Frost-Larsen and co-workers
(1989a and b, 1992), Brinchmann-Hansen and co-workers (1988, 1992b, 1993), Midena
and co-workers (1990) and Greenstein and co-workers (1993). In addition, studies
demonstrating abrormalities of visual-evoked cortical potentials and-electroretinography
in diabetic patients include Bresnick and co-workers (1985), Bresnick and Palta (1987),
Brinchmann-Hansen and co-workers (1988 and 1992c), Frost-Larsen and co-workers
(1989b) and Holopigian and co-workers (1992). Hue discrimination and colour matching
abnormalities have been documented by Green and co-workers (1985), Bresnick and co-
workers (1985), Roy and co-workers (1986), Méantyjarvi (1987), Daley and co-workers
(1987), Trick and co-workers (1988), Greenstein and co-workers (1990), Lagerléf (1991),
Birch and co-workers (1991), Hardy and co-workers (1992) and Brinchmann-Hansen and
co-workers (1993). Chromatic adaptation and spectral sensitivity abnormalities have been
described by Adams and co-workers (1987a and b), Greenstein and co-workers (1989a;b
and c, 1990), Terasaki and co-workers (1990), Schefrin and co-workers (1991)-and

Greenstein and co-workers (1992).

The results of visual function studies are equivocal; some studies have reporied a
correlation between the magnitude of the sensory loss and the degree of retinopathy
(Begg and Lakowski, 1980; Bresnick et al, 1985; Adams et al, 1987a; Greenstein et al,
1990: Brinchmann-Hansen et al, 1992b, c and 1993) while others have failed to show any
relationship (Moloney and Drury,1982; Hardy et al, 1992; Brinchmann-Hansen et al,
1993). Similarly, some studies have demonstrated a correlation between the magnitude
of sensory loss and the duration of diabetes (Trick et al, 1988; Brinchmann-Hansen et al,
1992¢) while others have failed to demonstrate any such relationship (Roy et al, 1986;

Greenstein et al, 1990; Hardy et al, 1992; Brinchmann-Hansen et al, 1992b and 1993).

in general, the results of visual function tests are considered to reflect neurosensory loss

rather than vascular dysfunction since abnormal results have been obtained from patients

with minimal or no retinopathic changes (Bresnick, 1986; Hardy et al, 1992; Greenstein et

al. 1993; Brinchmann-Hansen et al, 1993). The neurosensory loss may occur at any site
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along the visual pathway as a consequence of the general systemic and local metabolic
abnormalities of diabetes. Indeed, visual function tests are believed to provide
information additional to that obtained from ophthalmoscopy, retinal photography and

fluorescein angiography (Bresnick, 1986; Hardy et al, 1992; Greenstein et al, 1993;

Brinchmann-Hansen et al, 1993).

214 Aim of the study,

The majority of studies of the eftects of diabetes on colour vision have failed to consider
the influence of pre-receptoral absorption on the outcome of the results and this may
explain the absence of any relationship between the magnitude of the colour vision loss
and the degree of diabetic retinopathy. Furthermore, visual function tests have generally
provided little information about the topographic characteristics of the neurosensory loss
in diabetes since foveal presentation and / or relatively large stimuli have been employed:
indeed, only one clinical study has utilized blue-on-yellow perimetry to study the-eftects
of diabetic retinopathy on SWS pathway sensitivity (Lutze et al, 1989). Lutze and co-
workers (1989) compared blue-on-yellow perimetry to conventional "white-on-white"
perimetry in 5 diabetic patients and in 5 normal subjects using program 30-2 and stimulus:
size V. The reduction in bilue-on-yellow sensitivity, after correction for ocular media
absorption, did not correlate with the grade or the retinal location of the lesion (as

assessed by fluorescein angiography) or with the results of conventional perimetry.

The aim of the study, therefore, was to: (1) compare the magnitude of ocular media
absorption in diabetics with that of normal subjects; and (2) to undertake a pilot study to

investigate the utility of biue-on-yellow perimetry in the assessment of macular function in

diabetic patients.
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Z.2. Materials and methods.

£2.1. Sample.,

The sample comprised 68 normal subjects (range 20-80 yrs: 36 males and 32 females)
with a minimum of 10 normal subjects per decade and 27 diabetic patients (range 19-
72yrs: 15 males and 12 females). The normal subjects had previously been examined for
ocular media and macular pigment absorption as described in Chapter 6. One eye of each
volunteer was selected randomly for the study. Inclusion criteria for the diabetic patients
comprised a distance refractive error of equal to or less than +4.00 dioptres sphere and
+3.00 dioptres cylinder, a visual acuity of 6/9 or better, an absence of lenticular opacity
and an intraocular pressure of less than 21 mmHg. Exclusion criteria comprised a positive
family history of glaucoma in a first degree relative, use of any topical eye treatment,
systemic medication with known CNS effects, neurological and psychiatric iliness and the
use of contact lenses. Furthermore, all of the diabetic patients had normal red-green hue

discrimination (Ishihara 24 plates edition, Kanahara and Co, Tokyo, Japan).

Type | and il patients with diabetes of varying duration including insulin dependent and
non-insulin dependent individuals were recruited with a wide range of retinopathic
changes to determine any relationship between the magnitude ¢t SWS pathway
sensitivity loss and the degree of retinopathy. In addition, diabetic patients taking oral
hypoglycaemic agents were included in the study since these agents have been
suggested to adversely influence colour vision (Lyle, 1974). Furthermore, diabetic
patients who had undergone photocoagulation therapy were recruited to assess whether

blue-on-yellow perimetry was sensitive to severe retinal damage, ie to provide "end-point

controls”.

Volunteers attended for psychophysical assessment over a total of four appointments

each of approximately 60 minutes duration and carried out on four separate days.

Conventional visual field examination using HFA programs 30-2 and 10-2 and stimulus

size Il was undertaken at the initial appointment. The: non-standard perimetry was carried
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out at the remaining three appointments. All visits were undertaken within a maximum
period of 4 weeks. Frequent rest periods were given during each session. Training in the

psychophysical tests to be employed was undertaken prior to data collection.

