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Abstract 

A portable, low-cost perimeter that uses a head-mounted display (HMD) was 

developed. The restricted field-of-view and limited dynarnic contrast range of the 

HMD were improved by using dynamic fixation and variable stimulus sizes, 

respectively. The head-mounted perimeter (HMP) was tested with 13 subjects 

with normal visual fields and 9 patients with visual field defects. Visual field indices 

were computed and compared to the results of a standard clinical perimeter. For 

patients with visual field defects, the visual fields computed by the HMP showed 

significant increases in the mean sensitivities and reductions in the corrected loss 

variances (i.e. lower resolution). This lower resolution is due to the use of variable 

stimulus sizes by the HMP. Nevertheless, the HMP data is usekil for clinical 

diagnosis and the portable perimeter can be used in a variety of new locations 

and for different patient postures (e-g. a patient lying in bed). 
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Chapter 1 Introduction 

1.1 Perimetry 

The visual field is defined as the area that is visible to the fixating eye. The 

boundaries of the visual field, measured from the point of fixation, are 

approximately 60" superioriy, 75" inferiorly, 100" temporally, and 60" nasally 

[Anderson, 19871, as shown Figure 1 -1. 

Superior 

Temporal Nasal 

Figure 1.1 : Limits of the average normal visual field. 

Perimetry is a form of visual field testing in which an assessrnent of the visual 

function is performed by the measurement and analysis of the differential light 

sensitivity within the visual field. For each retinal point in the visual field, a 

frequency-of-seeing curve can be generated by plotting the probability of 

perception as a function of the stimulus luminance. This curve, shown in Figure 

1.2, is known as the psychometric frequency-of-seeing curve [Bebie et al, 19761. It 

can be seen from the curve that the probability of perception increases 



monotonically from -0% to -100% (not exactly 0% or 100% due to false poslive 

and false negative responses). Therefore, sufficiently dirn stimuli will not be 

perceived, while sufficiently bright stimuli will. The boundary between perceptible 

and imperceptible stimuli is not sharply defined and spans approximately 3 

decibels for trained observers [Drance and Anderson, 19851. The visual threshold 

is defined as the stimulus intensity that has a 50% probability of perception. 

Stimulus lntensity (dB) 

Figure 1.2: The psychometric frequency-of-seeing cuwe. The visual 
threshold is indicated with dashed lines. 

The visual threshold, measured in absolute darkness, is known as the absalute 

threshold. In most clinical visual field examinations, however, visual thresholds are 

measured at a mesopic or photopic levels of adaptation. These visual thresholds 

are known as differential Iight sensitivities and represent the contrast difference 



between a stimulus and background luminance, which is perceived 50% of the 

time. 

Visual perception of contrast appears to relate the ratios of light intensity rather 

than the differenœs in intensity. This statement can be understood through 

Weber's law, which states that Vie visibility or contrast of a stimulus can be 

expressed in ternis of the Weber-Fechner fraction: 

where, 

S = measure of contrast or differential Iight sensitivity calculated using Weber's 

law, 

L = stimulus luminance, and 

Lb = background luminance. 

In perimetry, the differential light sensitivity is typically expressed as an 

attenuation of the instrument's maximum stimulus intensity. In decibels (dB), the 

differential light sensitivity is proportional to ten times the logarithmic 

representation of the inverse Weber-Fechner fraction, wlh O dB representing the 

maximum stimulus intensity. Sinœ the decibel scale is relative to the maximum 

stimulus intensity, the attenuation scale is not neœssarily the same on difFerent 

perimeters. 



Point of 
Hiah Differentiai A Fi xation 
ti&t Sensnivrty 

(Low lntensity Stimuli) 

Light SensitMy 
(High lntensrty Stimuli) 

Figure 1.3: Normal hill-of-vision [Baeed on: Anderson, 19811. 

The differential light sensitivity is not unifom over the entire visual field. Under 

mesopic and photopic adaptation levels, the differential Iight sensitivity is highest 

in the foveal region and decreases with eccentficity. One graphical representation 

of the relationship between the differential light sensitivity and retinal location in 

the visual field is the three-dimensional hill-of-vision, shown in Figure 1.3. Normal 

disease-free visual fields are characterized by srnooth. slowly decreasing slopes 

in the central 30° visual field and rapidly decreasing slopes in the periphery. Note 

the physiological blindspot in the visual field, which is caused by the absence of 

visual receptors at the optic disc. where the optic nerve exits the eyeball. 

Perimetry testing is useful in the diagnosis of various ocular and neurological 

disorders. It is used for the detection and monitoring of glaucoma. which is 

characterized by peripheral loss of vision before the central vision is affected. 

Glaucoma is the second most common cause of blindness  ort tara, 19951 and 



without treatrnent, can cause ineversible destruction of neurons in the retina, and 

degeneration of the optic disc. 

1.2 Examination Strategies 

Perimetry can be performed in a number of different ways. The two most common 

methods of visual field testing are kinetic perimetry and static penmetry. 

1.2.1 Kinetic Perimetry 

In kinetic perimetry, the visual assessment is petfomed by detennining the 

location of various isopters, for preselected stimulus intensities, in the visual field. 

An isopter is the boundary of the area within which a test stimulus can be seen. 

This irnplies that al1 retinal locations on an isopter have an equivalent differential 

light sensitivity. To determine a location on the isopter for a specific intensity. a 

stimulus of that intensity level is moved radially from the perïphery toward the 

center. The location at which the patient first sees the stimulus becomes a point 

on the isopter for that intensity. Different points on the isopter are found by 

advancing the stimulus towards the center from different directions. The isopter is 

plotted by joining these points together. Plotting the isopters for different stimulus 

intensities gives a contour map of the hill-of-vision. 

A diseased or damaged visual field is detected when there is a "contraction" in the 

hill-of-vision. This occurs when part, or all, of one or more isopters is located 

closer to the center than in the case of a normal, healthy eye. 



1 2.2  Static Perimetry 

In static perimetry, the visual assessrnent is perfomed by deterrnining the 

differential light sensitivity for pre-selected stimulus locations in the visual field. 

For each test location, the differential Iight sensitivity is approached from both the 

supraliminal and subliminal directions. Perceived stimuli are indicated by the 

patient, typically with a press of a button, and are classified as "seen". If the 

patient did not acknowledge a particular stimulus within a certain period of tirne, it 

is classified as "not seen". Using the knowledge of which stimulus intensities were 

"seen" and "not seen", it is possible to zero-in on the actual differential light 

sensitivity. 

Differential light sensitivities that diHer significantly from the age-corrected values 

of a normal, healthy eye, indicate the presence of a visual field defect- These 

depressions in the hill-of-vision may appear as generalized or localized 

depressions. 

The development of automated static perimetry has eliminated the variations that 

were associated with manual perirneters (Le. the results were affected by the 

persun perfoming the examination). Currently, autornated perimetry is the 

standard method used to perform a thorough examination of a patient's visual 

field. 