The diabetic patients attended for a fifth appointment to undergo a comprehensive
ophthalmological examination that included colour stereo photography of the retina
(Topcon TRL50VT fundus camera; four stereo photographs covering 35° eccentricity
from the fovea). The fundus photographs were evaluated independently of the resuits of
the psychophysical tests. Biood glucose was measured at the end of every visit using a
Reflolux-S meter (Boehringer Mannheim GmbH, Germany) in the 23 diabetic patients that
routinely carried out seli-assessment. No measurement was recorded for the remaining 4
diabetic patients. In addition, glycosylated haemoglobin (HbA1) was recorded for each
diabetic patient based on a single value taken within +3 months of the perimetric and
psychophysical examinations. The clinical characteristics of the 27 diabetic patients are

illustrated in Table 7.1.

.22 Perimetry.

Four stimulus and background conditions were employed; a white stimulus on a 10cdm™2

white background (ie low white-on-white); a white stimulus on a 360cdm™2 white
background (ie high white-on-white); a yellow stimulus (Schott OG530) on a 330cdm-2
yellow background (ie yellow-on-yeliow); and a blue stimulus (OCLI blue dichroic; Figure
71)ona 330cdm2 yellow background (ie blue-on-yeliow). The slightly higher luminance
of the high white background when compared to the yellow background can be explained

by the attenuation of the Schott OG530 filter.

A custom program of approximately four minutes duration comprising 13 stimulus

locations within 10° eccentricity of the fovea was utilized in conjunction with stimulus size

V for all four perimetry conditions (Figure 7.2.). The custom program was repeated three

times for each condition. The order of presentation of the four conditions was randomized

between individuals across the three appointments. The refraction of each diabetic
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Percentage transmittance as a function of wavelength for the OCLI blue dichroic stimulus filter employed for blue-on-

yellow perimetry. Transm

Figure 7.1.

itted wavelengths are represented by the unshaded area of the graph. Wavelengths below

50%-at-a-wavelength of approximately 505nm.

480nm are transmitted and the transmission is reduced to
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patient was checked and adjusted when necessary at each visit: The distance refractive

correction, together with the appropriate near addition, was used to correct for a viewing

distance of 33 cm. Natural pupils were used for all tests.

The low white-on-white condition permitted comparison of the blue-on-yellow perimetry
with the adaptation level of conventional perimetry. The high white-on-white and yellow-
on-yellow conditions acted as controls for the blue-on-yeliow perimetry since both
assessed the LWS / MWS pathway. In addition, the yellow-on-yellow response was less
affected by pre-receptoral absorption of shorter wavelengths. An OCLI blue dichroic
stimulus filter was employed for blue-on-yellow perimetry rather than the 460nm
narrowband stimulus filter utilized in the study of pre-receptoral absorption (Chapter 6)
since the broader spectral transmission (Figure 7.1.) permitted a greater measurement
range of 2.94 log units. This filter had previously been shown to provide 1.1 log units of

isolation in conjunction with a 202cdm2 yellow background (Johnson et al, 1988b).

7.2.3. Pre-receptoral absorption.

The blue-on-yellow perimetry results were corrected for ocular media and macular
pigment absorption. The normal data tor ocular media absorption was based upon all 68
normal subjects, whilst the normal data for macular pigment absorption was based on 46
of the 68 normal subjects who managed to carry out the test (Chapter 6). All of the 27
diabetic patients completed the ocular media absorption procedure. The macular pigment
absorption technique assumes a normal spectral sensitivity and consequently could not
be applied to the diabetic patients. The results of blue-on-yellow perimetry for those
normal subjects unable to complete the macular pigment absorption procedure and all the
diabetic patients were therefore corrected for macular pigment absorption using the

group mean foveal value derived in Chapter 6 of 0.40 log units relative to a 460nm

narrowband filter.

The values of ocular media and macular pigment absorption were derived relative to

narrowband stimuli of 410nm and 460nm respectively. The OCLI blue dichroic stimulus
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fitter utilized for the blue-on-yellow perimetry, however, has relatively broadband spectral
transmission characteristics (Figure 7.1 .)- A significant proportion of light is transmitted by
the OCLI blue dichroic filter at wavelengths longer than 410nm and at wavelengths either
side of the peak absorption spectra of the macular pigment (ie 460nm). Consequently,
the magnitude of ocular media and macular pigment absorption relative to the OCLI biue
dichroic filter was reduced when compared to that assessed with narrowband filters. In
addition, the between-subject variation attributable to the ocular media and macular
pigment was also reduced as a result of using the OCLI blue dichroic filter. All ocular
media and macular pigment absorption values were therefore adjusted to take into
account the interaction of the transmittance characteristics of the OCLI blue dichroic filter

and the absorption spectrum of the crystalline lens and the macular pigment respectively.

Resultant absorption values were derived for both the ocular media and the macular
pigment at discrete wavelengths in 10nm steps over the visible spectrum using the

equation:

. _ . AbSO
Resuttant absorption = Transmittanceocy | x (- 59/ Abpeak)

where Transmittanceocy is the percentage transmittance of the OCLI filter at a given
wavelength, Abgo is the "standard observer" absorption value (log units) at the given
wavelength and Abpeak is the “standard observer" peak absorption value (log units). The |
standard observer" data for ocular media absorption was taken from Norren and Vos
(1974), whilst that for the macular pigment was taken from Wyszecki and Stiles (1982).
Conversion factors were derived for both the ocular media and macular pigment by
summing the resultant absorption values for each discrete wavelength and dividing by the -
total number of wavelengths. A conversion factor of 0.39 was calculated to relate ocular
media absorption for the OCLI blue dichroic filter to that derived relative td a 410nm

narrowband fitter, whilst a conversion factor of 0.66 related macular pigment absorption for

the OCLI filter to that derived relative to a 460nm narrowband filter.
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The mean sensitivity for each individual was calculated from the three repetitions for each
of the four perimetry conditions. Similarly, mean ocular media absorption was calculated
from three repetitibns. Ninety-five per cent confidence limits were calculated for the range
of mean sensitivity and ocular media absorption values exhibited by a minimum of 10
normal subjects within each decade. A best-fitting line was drawn through the 95%
confidence limits to approximate the range of normal population values for the four
perimetry conditions and for ocular media absorption. Similarly, 35% confidence limits
based on three repeats of each stimulus condition were calculated for each diabetic
patient. The results of a diabetic patient were considered to be abnormal if the 85%

confidence limits for that patient lay outside those of the age-matched normal range.

73.1.C ional vi lield _—
The visual fields of 5 of the diabetic patients as assessed with Program 30-2 were

classified as either abnormal or borderline. Visual field defects as shown by conventional
perimetry have been reported previously in diabetic patients and have been attributed to
subclinical microangiopathy (Trick et al, 1990). Only one diabetic patient (21), however,
who had undergone panretinal photocoagulation (Table 7.1.), produced an abnormal

result with Program 10-2.

3.0, C jia at ,
Ocular media absorption relative to 410nm for the normal subjects and diabetic patients as
a function of age is shown in Figure 7.3. The 95% contidence limits (mean * 2 SD) of

every diabetic patient were found to lie above and outside those of the group mean

normal data.
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£.3.3. Non-standard perimetry.

A summary of the results for all four perimetry conditions is shown in Table 7.2.

Low white-on-white log relative mean sensitivity for each diabetic patient and the range ot
normal values is shown in Figure 7.4. Two diabetic patients (8 and 9) exhibited a reduced
low white-on-white mean sensitivity but the 95% confidence limits of both patients
overlapped the age-matched normal range. Diabetic 10 exhibited a wide standard
deviation for the low white-on-white test. Careful inspection of the raw data revealed a
progressive loss of sensitivity during the three repeats of the custom program for diabetic

10 which was attributed to fatigue.

7.3.22 Hi hite-on-whi
High white-on-white log relative mean sensitivity for each diabetic patient and the range of
normal values is shown in Figure 7.5. Two diabetic patients (14 and 21) exhibited a
reduced high white-on-white mean sensitivity but the 95% confidence limits of both

patients overlapped the age-matched normal range.

7.3.2.3. Yellow-on-yellow

Yellow-on-yellow log relative mean sensitivity for each diabetic patient and the range ot
normal values is shown in Figure 7.6. Two diabetic patients (8 and 11) exhibited a
reduced yellow-on-yellow mean sensitivity but the 95% confidence limits of both patients
overlapped the age-matched normal range. Diabetic 3 exhibited a high yeliow-on-yellow
mean sensitivity. Careful inspection of the raw data revealed a high rate (ie greater than

33%) of false-positive responses for diabetic 3.

7.3.2 4 Blue-on-vellow.

Blue-on-yellow log relative mean sensitivity for each diabetic patient and the range of
normal values is shown in Figure 7.7. The difference in the magnitude of sensitivity

between the blue-on-yellow condition and the other perimetry conditions can be
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Patient | Low white- | High white- | Yellow-on- |Blue-on- Visual Retinopathy‘
number | on-white | on-white yeliow yellow acuity
3 N N (H) (H) 6/4 |None
8 L N L N 6/6 Background
9 L N N N 6/3 Background
10 w) N N N 6/3 None
11 N N L A 6/5 Background
12 N N N A 6/5 | Pre-prolif
14 N L N N 6/4 Pre-prolit
15 N N N A 6/4 None
17 N N N A 6/5 None
21 N L N A 6/6 Background
22 N N N L 6/4 Background
Tabie 7.2. Summary of the mean sensitivity results of the diabetic patients for the

four perimetry conditions. (N; normal mean sensitivity. L; low mean.
sensitivity but the 95% confidence limits overlap the age-matched normal
range. H; high mean sensitivity but the 95% confidence limits overlap the’
age-matched normal range. W; wide standard deviation of the mean. A,
abnormal mean sensitivity). Classifications in parenthesis indicate an
artifactual reduction of sensitivity. Diabetic patients who exhibited normal
mean sensitivities for all four perimetry conditions have been omitted.
The visual acuity and retinal appearance of each diabetic patient are also
shown (None: no retinopathy. Background; background diabetic

retinopathy. Pre-prolit: pre-proliferative diabetic retinopathy).
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explained in part by the unique adaptation properties of the SWS cones (Stiles, 1959).
Five diabetic patients (11, 12, 15, 17 and 21) exhibited a reduced biue-on-yellow mean
sensitivity that was significantly lower than the age-matched normal range (p<0.05).
Another diabetic patient (22) exhibited a reduced blue-on-yellow mean sensitivity but the
95% contidence limits of this patient overlapped the age-matched normal range. Diabetic
3 exhibited a high blue-on-yellow mean sensitivity which was again attributable to a high

rate (ie greater than 33%) of false-positive responses.

The characteristics of the blue-on-yellow sensitivity loss exhibited by diabetic patients 11,
12, 15, 17 and 21 were assessed using cumulative frequency graphs (Bebié et al, 1989)

of the pointwise sensitivity values of the 13 point custom program.

Diabetic 11 was a 44 year old female and a Type |l insulin dependent diabetic of 12 years
duration (Table 7.1.). Retinal photography revealed background diabetic retinopathy
comprising dot and blot haemorrhages within approximately 5° of the fovea. She
exhibited an abnormal blue-on-yeliow mean sensitivity and a low yellow-on-yellow mean
sensitivity, whilst the results for the low white-on-White and high white-on-white
conditions were found to be within normal limits (Table 7.2.). The cumulative frequency
graph of the pointwise blue-on-yellow results of diabetic 11 is shown in Figure 7.8. A
diffuse loss of blue-on-yeliow sensitivity was exhibited. The biue-on-yellow sensitivity loss

was confirmed when the test was repeated on a second occasion (Figure 7.8.).