1.3 Advances in Automated Static Perimetry 

During a standard autornated static perimetry test, the subject is required to 

maintain accurate central fixation and report whether Iight stimuli that appear in 



hislher peripheral vision are seen. The difficulty of maintaining accurate central 

fixation for prolonged tirne periods (typically longer than 10 minutes), and the 

a nxiety induced by making difficult decisions regarding the visibility of near- 

threshold stimuli, results in a stressful test. Sinœ the visual field assessrnent is 

dependent on patient's responses, fatigue, anxiety, or discornfort could 

compromise the reliability of the results. 

Methods of overcoming some of the shortcornings of cunent autornated static 

perimeters have been previously proposed; two of these methods are automated 

pupil perirnetry and eye rnovement perimetry. 60th of these methods use natural 

physiological responses to visible stimPi instead of manual responses from the 

patient. This shÏfts the decision-making responsibility from the patient to the 

perimeter, reducing the patient's anxiety regarding the reliability of the responses. 

1.3.1 Autornated Pupil Perimetry 

In automated pupil perimetry [Kardon et al, 19911, the pupillary Iight reflex is used 

as an indicator of whether the patient can see the light stimuli. The test is less 

stressful for patients than standard perirnetry because there is no anxiety about 

giving the right answers. It was noted in the study by Kardon et al [1991] that 

fixation loss becomes a minor problem, as patients probably do not feel the urge 

to search for the peripheral light stimuli. 

Currently, there are still major problems to overcome before automated pupil 

perimetry can be applied clinically. Under the de facto standard conditions of 

visual field testing (background luminance of 31.5 asb, 0.43" diameter stimulus 



size), there is a very Iimited dynamic range of stimulus intensities that the pupil 

can react ta. In the study by Kardon et al [1991], a background luminance that 

was 1 O times lower than the standard and a stimulus that was 16 times larger in 

area than the standard were used. Even under these conditions, the dynamic 

range of useful differential light intensities spans only 10 to 15 dB. This is 

significantly smaller than the dynamic range for standard automated perimeters (2 

30 dB). The use of larger stimulus sizes also resufts in a reduction in the 

sensitivity of the test and can prevent the detection of small scotomas [Anderson, 

1987; Bek and Lund-Andersen, 19891. Pupil penmetry has higher intra-test 

variability when compared to standard perimetry, which will cause a decrease in 

test repeatability. The coefficients of variation (standard deviation divided by the 

mean response) in pupil perimetry can reach values as high as 20%. compared to 

7% in conventional penmetry [Mills, R.P., Discussion in Kardon et al, 1991). 

Also, automated pupil penmetry has not resolved al1 of the problems that are 

associated with conventional perimetry. In addition to the requirement of accurate 

fixation, patients are required to control their blinking in pupil perimetry. Patients 

with poor concentration and alertness also have impaired pupil responses. which 

can result in an increase in the false detection of visual field defects. 

The final drawback of pupil perimetry is that it does not actually measure 

differential light sensitivities. Pupillary response is Iinearly related to the stimulus 

luminance, as seen by the retina, only within the fovea region. From center to 

periphery, there is a much steeper decrease in pupillary response than there is in 

differential light sensitivity. This creates a problem for data interpretation and 



rnakes it difficult or impossible to relate the resufts from pupil perimetry to the 

results from standard perimetry. 

1.3.2 Eye-Movement Perimetry 

In eye-movement perimetry [Hasset et al, 1996; Howes et al, 1992; Jemigan, 

1975; Kim, 1995; Kim et al, 1995; Trope et al, 19891, eye-movements serve to 

differentiate "seen" frorn "~oK-seen" stimuli. This method is relatively objective 

since it relies on the subject's natural physiological response. Even if the patient is 

not quite sure that a stimulus was perceived, the patient can move his/her eyes 

towards the perceived location, and the perirneter's eye-movement analysis 

algorithms can differentiate "seen" responses from arbitrary search patterns. 

Constant monitoring of the eye-position aiso serves to ensure stable, accurate 

fixation. Similar to the Dicon perimeters [Lewis et al, 1991 ; Li and Miils, 19921, the 

eye-movement perimeter also uses a moving fixation target, which minimize the 

requirement for prolonged accurate central fixation. 

In the study by Kim et a l  [i995], false detection of visual field defects were noted 

for retinal points near the point of fixation. This occurred because it was possible 

to detect near-central stimuli without moving the eye, so inaccurate eye- 

movements were generated in response to these stimuli. lnstructing the patients 

to exaggerate their eye-movements for near-central stimuli eliminated the false 

central defects. Currently, the main problem with eye-movement perimetry is the 

cost of the high-resolution eye-tracking equipment, which makes this perimeter 

considerably more expensive than standard perimeters. 



1.4 Head-Mounted Perimetry 

This thesis presents a low-cost, portable head-mounted perimeter (HMP), which 

offers improved cornfort and accessibility. The HMP employs a rnoving fixation 

target to reduce the requirement for prolonged accurate central fixation. In 

addition, the HMP can be easily integrated with either eye-movement or pupil- 

mediated perimetry. 

The HMP uses a head-mounted display (HMD) to present the visual stimuli, rather 

than the hemispheric perimetric bowl typically used in commercial automated 

perimeters. The use of the HMD ensures that the eye is kept in a fixed position 

relative to the display, regardless of head rnovements or changes in posture. In 

addition, the HMP is portable and can be shielded from outside illumination, 

enabling visual field assessments to be perfonned in a variety of new locations 

(e.g . clinician's waiting room, hospital bed , or patient's home). 

1.5 Thesis Objectives 

The objective of this thesis is to develop a portable, low-cost HMP and to evaluate 

the new perimeter. The new perimetry system will be tested on subjects with 

normal visual fields and patients with visual field defects. Specifically the main 

goals of the research are: 

1. To develop a low-cost HMP that provides the patient with increased freedom- 

of-motion and improves the comfort and accessibility of perimetry. This 

includes overcoming limitations with current HM0 technology (e-g. field-of-view 

and contrast ratio). 



2. To compare the repeatability and accuracy of the HMP to a standard clinical 

perimeter, the Humphrey Field Analyzer (HFA), 

3. To demonstrate the HMP's ability to perform visual field assessments in new 

locations (e-g. clinician's waiting room). 

Chapter 2 provides additional background information on perimetry and general 

considerations associated with the construction of a HMP are discussed. The 

limitations with current HMD technology are presented along with methods of 

overcoming these limitations. The prototype HMP system is also described in this 

chapter. 

In Chapter 3, spatial and temporal summation proœsses in the retina are 

investigated. lncreased stimulus size and stimulus duration were proposed as 

methods to overcome the limited dynamic contrast range of the HMDs. lnsights 

into the psychophysical and neurophysicaf processes associated with spatial and 

temporal summation are provided along with experimental results obtained from 

the HMP. 