Diabetic 12 was a 45 year old male and a Type | insulin dependent diabetic of 17 years
duration (Table 7.1.). Retinal photography revealed pre-proliterative diabetic retinopathy
comprising cotton wool spots, nerve fibre layer haemorrhages and biot haemorrhages
within approximately 10° of the fovea. He exhibited an abnormal blue-on-yellow mean
sensitivity, whilst low white-on-white, high white-on-white and yellow-on-yellow mean
sensitivities were found to be normal (Table 7.2.). The cumulative frequency graph of the

pointwise blue-on-yellow results of diabetic 12 is shown in Figure 7.9. A diffuse loss of

blue-on-yellow sensitivity was exhibited.
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Diabetic 15 was a 52 year old male and a Type Il non-insulin dependent diabetic taking oral
hypoglycaemic drugs of 2 years duration (Table 7.1.). Retinal photography revealed no
signs of diabetic retinopathy. He exhibited an abnormal biue-on-yellow mean sensitivity,
whilst low white-on-white, high white-on-white and yellow-on-yellow mean sensitivities
were found to be normal (Table 7.2.). The cumuiative frequency graph of the pointwise
blue-on-yellow results of diabetic 15 is shown in Figure 7.10. A diffuse loss of blue-on-
yellow sensitivity was exhibited. The blue-on-yellow pointwise sensitivity improved slightly
when the test was repeated (Figure 7.10.) but blue-on-yellow mean sensitivity was still
found to be abnormal. This between-examination improvement in sensitivity can be
attributed to a residual learning effect despite the extensive training regime undertaken

prior to data collection.

Diabetic 17 was a 54 year old female and a Type | insulin dependent diabetic of 10 years
duration (Table 7.1.). Retinal photography revealed no signs of diabetic retinopathy. She
exhibited an abnormal blue-on-yeliow mean sensitivity, whilst low white-on-white, high
white-on-white and yellow-on-yellow mean sensitivities were found to be normal (Table
7.2.). The cumulative frequency graph of the pointwise blue-on-yellow results of diabetic
17 is shown in Figure 7.11. A diffuse loss of blue-on-yellow sensitivity was exhibited. The
blue-on-yellow sensitivity loss was confirmed when the test was repeated on a second

occasion (Figure 7.11.).

Diabetic 21 was a 64 year old female and a Type Il non-insulin dependent diabetic taking
oral hypoglycaemic drugs of 7 years duration (Table 7.1.). Retinal photography revealed
background diabetic retinopathy comprising exudates within approximately 5° of the
fovea and panretinal photocoagulation beyond approximately 10° eccentricity. She
exhibited an abnormal blue-on-yellow mean sensitivity and a low high white-on-white
mean sensitivity, whilst the results for the low white-on-white and yellow-on-yellow
conditions were found to be within normal limits (Table 7.2.). The cumulative frequency
graph of the pointwise blue-on-yellow results of diabetic 21 is shown in Figure 7.12. A

diffuse loss of blue-on-yellow sensitivity was exhibited.
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The analysis showed that the reduction in blue-on-yellow sensitivity was diffuse rather

than foveal which rendered a consideration of the spatial characteristics of the sensitivity

loss unnecessary.

7.4 Di ,

The greater magnitude of ocular media absorption for the diabetic patients compared to
the normal subjects is in agreement with previous studies based upon objective (Weale,
1982; van Best et al, 1985) and upon psychophysical (Lutze and Bresnick, 1991)
techniques. Indeed, it has been suggested that the estimation of ocular media absorption
may provide a measure of the long-term control of glucose metabolism in diabetic patients
(Lutze and Bresnick, 1991). The results of the current study show, however, that the
magnitude of ocular media absorption is significantly increased in all diabetic patients

irrespective of type, duration and control.

The elevated plasma glucose levels exhibited by diabetic patients have been
hypothesized to result in the nonenzymatic glycosylation of lens crystallins and
consequently to disturb the short range molecular order of the crystallins (Lutze and
Bresnick, 1991). Such a process would lead to an increase of ocular media absorption.
The increase in the sagittal width (Laurent et al, 1981; Huggert, 1953; Brown and
Hungerford, 1982; Sparrow et al, 1990) and the refractive index (Marmor, 1973; Gwimup,
1976: Bron et al, 1993) of the diabetic crystalline lens may also explain the greater
magnitude of ocular media absorption. The increase in ocular media absorption occurs at
an early stage in the time course of the diabetic condition since diabetic patients of short
duration (eg diabetic 25; 1yr duration) were found to have a significant increase in the
magnitude of this function. It could be hypothesized that the initial disturbance of glucose
metabolism results in a relatively abrupt increase in ocular media absorption which is a

profound and subsequent feature of the diabetic eye.
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The results also indicate that unless the attenuation of short wavelength light by the
ocular media is considered in the diabetic eye any evaluation of the SWS pathway would
result in an under estimation of sensitivity and consequently a loss of specificity of the

colour vision test or psychophysical procedure.

An abnormal blue-on-yellow mean sensitivity was obtained in five diabetic (11, 12, 15, 17
and 21) patients who exhibited either low or normal results for the other three perimetry
conditions (Table 7.2.). Conversely, a normal blue-on-yellow result was exhibited by three
diabetic patients (8, 9 and 14) with low mean sensitivities to one or more of the other three
perimetry conditions. These findings suggest either a limitation of the experimental
design or that blue-on-yellow perimetry provides information of visual dysfunction in
diabetic patients that is additional to and not always in agreement with that of conventional
‘perimetry. Long-term follow-up is necessary, however, to determine the significance of
SWS pathway sensitivity loss in the presence of normal white-on-white and MWS / LWS

pathway sensitivity in the diabetic eye.