Chapter 4 presents a study that compares visual fields computed by the HMP with 

visual fields that were cornputed by a standard clinical perimeter. 

Finally, Chapter 5 demonstrates the capacity of the HMP to be used in locations 

and conditions where it is not feasible to use standard clinical perimeters. 



Chapter 2 Head-Mounted Perimetry 

2.1 Introduction 

Existing automated perimeters, such as the Humphrey Field Analyzer (Humphrey 

Systerns, Dublin, CA) and Octopus (Interzeag AG, Schlieren, Switzedand), require 

the patient to maintain a fixed head position and steady fixation on a stationary 

target for a long time period. This can lead to patient fatigue, restlessness, and 

discomfort. In addition, dedicated facilities are required for the visual field 

examinations and some automated perimeters are not easily accessible to 

patients with special needs, such as the handicapped, bedridden, and obese. 

These shortcomings have motivated the development of a portable, low-cost 

head-mounted perimeter (HMP), which is shown in Figure 2.1. 

In the HMP, the controlling software mns on an IBM compatible personal 

computer and the fixation target and stimuli are presented to the subject on a 

head-mounted display (HMD). Patient responses to perceived stimuli are 

indicated by pressing a button on a hand-held mouse. The HMD, which replaces 

the perimetric bowl used in traditional automated perimeters, ensures that the eye 

is kept in a fixed position relative to the display, regardless of head-motion. This 

allows perimetry testing to be performed while the patient is standing, sitting, or 

lying down. The patient is also able to adjust their position during the test. Initial 

data from a study comparing visual field testing, when patients were standing, 



sitting, or in supine positions, showed no clinically significant differences in the 

visual fields [Flammer, 19931. It was also noted that most patients preferred the 

supine position. 

The HMP also has the advantage of being portable, since a laptop computer can 

be used to execute the controlling software, perform the data analysis and 

reporting. The HMD can also be constructed such that it is shieided from extemal 

illumination, enabling visual assessments to be perfomed in locations where 

traditionai perimetry would be impossible. These locations may include a 

dinician's waiting room, a hospital bed, or the patient's home. 

Figure 2.1 : Head-mounted perimeter. 

In this chapter, general issues associated with the design of a HMP will be 

discussed. The limitations of using current HMD technology in constructing a HMP 

include insufficient field-of-view and limited dynamic contrast range. These 



limitations along with methods of overcoming them will be described in this 

chapter. A description of the protoype HMP used in thesis will also be presented. 

2.2 Humphrey Field Analyzer 

The Humphrey Field Analyzer (HFA) is one of the leading automated perimeters 

in North Arnerica. The HFA II madel 750 automated perimeter (Figure 2.2) is used 

in this thesis as the gold standard for the implementation and the interpretation of 

the HMP's resutts. 

Figure 2.2: Humphrey Field Analyzer (Humphrey Systems, Dublin, CA). 

The HFA perimeter uses a white hemispheric bowl of radius 30 cm with a uniforni 

background illumination of 31.5 asb. A projection mechanism presents the light 

stimuli at points in the visual field specified by the vanous screening and threshold 

programs. which are able to test the visual field within a 60" radius. With the HFA, 



patients respond to perceived stimuli by pressing a hand-held button and the eye 

that is not being tested is occluded with an eye patch. 

The HFA conforrns to the standard Goldmann stimulus sizes, which use Roman 

numerals to denote the various sizes (Table 2.1). With the HFA, it is possible to 

Vary the stimulus size from Goldmann size I to V between tests. The stimulus 

duration is fixed at 200 ms. 

Table 2.1 : Standard Goldmann stimulus sizes 

Goldmann Stimulus diameter Stimulus area at 30 cm test distance 
notation (deg rees) (mm2) 

O 0.05 0.0625 

The maximum stimulus luminosity that the HFA can project is 10,000 asb. The 

HFA uses an attenuation scale from O to 50 dB to represent its range of stimulus 

intensities (Table 2.2). Differential Iight sensitivities, expressed in dB, can be 

calculated for the HFA using the following formula: 

S,, = 25 - 1 OIO~(S) 

where, 

SdB = differential light sensitivity, expressed in dB, and 

S = differential Iight sensitivity, calculated using Weber's law (AUL~). 



Table 2.2: Humphmy Field Analyzer stimulus attenuation scale [From, 
Humphrey Instruments Inc., 19941 

In this thesis, the HFA Full Threshold 4:2 double-staircase strategy is used to 

estimate the differential light sensitivity at each test point. The bracketing strategy 

presents an initial stimulus at a level the patient is expected to see. If seen, the 

stimulus intensity is decreased, in 4 dB steps. until the stimulus is no longer seen. 

The HFA then increases the stimulus intensity, in 2 dB steps, until the visual 

stimulus reaches an intensity were it is seen again and this intensity is recorded 

as the differential light sensitivity. If the initial stimulus was not seen, the stimulus 



intensity is increased. in 4 dB steps, until the stimulus is seen. The HFA then 

decreases the intensity, in 2 dB steps, until the visual stimulus is no longer 

perceived by the patient. The fast stimulus intensity seen by the patient is 

recognized as the differential light sensitivity for that test point. If the differential 

Iight sensitivity of a retinal point differs by more than 4 dB from the expected 

value, determined by the differential light sensitivity of neighboring test points, a 

second estimate is perfarmed. 

2.3 Field-Of-View 

The boundaries of the visual field, measured from the point of fixation, are 

approximately 60" superiorly, 75" inferiorly, 10O0 temporally, and 60" nasally 

[Anderson, 1987; Figure 1.1]. Frequently used visual field tests, however, only 

assess the differential light sensitivity of retinal points within the central 30" field 

[Krakau, 1978; Zeyen et al, 19931. 

In order to evaluate the central 30" visual field, the perirneter must be able to 

present stimuli at any location within a 30" radius from the fixation target. Using a 

central fixation target, this would require a 60" Horizontal(H) x 60" Vertical(V) 

field-of-view (FOV). Wih current technology, a HMD with such a large FOV would 

be very expensive. Low-cost commercially available HMDs have a much smaller 

FOV that typically range from 30°H x 30°V to 60°H x 45OV, which are incapable of 

testing the central 30" field. 

To overcome this limitation, non-central fixation targets can be used to double the 

effective FOV. This method of dynamic fixation is similar to the one described by 



Lewis et al [1991] and Li and Mills [1992] and is used in Dicon penmeters (San 

Diego, CA) and in eye-movement perimetry [Kim, 1995; Kim et al, 19951- An 

example of dynamic fixation, with a HM0 that has a FOV of 60°H x 30°V, is shown 

Figure 2.3. By placing the fixation target at the top of the screen, retinal points 

located in the inferior visual field can be tested up to an eccentricity of 30" 

vertically from the fovea (Figure 2.3a). Similarly, placing the fixation target at the 

bottom of the screen enables retinal points in the superior visual field to be tested 

up to an eccentricity of 30" vertically from the fovea (Figure 2.3b). 

fixation 3 
target 

30 

Figure 2.3: Example of dynamic fixation (a) fixation target at the top of the 
screen enabling testing of the inferior 30" visual field (b) fixation target at 
the bottom of the screen enabling testing of the superior 30" visual field. 