Of the 5 diabetic patients with an abnormal blue-on-yeliow mean sensitivity, two patients
(15 and 17) did not exhibit retinopathy as assessed by retinal photography. in both
patients, the blue-on-yellow sensitivity loss was confirmed when the test was repeated on
a separate occasion. The findings suggest that SWS pathway sensitivity loss can occur in
the absence of retinopathic abnormalities. The lack of a relationship between the degree
of retinopathy and blue-on-yellow sensitivity is in agreement with some studies which
have assessed various visual functions (Moloney and Drury,1982; Hardy et al, 1992;
Brinchmann-Hansen et al, 1993) but is contrary to the results of other studies (Begg and
Lakowski, 1980; Bresnick et al, 1985; Adams et al, 1987a; Greenstein et al, 1990;
Brinchmann-Hansen et al, 1992b, ¢ and 1993). The interpretation of diabetic retinopathy
as a neurosensory disorder rather than a condition limited to the retinal vasculature might
‘explain the SWS pathway sensitivity loss in the absence of retinopathic abnormalities

(Bresnick, 1986; Hardy et al, 1992; Greenstein et al, 1993; Brinchmann-Hansen et al,
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1993). In addition, it is possible that microvascular abnormalities or retinal nonperfusion
were missed in some diabetic patients since fluorescein angiography is the more
appropriate procedure rather than retinal photography for the detection of early
retinopathy (Greenstein et al, 1990). Furthermore, diabetic patients taking oral
hypogiycaemic agents were inciuded in the study. These drugs may adversely influence
colour discrimination (Lyle, 1974) and this could provide an alternative explanation for the
abnormal blue-on-yellow mean sensitivity of diabetic 15 (Table 7.1) who did not exhibit

any retinopathy.

All of the diabetic patients with an abnormal biue-on-yellow mean sensitivity exhibited
visual acuities of 6/5 or better. Conversely, the diabetic patient with the poorest visual
acuity exhibited a normal mean sensitivity (diabetic 23; visual acuity 6/9) to all tour
perimetry conditions (Table 7.2.). From these limited results, visual acuity appears to be
an insensitive measure of early diabetic visual dysfunction. Such a finding is consistent
with the literature (Zwas et al, 1980; Adams, 1982; Zisman and Adams, 1982; Adams et al,

1987a; Greenstein et al, 1989a; Greenstein et al, 1990 and 1992).

Undoubtedly, learning and fatigue will have an influence on the outcome of the results.
The learning effect was minimized, however, by the training of volunteers in the
psychophysical procedureg to be employed prior to the data collection visit, whilst the
fatigue effect was minimized by allowing frequent breaks within- and between-tests. in
addition, learning and fatigue were minimized by repeating tests on a separate occasion it
a progressive change of sensitivity was suspected and by randomizing the order in which
the four perimetry conditions were presented. Furthermore, in order to determine any
systematic improvement (ie learning) or deterioration (ie fatigue) in sensitivity over the 3
repeats of the custom program for the blue-on-yellow procedure, the mean sensitivity
obtained for the first custom program was compared to that of the third custom program
for each of the diabetic patients (Figure 7.13). The difference in mean sensitivity between
the first and third custom program was within £0.20 log units for 21 of the 27 diabetic

patients. The COR for the repeatability of blue-on-yellow sensitivity was +0.30 log units.
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Fifteen patients exhibited a decrease in sensitivity between the two custom programs,
whilst 12 patients exhibited an increase in sensitivity. The data shows no obvious sign of a
systematic change in sensitivity and the effects of learning and fatigue were theretore

considered to be minimal.

The number of subjects recruited for the normal database influences the position and
spread of the 95% range of normal values. This has a major influence on the confidence
with which the result of a given diabetic can be assigned as normal or otherwise. Indeed,
the 61-70 year old normal subjects exhibited an unexpectedly high group mean blue-on-
yellow mean sensitivity (Figure 7.7). The recruitment of a larger normal database might be
anticipated to reduce the 61-70 year old group mean blue-on-yellow mean sensitivity. A

larger normal database, however, would also narrow the 85% range of normal values.

Any error introduced as a result of estimating macular pigment absorption in the diabetic
patients is minimal. The OCLI biue dichroic stimulus filter effectively reduces the influence
of macular pigment absorption by a factor of 0.66. In addition, the position of stimuli within
the custom program ensures that macular pigment absorption will only have a major
influence on the foveal stimulus (assuming eye movements are within approximately 2° of
fixation). As a result, an error in the estimation of foveal macular pigment absorption of
1.00 log unit relative to 460nm will result in an error of mean sensitivity of 0.05 log units

when utilizing the OCLI blue dichroic filter.

3 SWS I bili
The findings suggests that the SWS pathway exhibits a greater vulnerability to the effects
of the diabetic disease process. The increased vuinerability of the SWS pathway
particularly in diabetes and glaucoma has been studied previously (Hood et al, 1984;
Kalloniatis and Harwerth, 1989). Various theories have been hypothesized to explain the
increased vulnerability of the SWS pathway. The SWS cones comprise between 2%
(Walraven, 1974) to 13% (Marc and Sperling, 1977) of the total retinal cone population.

The relative scarcity of SWS cones (Bowmaker and Dartnali, 1980; Williams et al, 1981b;
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Mansfield et al, 1984) has been suggested to result in an increased susceptibility of the
SWS pathway to the eftects of disease processes (Mollon, 1982a). Hood and co-workers
(1984) argued, however, that a scarcity of SWS cones does not necessarily result in a

greater vuinerability.

Numerous studies have shown that the SWS cones are more susceptible to chemical
(Marc and Sperling, 1977; de Monasterio et al, 1981) and light (Harwerth and Sperling,
1975; Sperling et al, 1980) induced damage than either the MWS or LWS cones. In
addition, the appreciable contribution of the SWS cones to colour vision, despite their
relative scarcity, suggests a neural amplitication process unique to the SWS pathway. This
neural amplitication has been suggested to result in the greater spatial and longer
temporal summation characteristics of the SWS pathway (Mollon, 1982b) and it may be
that this mechanism is vulnerable to impairment as a result of disease (Sample et al,
1988c). Furthermore, signals from the SWS cones are confined to the B-Y colour
opponent channel, unlike signals from the MWS and LWS cones which can be carried by
the R-G and B-Y colour opponent channels and by the R+G non-opponent luminance
channel. Consequently, a disease process that selectivély eftects only colour opponent

channels will disproportionately impair SWS cone function (Mollon, 1982a).

Hood and co-workers (1984) hypothesized that SWS pathway vuinerability occurs as a
result of an innate limitation of the SWS pathway response range. A psychophysical
procedure, the "probe-flash paradigm”, was employed in conjunction with appropriately
coloured probe, flash and adapting fields to isolate the SWS and LWS pathways. The
technique confirmed that the SWS pathway had a more limited response range than the
LWS pathway. If retinal disease is assumed to decrease the response range of all
pathways equally then increment threshold measurements of the SWS pathway will be

afftected relatively more than those of the LWS pathway.

Kalloniatis and Harwerth (1989) hypothesized that the differential adaptation properties of

the three cone types explained SWS pathway vuinerability. The MWS and LWS pathways
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adapt (ie reach Weber behaviour) at lower background intensities than the SWS pathway
(Stiles, 1959; Yeh et al, 1989). If retinal disease is assumed to reduce the sensitivity of the
three cone pathways equally then this would imply that both the test and field threshold
should be elevated equally and therefore a 45° shift of the threshold-versus-intensity
curve along the Weber line would result (assuming Weber behaviour). Kalloniatis and
Harwerth (1989) predicted that the differential adaptation characteristics of the cone
pathways would result in a selective increase of the SWS pathway threshoid. indeed,
increment threshold spectral sensitivity functions derived from a series of threshoid-
versus-intensity curves of a rhesus monkey showed that both the SWS and MWS
pathways were affected equally at low adapting levels. At the high adapting levels
commonly used in clinical studies (ie 10,000 Td yellow), however, an apparent selective

loss of sensitivity of the SWS pathway was found.

The cumulative trequency graphs illustrate that the blue-on-yellow sensitivity loss
exhibited by the 5 diabetic patients with abnormal results was of a diftuse type.
interestingly, in glaucomatous eyes a predominantly localized loss of blue-on-yellow
sensitivity has been reported (Sample et al, 1993c). These findings indicate an overall
reduction of SWS pathway sensitivity and are similar to those reported by Greenstein and
co-workers (1993) who found a diffuse depression of rod sensitivity up to 30° from fixation
in a sample of 18 diabetic patients with early, or an absence of, retinopathy. A reduction in
the retinal sensitivity of diabetic patients with minimal retinopathic abnormalities has been
attributed to either hypoxia or metabolic disturbances preceeding hypoxia (Bresnick,
1986; Hardy et al, 1992; Brinchmann-Hansen et al, 1993; Greenstein et al, 1993). Both of
these mechanisms might be expected to result in a diffuse depression of retinal
sensitivity (Greenstein et al, 1993). Indeed, the sensitivity of both the rods (Macaluso et
al, 1992; Hirsch-Hoffmann and Niemeyer, 1992) and the blue cones (Schneck et al,
1991) have been suggested to be directly affected by the level of blood glucose. These
sensitivity changes are thought to vary throughout the course of a day and to be

reversible (Schneck et al, 1991).
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Ocular media absorption was found to be greater for all the diabetic patients in this study
when compared to age-matched normal subjects. Indeed, diabetic patients of one year
duration exhibited a significant increase in ocular media absorption which suggests that
this phenomenon occurs at a relatively early stage in the time course of the diabetic

condition.

Blue-on-yellow sensitivity was found to be abnormal in 5 diabetic patients with normal or
low white-on-white and MWS / LWS pathway sensitivity. Blue-on-yeliow perimetry,
therefore, provides information on the visual function of the diabetic eye that is additional
to and not always in agreement with measures of visual acuity and conventional perimetry
and with the vascular integrity detailed by retinal photography. These findings may be
explained by the interpretation of diabetic retinopathy as a neurosensory disorder that
can affect any site along the visual pathway rather than a visible condition limited to the
retina. In addition, the findings suggest a selective vulnerability of the SWS pathway to
the diabetic disease process. A diffuse depression of sensitivity was a characteristic of the
SWS pathway sensitivity loss. An overall reduction in retinal sensitivity was theretfore
indicated which can be attributed to either hypoxia or metabolic disturbances preceeding

hypoxia.
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CHAPTER 8. GENERAL SUMMARY OF RESULTS AND CONCLUSIONS AND FUTURE

WORK.

8.1. Summary of results and conclusions.

8.1.1. Physiological L _—
The magnitude of retinal sensitivity exhibited by normal subjects was different between
kinetic and static perimetry, a phenomenon termed physiological SKD. A greater
sensitivity to kinetic stimuli presented at 4° per second was exhibited by all subjects. In
general, the kinetic technique over-estimated static sensitivity by an average of 4.5dB. A
minimal variation in the magnitude of physiological SKD was found both within- and
between-subjects. Furthermore, the magnitude of physiological SKD was found to be

largely independent of subject age, stimulus size, meridian and eccentricity.

Physiological SKD is a confounding factor in the quantitative comparison of static and
kinetic perimetry. In addition, the presence of a physiological component should be
considered in any study of SKD in visual pathway abnormality. That is, to document a
disease related disturbance of SKD in a given individual, the magnitude of the abnormal
SKD must fall outside the 95% confidence limits of physiological SKD. Furthermore,
identical conditions must bg employed for any comparison of static and kinetic sensitivity

to be valid.

The hypothesis of successive lateral spatial summation as the underlying mechanism of
physiological SKD (Greve, 1973) was questioned since the magnitude of this function
was found to be independent of variation in stimulus size. This finding does not
necessarily exclude successive lateral spatial summation as one of a number of
underlying mechanisms of physiological SKD. Indeed, it may indicate a saturation point in

terms of stimulus velocity and / or stimulus size at which further summation cannot occur.
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A progressive deterioration of the global indices MD and LV was found during the time
course of the G1X program with the Octopus 1-2-3 both for normal subjects and for ocular
hypertensive patients. The deterioration of MD was greater for the inferior hemifield and
for the peripheral annulus, whilst that of LV was greater for the superior and nasal
hemitields and for the peripheral annulus. in addition, a greater deterioration of SF for the
nasal hemifield was found. in general, these changes were more pronounced for phase 2
and for the second eye and with increase in age. Furthermore, the introduction ot breaks
within the examination procedure failed to overcome the deterioration of sensitivity. The
performances of the normal and ocular hypentensive groups were found to be almost

indistinguishable.