When using dynamic fixation it is recommended that the fixation target be kept as 

central as possible since the human ocular motor system is not designed to 

sustain long eccentric fixation. Fixating on eccentric targets (greater than 20") 

results in significant fatigue [Cheng, 19891 and drift velocity also increases with 

fixation eccentricity [Cheng, 1 989; Becker and Klein, 1 973). Patient fatigue and 



fixation instabilities would result in an undesirable decrease in the repeatability 

and reliability of the visual field examination. 

Care must be taken when implementing the dynamic fixation strategy on a Rat 

display. In order to maintain a constant angular distance between the point of 

fixation and a stimulus, the relative position of the stimulus to the fixation target 

must be adjusted for different points of fixation. Given the angle of the fixation 

target relative to the center of the display, one can calculate the position of the 

stimulus relative to the fixation target, using the following algebraic forrnulae: 

where, 

ds, and ds, = stimulus distance (in pixels) from fixation target for x- and y- 

coord inates respectively, 

Osx and es, = stimulus angle (in degrees) from fixation target for x- and y- 

coordinates respectively, 

 OF^ and OF,, = fixation target angle (in degrees) from center for x- and y-coordinates 

respectively, 

d. and d, = width and height (in pixels) of the screen respectively, and 



FOVx and FOVy = angular width and height (in degrees) of the screen 

respectively. 

400 pixels 

200 pixels 
4 

dsx=85 pixels - 

400 pixels 
4 

dsx=91 pixels - 200 pixels 
\ 

4 0 

Figure 2.4: Relative positioning of stimuli for dynamic fixation (a) using 
central fixation (b) using fixation located 20" nasally. 



Figure 2.4 demonstrates an example for the calculations of the x-coordinate, using 

a Rat screen d, = 400 pixels wide, with an angular width of FOVx = 4 5 O ,  centered 

on the right eye. In Figure 2.4a, a central fixation target (OFx = 0°) is used, with a 

stimulus located O, = 10" temporally. This corresponds to a distance of dsx = 85 

pixels to the right of the fixation target and the center of the screen. In Figure 2.4b. 

the fkation target is placed OF. = -20° from the center (20° nasally). A stimulus, 

located 8, = 10° temporally from the fixation target. now has a distance of d, = 

91 pixels to the right of the fixation target. The relative position of the stimulus 

changed 6 pixels when the fixation target was moved from the center of the 

screen to a point located 20" nasally. Without compensation, the angular error in 

this example is 0.63". 

If the relative position of the stimulus is not adjusted for different fixation target 

locations on a ffat display, the stimulus may not irradiate identical retinal points for 

different fixation target locations. This would increase the test variability, 

especially if the visual stimuli are falling on retinal points along the border of a 

scotoma. 

In addition to expanding the effective FOV, dynamic fixation has many other 

benefits. Prolonged central fixation usually leads to stress and fatigue causing 

patients to look away from the central fixation target rrope et al, 19891. The use 

of multiple fixation locations allows the patient's eye to move and fixate on 

different parts of the screen, thus reducing patient eye fatigue. decreasing Troxler 

effects (local adaptation), and increasing the reliability of the examination [Lewis 

et al. 1991 ; Li and Mills, 19921. 



Wah the use of dynamic fixation, a low-cost commercially available HMD can be 

used to construct a HMP that can evaluate the central 30" visual field; this is 

diagnostically considered the most important part of the visual field [Anderson, 

1987; Krakau. 1978; Zeyen, 19931. While it is true that most peripheral visual field 

defects are associated with central visual field defects, there are peripheral visual 

field defects that are not pathologically correlated with the central 30° visual field 

[Fankhauser, 19791. For this reason. many perirneters are designed with the 

ability to test eccentricities as far as 60°. As technology progresses, HMDs with a 

Iarger FOV will become available, which would enable the HMP to test retinal 

points beyond the central 30" visual field. 

2.4 Dynamic Contrast Range 

The dynamic contrast range of a perimeter is defined as the range of difFerential 

light sensitivity that the perimeter can measure under a fixed test condition (e-g. 

background illumination and stimulus size). In order to have a large dynamic 

contrast range, the perimeter must be able to display high stimulus intensities, 

relative to the background intensity. A large contrast range is desirable because it 

increases the perimeter's ability to detect. analyze. and follow a visual field defect. 

In this section, a cornparison of the dynamic contrast range of the HFA. Goldmann 

manual perimeter, Octopus perimeter. and commercially available HMDs will be 

perfonned. It will be shown that the maximum contrast of a HMP, wnstructed with 

a low-cost H MD. is sig nificantly lower than current automated perimeten. 

Methods to increase the effective dynamic contrast range of a HMP (Le. lowering 



the background intensity, increasing the stimulus size, and increasing the stimulus 

presentaiiori tirne) will be discussed. 

2.4.1 Cornparison of Dynamic Contrast Ranges 

The rneasured differential light sensitivity is the logarithmic representation of the 

attenuation of the maximum stimulus intensity and is expressed in decibels. This 

implies that if the maximum stimulus intensity is ditTerent for two perÏrneters, their 

logarithmic scales will also difFer. In order to compare the dynamic contrast range 

of different perimeters, they must be converted to a cornmon scale. In the 

following comparisons, the dynamic contrast range of the Goldmann manual 

perimeter, Octopus automated perimeter. and the HMP will al1 be expressed 

relative to the HFA attenuation scale, which is used in this thesis as the gold 

standard. 

The HFA projects a maximum luminosity of 10,000 asb onto a 31.5 asb 

background and uses an attenuation scale of O to 50 dB to represent its range of 

stimulus intensities (Table 2.2). In the following cornparison, we are only 

concerned with the maximum contrast of the perimeter, which limits how deep 

scotomas can be measured. Sinœ human differential light sensitivities rarely 

exceed 35 dB, it is unnecessary for the perimeter to have the ability to attenuate 

the stimulus intensity beyond this level. 

The Goldmann manual perimeter was one of the most widely used perimeters 

when it was first introduced. It set the de facto test conditions used in penmetry, 

including stimulus size, background luminance, and test distance. The Goldmann 



perimeter projects a maximum luminosity of 1,000 asb ont0 a 31.6 asb 

background. which is not significantly different than the background luminance of 

the HFA. On the HFA attenuation scale, the stimulus with the highest intensity on 

the Goldmann perirneter corresponds to 10 dB. The Goldmann perimeter is able 

to attenuate its maximum projected stimulus lurninosity by 34 dB, so its dynamic 

contrast range is 10 to 44 dB on the HFA attenuation scale. 