The fatigue effect can be envisaged as a progressive overall depression and a
concomitant change in the shape of the hill of vision. The results suggest a sinking,
together with a steepening, of the hill of vision. The depression was found to be more
marked in the inferior than in the superior field and more in the peripheral than in the
central annulus but similar between the nasal and the temporal fields. The change in
shape was more pronounced in the superior and nasal fields and in the peripheral
annulus. The use of fatigue as a potential provocative diagnostic test for glaucoma can be
discounted since there was a considerable overlap of results between the normal

subjects and the ocular hypertensive patients.

if the conventional algorithms are to be utilized the confidence limits for the definition of
abnormality should reflect the more pronounced effect of tatigue on the results from the
second eye and therefore be different between the two eyes. The underlying
mechanism of perimetric fatigue is unknown. The change in shape of the superior field
might be associated with a progressive upper lid ptosis. Furthermore, the greater
deterioration of sensitivity for the more peripheral visual field implicates the formation of a

stabilized retinal image, which in turn is associated with the phenomena of Ganzfeld
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blankout and / or Troxler fading. Psychological factors such as attention or vigilance may

also influence retinal sensitivity.

A 330 cdm™ yellow background was chosen to maximize SWS pathway isolation when
utilized in conjunction with a broad band blue stimulus filter for blue-on-yellow perimetry.
Despite the relatively high background luminance, however, a measurement range
comparable with that of other workers (Sample et al, 1993a; Johnson et al, 1993a and b)
was achieved. A concave mirror was positioned behind the stimulus bulb of the HFA in
order to image the source back on itself. A resultant increase in light output of 60% was

attained.

Group mean spectral sensitivity functions, derived using the 330 cdm2 yellow
background, demonstrated saturation of the mechanisms mediating the detection of
wavelengths greater than 500nm within approximately 22° eccentricity. In addition, the
SWS pathway spectral sensitivity functions varied both within- and between-subjects and
were found to exhibit peak sensitivities at wavelengths of between 440nm and 470nm.
After consideration of the conflicting requirements of the magnitude of SWS pathway
isolation and of a viable measurement range, a stimulus wavelength of 460nm was
selected for blue-on-yellow perimetry. That is, a 440nm stimulus filter would enhance
SWS pathway isolation but reduce the measurement range, whilst a 470nm stimulus fitter
would enhance the measurement range but reduce the magnitude of SWS pathway
isolation. Group mean threshold versus intensity functions derived for a 460nm
narrowband stimulus demonstrated that isolation of the SWS pathway was achieved at all

stimulus locations. The group mean magnitude of SWS pathway isolation was

approximately 1.4 log units.

The modifications made to the HFA 640 ensured adequate SWS pathway isolation, whilst

at the same time achieving a viable measurement range.
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8.1.4, Pre-receptoral absorption.

Ocular mgdia absorption exhibited an exponential increase with increase in age. Group
mean ocular media absorption relative to 410nm increased by approximately one log unit
between the ages of 20 and 80 years. In addition, a between-subject variation in ocular
media absorption of approximately 0.80 to 0.90 log units at any given age was found. The

COR for ocular media absorption relative to 410nm was found to be +0.20 log units.

Foveal macular pigment absorption exhibited no systematic trend with age. The group
mean macular pigment absorption value relative to 460nm was found to be 0.40 log units
at the fovea and negligible at 5.5° eccentricity for all four meridians. Individual macular
pigment absorption values varied between -0.01 and 0.84 log units at the fovea, whilst
those at 5.5° eccentricity varied between -0.50 to 0.70 log units. The COR for macular
pigment absorption relative to 460nm was found to be +0.28 log units at the fovea and

+0.34 iog units at 5.5° eccentricity.

The magnitude of ocular media absorption was demonstrated to reduce with increase in
stimulus wavelength. indeed, when utilizing a 460nm narrowband stimulus filter for blue-
on-yellow perimetry, the assessment of ocular media absorption in the absence of
cataract is clinically unnecessary. Furthermore, relative to a 460nm narrowband filter, the
COR value for ocular media absorption was calculated to be £0.04 log units. Therefore, by
deriving ocular media absorption relative to a longer wavelength than 410nm the reliability

of the test procedure was effectively improved.

The attenuation by the macular pigment of blue-on-yellow sensitivity extended out to
approximately 4° to 5° eccentricity. Indeed, the finding of large macular pigment
absorption values at 5.5° eccentricity in some individuals was explained by the overlap of
the size V stimulus onto areas of the retina influenced by the macular pigment and by eye
movements. Furthermore, the combined effect of macular pigment absorption and small
involuntary eye movements can be predicted to increase the magnitude of local short-

term fluctuation for blue-on-yeliow perimetry within the immediate macular region.
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The magnitude of ocular media absorption relative to 410nm for individual diabetic
patients was significantly greater than that of the age-matched normal 95% confidence
range irrespective of the type, duration and control of diabetes. Indeed, diabetic patients

of relatively short duration were found to exhibit an increase in ocular media absorption.

An abnormal blue-on-yellow sensitivity was obtained in five diabetic patients who
exhibited normal visual acuities and either a normal or a borderiine mean sensitivity both to
conventional white-on-white and MWS / LWS stimuli. In addition, two of these patients
showed no signs of retinopathy. Furthermore, the blue-on-yellow sensitivity loss was

characterized by a diffuse depression of sensitivity.

Failure to consider the attenuation of short wavelength light by the ocular media in the
diabetic eye would result in an under estimation of blue-on-yeliow sensitivity and a loss of

specificity of the technique.