The Octopus is an automated perimeter that projects a maximum stimulus 

luminosity of 1,000 asb ont0 a 4 asb background. Unlike the Goldmann perimeter. 

the dynarnic contrast range of the Octopus perimeter cannot be directly related to 

the HFA dB scale because it uses a significantly different background intensity. In 

order to compare the dynamic contrast range of perimeters with different 

background luminances, it is necessary to compare the visibility of the maximum 

stimulus intensity from each perimeter. 

For photopic retinal adaptation levels (background luminance greater than 100 

asb), the Weber-Fechner fraction (see Section 1 A), which is the ratio of intensity 

of the projected threshold stimulus (AL) to the background luminance (Lb), 

remains constant; consequently, so does the differential light sensitivity. However, 

if the background luminance is reduced to the mesopic or scoptic regions of 

adaptation, the Weber-Fechner fraction increases causing the differential light 

sensitivity to decrease [Barlow, 1957; Brenton and Argus, 1987; Fankhauser, 

1979; Heuer et al, 1989; Klewin and Radius, 19861. If the background luminance 

is sufficiently reduœd, the differential light sensitivity will obey the Rose-de Vries 

Iaw [Barlow, 1957; Fankhauser, 19791: 



L-L, S, =- 
& 

where, 

SRV = a measure of differential light sensitivity, using Rose-de Vries' law 

L = stimulus luminance, and 

Lb = background luminance. 

In clinical perimeters, the background luminances most commonly used are in the 

mesopic or lower photopic regions of retinal adaptation so Weber's law cannot be 

used to translate differential light sensitivities from different perimeten. The 

background luminances of these clinical perimeters, including the HFA (31 -5 asb), 

Goldmann (31.6 asb), and Octopus (4 asb) perimeten. operates in a transition 

region that is between Weber's law and Rosede Vries' law [Fankhauser. 19791. 

Traditionally in perimetry, however, the differential light sensitivity expressed in dB 

is a logarithmic representation of the inverse Weber-Fechner fraction. Hence, 

cornparisons of the dynamic contrast range are typically perfomed using Weber's 

law, which will also be done in this thesis. 

Using Weber's law, the maximum visibility constant of the Octopus is SOuOPus-ma" = 

(1 004 - 4)/4 = 250. On the HFA attenuation scale, the Octopus' maximum stimulus 

intensity corresponds to sT- = 25 - lOlog(250) = 1 dB. Since the Octopus 

can attenuate its maximum stimulus intensity up to 40 dB, it has a dynamic 

contrast range of 1 to 41 dB on the HFA attenuation scale. Translating the 

differential light sensitivities, with the Rose-de Vries law, results in a 4.48 dB shift 



of al1 the differential light sensitivities, changing the dynamic contrast range to 

5.48 to 45.58 dB. The precise maximum stimulus intensity of the Octopus lies 

between 1 dB and 5.48 dB on the HFA attenuation scale. 

The display technology used in current commercial HMDs have a low contrast 

ratio. typically below 100:l [Chalamala et al, 19981. A HMD with a contrast ratio of 

20:l has a maximum visibility constant, calculated from Weber's law, equal to 

s HMD-max = (20 - 1)/7 = 19. Therefore, the HMP has a maximum stimulus intensity 

equivalent to S r -  = 25 - lOlog(19) = 12 dB on the HFA attenuation scale. This 

maximum stimulus intensity is comparable to the Goldmann manual perimeter (10 

dB) but is much lower than the HFA (O dB). The upper bound of the HMD's 

dynamic contrast range cannot be calculated but it is relatively safe to assume 

that the HMD would be able to provide a dynamic contrast range that is close to or 

better than 12 to 35 dB. 

The above analysis demonstrates that an HMD could have a dynamic contrast 

range that is similar to the Goldmann perimeter and therefore could be used in a 

clinically useful HMP. However, the HMP still falls "short of the mark", when 

compared to other automated perimeters, such as the HFA. Also, if the 

background luminance is lower on the HMD when compared to that of the HFA, 

the effective contrast of its maximum stimulus intensity will be even lower (sirnilar 

to the arguments made for the Octopus perimeter). As technology advances and 

displays, such as virtual retinal displays [Johnston and Willey, 19951 and field- 

emission displays (C halamala, 19981, are further developed. problems associated 

with a limited dynamic contrast range can be resolved. However, with current 



HMD technology it is possible to compensate for the limited dynamic contrast 

range by changing test parameters. such as: 

1. decreasing the background illumination, 

2. increasing the stimulus size, and 

3. increasing the stimulus presentation time. 

Each of these test parameters wilr be discussed in the following sections. 

2.4.2 Background Illumination 

It is apparent from Weber's law. that utilizing a lower background illumination will 

increase a perimeter's dynamic contrast range without requiring a brighter 

stimulus. A lower background illumination will increase the contrast between the 

maximum stimulus intensity and the background. For example, the Goldmann 

perimeter and the Octopus perimeter both project a maximum stimulus luminosity 

of 1000 asb but on the Octopus the stimulus luminosity has a contrast 9 dB higher 

than the Goldmann perimeter because it uses a 4 asb background luminance 

instead of 31.6 asb (Section 2.4.1). To maximize the dynamic contrast range the 

HMP should use its minimum background illumination. However, there are clinical 

implications and tradeoffs associated with performing a visual field examination at 

a lower retinal adaptation level. 

The rnajority of clinically used perimeters have background intensities that are 

considered to be in the lower photopic or mesopic levels of adaptation. Some 

authors argue that performing perimetric tests in the mesopic or even scotopic 

adaptation range is preferred because the detectability of visual defects is best in 



these ranges [Blair, 1940; Crosswell et al, 19901. However, the proof of these 

daims seems to be lacking [Greve, 1973; Fankhauser, 19791. 

Visual field examinations are not typically perfomed under scotopic conditions 

because this level of adaptation would require special provisions to exclude Iight 

from the perimeter and the extemal environment. Prior to each examination, it is 

also necessary for the eye to be adapted to the background illumination of the 

perirnetric test. For scotopic background illuminations 30 minutes of adaptation is 

required, while only 5-1 0 minutes is needed for mesopic or photopic conditions 

[Greve, 19731. Finally, it is also difficult to monitor fixation under scotopic 

conditions [Greve, 19731. 

Mesopic background illumination is argued to have the advantage of testing both 

retinal rods and cones in an equally adaptive state [Greve, 19731 and is less 

affected by ametropia than photopic illumination [Greve, 1973; Heuer et al, 19891. 

Also, differential light sensitivities measured at higher background luminances are 

affected to a greater extent by light scattering in the eye [Heuer et al, 19871. 

The disadvantage of using a mesopic level of adaptation is that the absorbing 

effects of media opacities is greater at lower background luminances [Heuer et al, 

19881. In addition, some authors advocate the use of higher background 

intensities because it decreases the effect of pupillary constriction. These effects, 

however, have been demonstrated to be insignificant at the adaptation levels of 

interest (4 asb to 40 asb) [Fankhauser, 1979; Heuer et al, 1 9891. 