The findings suggest that blue-on-yellow perimetry provides information on the visual
function of the diabetic eye that is additional to that of visual acuity, conventional
perimetry and conventional retinal photographic documentation. Furthermore, the results
indicate that the SWS pathway possesses a greater vulnerability to the diabetic disease
process than the pathways responsible for the detection of white-on-white and yellow-on-

yellow stimuli.
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The suggestions for future work result from the natural outcome of the study. That is,
more questions instinctively arise as a consequence of an increased understanding of a
subject. The suggestions also attempt to address some of the inadequacies and
inconsistencies in the literature on the topics covered in the study and of perimetry as a

whole.

The investigation of the underlying mechanisms of SKD both in normal subjects and in
patients with visual pathway abnormalities is the logical progression of this area of
research. This information should provide an insight into the processing of spatial and
temporal vision and the mechanisms of disease processes. The precise control, however,
of the temporal and spatial characteristics of stimuli and of subject variables such as
reaction time is a pre-requisite of these studies. Techniques which exclude the influence
of stimulus velocity, therefore, such as flicker perimetry or modulated sinusoidal wave
gratings, should be exploited to elucidate the distinct characteristics of spatial and
temporal sensitivity within a given individual (Plant, 1986; Plant and Wilkins, 1988; Osako
et al, 1991b). In addition, the derivation of spatiotemporal threshold surfaces at various
stimulus locations will emphasize differences of spatial and temporal sensitivity.
Furthermore, by applying these techniques to various disease processes at defined
anatomical locations along the visual pathway, it may be possible to localize the underlying

mechanisms of SKD.

> 2 Peri ic fat
The introduction of rapid test programs is a logical step for the advancement of automated
perimetry. This goal can be achieved by either developing faster thresholding algorithms
(Weber, 1991 and 1992) or by reducing the number of stimulus locations within the test
’program (de la Rosa et al, 1990 and 1992; Weber and Diestelhorst, 1992). It is important,

however, that gains in efficiency (ie time) are not at the expense of the reliability (ie
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accuracy) of the procedure. In particular, algorithms which adjust the thresholding step
size according to the slope of a given individuals frequency-of-seeing curve appear to

offer considerable gains in efficiency (Weber, 1991 and 1992).

An understanding of the mechanism of perimetric fatigue may result in the identification of
the causative factors of this phenomenon. The Troxler effect and the formation of a
stabilized retinal image have been implicated as possible factors, whilst the vigilance
decrement and the process of habituation have aiso been hypothesized as contributors
towards the fatigue effect. The development of test procedures which overcome such
causative factors would seem to offer an alternative means of combating perimetric
fatigue. Stabilized retinal images are suppressed by allowing freedom of eye movement
across a visual field of varying contrast. In addition, attempts to make the perimetric
examination enjoyable and challenging rather than tedious should counteract the

vigilance decrement and the process of habituation.

There is a pressing need to systematically examine the dependency of SWS pathway
isolation on both the spectral transmission characteristics of the stimulus filter and the
background luminance under the conditions of blue-on-yellow perimetry. That is,
threshold versus intensity functions should be derived for stimuli of various peak
wavelengths and band transmissions. This information can be used to determine stimulus
conditions for blue-on-yeliow perimetry which satisfy the conflicting requirements of SWS
pathway isolation and the dynamic range of the instrument. Subsequently, the
standardization of stimulus parameters for blue-on-yellow perimetry could then be

undertaken.

8.2.4. Pre-receptoral absorption.
The adoption of blue-on-yellow perimetry as a routine clinical test will depend not only on
a demonstrable increase in the sensitivity and specificity of the technique when

compared to conventional perimetry, but also on the ease of application of the test. In
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particular, the psychophysical procedure employed to assess ocular media absorption is
time consuming. Objective (Johnson et al, 1993c) and statistical (Sample et al, 1993c)
procedures have recently been proposed to overcome the necessity for the
psychophysical assessment of ocular media absorption. Alternatively, the results of the
current study suggest that the effects of ocular media absorption can be minimized in the
normal eye by careful consideration of the wavelength characteristics of the stimuius
employed for blue-on-yeliow perimetry. Consequently, the relationship between ocular
media absorption and stimulus wavelength should also be considered in the

standardization of the stimulus parameters for blue-on-yellow perimetry.

The psychophysical assessment of macular pigment absorption is a lengthy and a
complex procedure. The development of objective techniques for the quantification of
macular pigment absorption is necessary if blue-on-yellow perimetry is to be employed in
conjunction with macular programs such as program 10-2 of the HFA. Fundus
reflectometry (Kilbride et al, 1989) may provide an objective and rapid estimation of
macular pigment absorption. Alternatively, the influence of macular pigment absorption
can be minimized by employing stimuli at 5° eccentricity or greater from the fovea and with

spectral transmission characteristics that avoid the peak wavelength of the macular

pigment absorption spectra.

The implications of an increased ocular media absorption in diabetic patients are
uncertain. Indeed, the magnitude of ocular media absorption in a given diabetic patient
has been suggested to be a measure of the long term control of glucose metabolism
(Lutze and Bresnick, 1991). The results of the current study, however, indicate that
ocular media absorption is significantly increased at an early stage of the diabetic disease
process. Future work should examine the relationship between ocular media absorption,
duration of diabetes and long term glucose control and, in particular, relate these findings

to the reliability of the test procedure utilized to assess ocular media absorption. The
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extent to which the increased magnitude of ocular media absorption is determined by the

duration of diabetes and the control of glucose metabolism could then be evaluated.

The relevance of the SWS pathway sensitivity loss exhibited by the 5 diabetic patients
described in Chapter 7 is unknown. Long-term follow-up of these patients is necessary to
determine whether an SWS pathway sensitivity loss is indicative of future vascular
dysfunction as indicated by reductions in visual acuity and conventional white-on-white
perimetric sensitivity. In addition, future studies should employ larger numbers of normal
subjects and diabetic patients to increase the statistical power of the results. Furthermore,
fluorescein angiograms and grading of the severity and location of lesions is required to
detect the earliest vascular changes and accurately relate SWS pathway sensitivity to the

degree of retinopathy.
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