Wnh respect to test variability there are no consistent results that show an 

advantage of using different mesopic or photopic illuminations [Crosswell et al, 



1991; Greve, 19731. In the study by Crosswell et al [1991], there was little 

difference in test results when the background intensity was changed from 31.5 

asb to 3.15 asb. For lower background intensities (0.315 asb and 0.0315 asb) 

there were small increases in total, short-terrn, and long-term fluctuations. 

There are definite clinical implications of using different levels of adaptation. While 

the differential Iight sensitivity is constant under photopic levels of adaptation, 

under mesopic levels of adaptation, it decreases with lower background 

luminance [Barlow, 1957; Brenton and Argus, 1987; Fankhauser, 1979; Heuer et 

al, 1989; Klewin and Radius, 79861. The decrease in the differential light 

sensitivity also varies with eccentricity, implying that the hill-of-vision changes 

shape with background illumination [Greve, 1973; Heuer. 19891. When comparing 

the results from perimeters that use different levels of background illumination, the 

effects of local changes in the hill-of-vision are probably inconsequential at 

individual points but cannot be discounted as an average, generalized, and 

reproducible depression. 

2.4.3 Stimulus Size 

Projecting a larger stimulus area onto the retina increases the effective intensity 

perceived by the subject. In ternis of visibility, quadrupling the area of the stimulus 

is psychophysically equivalent to increasing the intensity by a factor of 3.16 

[Sloan, 19611. This effect is known as spatial summation, which will be covered in 

greater detail in the next chapter. Spatial summation allows the HMP to effectively 

extend its Iimited dynamic contrast range by increasing the size of the stimulus. 



Most current automated perimeters use the de facto standard of Goldmann 

stimulus size III (Table 2.1). set by the Goldmann manual perimeter. On the 

Goldmann scale, the area of a size IV stimulus is four times larger than the area of 

the size III stimulus. so a size IV stimulus has a psychophysically equivalent 

intensity that is 3.16 times greater than a size III stimulus. Using a size IV stimulus 

can provide another 5 dB to the effective dynamic contrast range of the HMP. The 

effective dynamic contrast range can be extended by an additional 5 dB by using 

size V stimuli. which has an area four times larger than size IV stimuli. 

Though larger stimulus sizes can be used to expand the effective dynamic 

contrast range, it is more advantageous to use smaller stimulus sizes because 

they measure the visual field with a higher resolution [Bek and Lund-Andenen, 

19891. Larger stimuli may be projected on retinal areas that include both visual 

field defects and healthy retina and are more susceptible to the effects of light 

scattering and reflections [Anderson, 19871. Therefore, large stimulus sizes will 

result in elevated visual thresholds along the borders of scotomas and may fail to 

detect smaller scotomas. 

However, there are some advantages to larger stimulus sizes. larger stimuli are 

considered to be more resistant to the effects of refractive errors and media 

opacities [Anderson, 1987; Sloan, 19611. For Goldmann stimulus sizes II and 

smaller, Sloan [1961] found a decrease in the differential light sensitivity due to 

refractive errors. A +3.00 diopter error of refraction, however, had no significant 

effect on the differential light sensitivity for stimulus sizes III and larger. 



In t e n s  of test repeatability, there is no advantage to increasing the stimulus size 

from the de facto Goldmann stimulus size III standard. In the study by Gilpin et al 

[1990], little differenœ was noted for long-terrn fluctuations and inter-individual 

fluctuations tended to be greater for stimuli larger than size III. For stimuli smaller 

than size III, however, short-terni, long-term heterogeneous, and total fluctuations 

were found to be higher. 

The choice of stimulus size is a compromise between sensitivity (whether or not 

the stimulus is small enough to detect a small scotoma) and the perimeter's 

dynamic contrast range (whether or not the patient can see the stimulus within the 

given range of intensities). Typically, the Goldmann stimulus size III is used as a 

compromise. It is a routine practice in some offices, however, to discontinue 

testing with stimulus size III and restart the evaluation with size V if visual stimuli 

are not seen over a large area of the test field [Fankhauser, 1979; Wlensky et al, 

1 9861. 

Sirnilarly, the optimal method to extend the effective dynamic contrast range of the 

HMP is to use the standard size III stimulus, whenever possible, and then 

progressively increase the stimulus size for regions in the field where a stimulus 

size III fails to elicit a "seen" response from the patient. This method of 

dynamically increasing the stimulus size maximizes the perimeter's sensitivity. 

The use of different stimulus sires, during the visual field examination, creates a 

problem with data interpretation. When various sizes are used in a single 

examination, the differential light sensitivity of the stimuli will depend upon spatial 

summation. Spatial summation varies with eccentricity [Greve, f 973; Sloan, 



19611, dark adaptation [Greve, 1973; Sharpe et al, 19931 and with visual field 

defects Wilson, 1967]. Along with the fact that there are significant inter-individual 

variation in spatial summation wlson, 1967, this will result in high inter-test and 

inter-individual variations. The lack of widely accepted "normal" ditferential light 

sensitivity values for the larger stimulus sizes will cause difficulties in interpreting 

the results. 

2.4.4 Stimulus Duration 

By virtue of temporal summation, a stimulus with a long presentation time is more 

visible than a stimulus with a short presentation time. For example, a stimulus with 

a 100 ms duration will result in a higher differential light sensitivity than a stimulus 

with a 10 ms duration. Using a longer stimulus duration is another method of 

extending the effective dynamic contrast range of the HMP. 

Bloch's law [Bloch, 18851 describes the fact that intensity and duration can be 

traded to keep detectability constant (see Section 3.2.1). This relationship only 

holds below a critical stimulus duration, which is around 100 ms [Saunders. 1975; 

Sharpe et al, 1993; Zacks, 19701. For longer presentation times, the visibility of 

the stimulus increases only slightly, if at all. Perimeters generally use a stimulus 

duration longer than the critical duration to minimize the effects of temporal 

summation, which has high inter-individual variability [Greve, 1973; Wilson, 19671. 

The Octopus uses a 100 rns presentation time and the HFA a 200 ms 

presentation time. 



There is no advantage to short or long stimulus duration in ternis of test variability. 

Studies have suggested that stimulus duration has little or no effect on the total or 

individual components (short-terni, long-terrn, and inter-individual) of fluctuation in 

a perimetric examination [Greve, 1 973; Pennebaker et al. 1 9921. 

Shorter stimulus durations are preferred beccruse it reduces the total examination 

time. Assuming 400 stimuli presentations for a typical examination, each increase 

of 150 ms in stimulus doration increases the total examination time by 1 minute. A 

lengthy exarnination time should be avoided because it adds to the patient's 

fatigue. Subjectively, patients also found shorter presentation times more 

agreeable than longer presentation times [Greve, 19731. 

Short presentation times are also prefened to avoid saccadic movements towards 

the stimulus. If this happens, the rneasured differential light sensitivity wilf not be a 

true indication of the actual d-Herential light sensitivity at the test point. The latent 

period for eye movements is in the order of 100 to 300 ms @A/estheimer, 1954; 

Abel et al, 19831. 

During a perimetric exarnination, the eye is not absolutely stable. In a study of 12 

healthy young subjects, an average shift in eye position between 1 minute 

intervals ranged from 0.41" to 2.1 Io and the average standard deviation of eye 

position of each interval ranged from 0.56" to 2-55" [Eizenman et al, 19921. Since 

the movements are relatively small, we expect change in the dÏfFerential light 

sensitivity thresholds only along the borden of scotomas. The movement of the 

stimulus over the retina, however, will cause the stimulus to irradiate a larger 

retina area, resulting in spatial summation. Therefore, longer presentation times 



will exhibit the same behaviour as large stimuli, including decreased resolution 

and increased variability (see Section 2.4.3). If the stimulus duration is kept short 

enough to keep the eye movements within an area in which complete spatial 

summation occurs, the movement will have no influence on the measured 

differential Iight sensitivity [Greve, 19731. 

The above discussion suggests that to increase the stimulus presentation time as 

a method of extending the effective dynamic contrast range of the HMP is not 

recommended. A considerable increase in presentation time is required for a 

significant gain in the dynamic contrast range. Also, if an increased stimulus sire 

is already being used to increase the dynamic contrast range. the extent of 

temporal sumrnation is further reduced, requiring even longer presentation times. 

The small increase in dynamic contrast range is outweighed by the disadvantages 

associated with significantly longer presentation times. The charactefistics of 

temporal summation are confinned experimentally (see Chapter 3). 

2.5 lmplementation of a Head-Mounted Perimeter 

A block diagram of the HMP system is shown in Figure 2.5. The HMP uses an 

IBM compatible personal computer (minimum system requirement: IBM 386) to 

run the perirneter's controlling software. The controlling software was written in 

Borland C++, with a Microsoft Windows user interface. The HMP software 

displays the fixation target and stimuli on a HMD, interprets the patient's 

responses to perceived stimuli (pressing a button on a hand-held mouse), and 

estimates the differential light sensitivity at each test point. 



The HMD selected for the HMP prototype system was the CyberEye CEZOO-W, 

from the General Reality Company (San Jose, CA). The CE200-W uses dual 

active matrix liquid crystal dîsplays that interfaces with a computer by passively 

splitting the VGA signal from the computer monitor. Each display has a 45OH x 

34W FOV and a maximum 15.25:1 contrast ratio, with a 3.71 asb minimum 

background luminance (measured with a Pritchard photometer). The eye that is 

not being tested is ocduded from its display by a lens cap. 
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Figure 2.5 Block diagam of headmounted perimeter system. 

The CEPOO-W has a limited FOV and dynamic contrast range when compared to 

the HFA. Details concerning the implementation of dynamic fixation targets and 

larger stimulus sizes, to overcome these limitations, will be presented. A section 

describing the controlling software and the differential light sensitivity bracketing 

algorithm is also included. 



2.5.1 Head-Mounted Perimetrer Field-Of-View and Dynamic 
Fixation Targets 

To evaluate the performance of the HMP, we have used the standard 24-2 visual 

field assessment. The 24-2 test pattern is composed of a grid of 54 points, evenly 

spaced 6 O  apart, offset 3 O  both horizontally and vertically from the center (Figure 

2.6). Using a central fixation target, a 54OH x 42V FOV would be required to 

evaluate this visuaf field, which is larger than the CEPOO-W 45OH x 34OV FOV. 

Dynarnic fixation techniques (Section 2-31, were used to expand the effective FOV 

of the HMD. 

Figure 2.6: Central 24-2 threshold test pattern for the nght eye (white circles 
indicate retinal points, which undergo double determinations to monitor 
short-term fluctuations). 

In the prototype implementation of the HMP, fixation positions are kept within a 

I O 0  radius from the center of the screen. This expands the effective FOV to 65OH 



x 54V, which is more than sufficient to perfon a 24-2 visual field assessment. In 

the current implementation of dynamic fixation, 10 randomly chosen visual stimuli 

are presented for a given location of the fixation target. The fixation target is then 

moved to a new randomly chosen position for another I O  visual stimuli and the 

process is continued for the duration of the test. The fixation target is moved 

srnoothly at a rate of I O 0  per second. After the target has stopped moving, a 

latency of one second is provided before the next stimulus is presented to allow 

the patient to establish a stable fixation on the new target location. Fixation tracks, 

similar to mouse tracks, are provided when the fixation target is in motion to 

facilitate tracking of the target. 

The colour of the fixation target was selected to be red because under mesopic 

and photopic adaptation levels the retina retains its greatest sensitivity in the 

central visual field for this colour preve, 19731. In addition, this colour allows the 

fixation target to be easily differentiated from the background. The fixation target 

has a size equivalent to a Goldmann size III stimulus (0.43O diameter), which is 

smaller than the average standard deviation of eye position. for an eye fixating on 

a stationary target [Eizenman et al, 19921. 

2.5.2 Head-Mounted Perimeter Dynamic Contrast Range 

To maximize the dynamic contrast range the minimum background luminanœ was 

used (3.71 asb). While this is much lower than the background luminanœ used by 

the HFA (31.5 asb), it is comparable the background luminance of the Octopus (4 

asb) and it is still in the mesopic or lower photopic regions of adaptation. The HMP 



also uses a fixed 200 ms stimulus presentation time, which is equivalent to the 

HFA stimulus duration. 

f he dynamic contrast range of the HMP c m  be compared to the HFA attenuation 

scale using Weber's law (see Section 2.4.1). The maximum sensitivity constant, 

calculated using Weber's law, is s ~ ~ ~ ~ ~ ~ ~ "  = (15.25 - 1)ll = 14.25. so the 

CEZww"" = 25 - 1010g(14.25) = 14 dB maximum stimulus intensity is equivalent to S,, 

on the HFA attenuation scale. 

The CE200-W dynamic contrast range can be increased by dynamically 

increasing the stimulus size (see Section 2.4.3). A Goldmann size III stimulus can 

be used to present stimulus intensities lower or equal to the 14 dB stimulus. If the 

size III stimulus cannot elicit a "seen" response from the subject, the size is 

progressively increased to a maximum Goldmann size V stimulus. Using the 

larger stimulus sizes increases the dynamic contrast range by 10 dB, giving the 

HMP an effective maximum stimulus intensity of 4 dB, which is 6 dB greater than 

the Goldmann manual perimeter. 

In the HMP, the stimulus intensity is adjusted by changing the VGA palette, which 

limits the extent and precision the HMD is able to attenuate the maximum stimulus 

intensity. In the VGA graphics mode, different colours are created by mixing 

different levels of red, green, and blue, with each wlour having 64 levels. Stimuli 

are coloured gray by mixing equal levels of red, green, and blue, so stimulus 

intensities are quantized to 64 levels of intensities (Figure 2.7). The HMP is able 

to attenuate its maximum stimulus intensity by 25 dB, giving it an effective 



dynamic contrast range of 4 to 39 dB (25 dB + 10 dB due to the change in 

stimulus size). 
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Figure 2.7: CEZOO-W stimulus intensity versus VGA grey level. 
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Figure 2.8: Quantization error (HMP ideal and actual stimulus intensities). 



The quantization of stimulus intensities results in an error between the ideai 

stimulus intensity and the actual intensity used by the HMP (Figure 2.8). This 

quantization error is negligible for high stimulus intensities but becomes significant 

for lower stimulus intensities. Due to this limited resolution, the differential Iight 

sensitivity thresholds, 34 dB and above, use stimulus intensities more than once 

(e.g. the stimulus intensity for 34 and 35 dB are the same). However, considering 

that the total variability of perimetric examinations is typically 1 to 3 dB [Flammer 

et al, 1984; Stewart and Hunt, 1993; Wilensky and Joondeph, 19841 and that 

differential light sensitivities are rareiy above 35 dB, this quantization error does 

not have a significant effect on the perirnetry test. 

2.5.3 Control Software and Threshold Bracketing Algorithm 

The control software is responsible for choosing the appropriate stimuli, to present 

the stimuli to the subject, and to determine the differential Iight sensitivity for the 

various test points. The pseudocode for the HMP control software is shown below: 

1. loop (until differential light sensitivity for al1 test points have 

been determinedl 

2. if (10 stimuli presented for current fixation location) or 

(no stimulus can be presented for current fixation location) 

3. move-fixation-target0; 

4. end if 

5. stimulus = get - new-stimulus ( ) ; 

6. display-stimulus (stimulus) ; 

7. stimulus-seen = FALSE; 

8. reset response-tinter; 



9. loop (until response-timer expires) 

10. if (mouse button pressed) 

11. stimulus-seen = T'RUE; 

12. end if 

13. end loop 

14. adjust~stimulus~intensity(stimuIus, stimulus-seen); 

15. end ioop 

Lines 2 to 4 of the pseudocode is the implementation of the dynamic fixation 

targets. The fixation target is moved to a new, randomly chosen location after ten 

stimuli have been presented or if there does not exists a stimulus that can be 

displayed relative to the current location of the fixation target and whose 

differential light sensitivity has yet to be detemined. 

The software chooses the next stimulus by creating an array of stimuli, whose 

differential light sensitivities have yet to be detemined and can be displayed 

relative to the current fixation location. After the array has been constructed, the 

software randomly chooses the next stimulus from the array. Randomization of 

the stimulus presentation effectively removes the ability of the subject to predict 

where the next stimulus will appear. When the fixation target is at a non-central 

location, stimuli, which could not be presented with a central fixation target, are 

treated preferentially by being put in the array twice, thus, increasing their 

probability of being presented. 

When the stimulus has been chosen, the effective intensity associated with the 

stimulus is translated to an appropriate stimulus size and intensity to be displayed 

on the HMD. The software then waits for the subject to respond to the stimulus by 



pressing a button on a hand-held mouse, which is interpreted as a "seen" 

stimulus, or for the response timer to elapse, which is interpreted as a "missed" 

stimulus. The duration of the response timer must be long enough for the patient 

to acknowledge perceived stimuli but should be kept as short as possible to 

minirnize the total test time. A one-second response time was selected as the 

default for the HMP. If the subject has a slow reaction time, however, the 

response time can be easily increased through the HMP's user interface. 

Once the stimulus is classified as "seen" or "missed" the controlling software is 

able to use this information as feedback to adjust the stimulus intensity to 

determine the differential light sensitivity of the test points. The HMP uses a 4:2 

bracketing algorithrn that is similar to that used by the HFA. The pseudocode for 

the 4:2 bracketing algorithm, which is used in the HMP is shown below: 

1. if (stimulus "seen") 

2. loop (until stimulus "missed" twice) 

3. stimulus-intensity = stimulus-intensity - 4 dB; 

4. end loop 

5. loop (until stimulus "seen") 

6. stimulus-intensity = stimulus-intensity + 2 dB; 

7. end Loop 

8. visual-threshold = stimulus-intensity; 

9. else 

10. loop (until stimulus "seen" twice) 

Il. stimulus-intensity = stimulus - intensity + 4 dB; 

12. end loop 

13. loop (until stimulus llrnissed") 



1 4 .  stimulus-intensity = stimulus-intensity - 2 àB; 

15.  end loop 

16. visual-threshold = stimulus-intensicy + 2 dB; 

17. end  if 

In the HMP's bracketing algorithrn, the initial stimulus intensity, for each test point, 

is chosen to be at a level that the patient is expected to see. If the patient 

acknowledges the initial stimulus intensity, the bracketing algorithm decreases the 

intensity by a 4 dB step size untii the patient misses the stimulus twice. The 

stimulus must be missed twice to ensure that the patient did not miss the stimulus 

due to inattentiveness or blinking. The intenstty is then increased by a 2 dB step 

size until the patient acknowledges that the stimulus is "seen" again. The intensdy 

of this "seen" visual stimulus is recorded as the differential Iight sensitivity. If the 

patient fails to respond to the initial stimulus intensity, the bracketing algorithm 

increases the intensity by a 4 dB step size until the patient acknowledges the 

stimulus twice. The stimulus must be "seen" twice to ensure that the patient did 

not acknowledge the perception of the visual stimuli as a random or accidental 

response. The intensity is then decreased by a 2 dB step size until the patient 

misses the stimulus again and the last "seen" intensity is recorded as the 

differential light sensitivity. To increase reliability, the bracketing algorithm checks 

to ensure that the "missed" and "seen" intensities are within 6 dB of each other. If 

they are not within 6 dB of each other, the bracketing algorithm re-estimates the 

differential light sensitivity. 



Chapter 3 Spatial and Temporal Summation 

Spatial and temporal summation are the expressions used to indicate the 

phenornena of increased visibility of a stimulus that results from an increase in the 

stimulus size and presentation time, respectively. In Chapter 2, the use of larger 

stimuli and stimuli with longer presentation times were discussed as rnethods of 

overcoming the limited dynamic contrast range of the HMP. This chapter 

discusses the psychophysical and neurophysical characteristics of spatial and 

temporal summation. Experiments to quantify spatial and temporal summation 

were perfomed on the HMP and the results are presented in this chapter. 

3.1 Spatial Summation 

3.1.1 Laws of Spatial Summation 

A reciprocal relationship exists between the differential light sensitivity and the 

size of a stimulus. This relationship can be described by the equation: 

where, 

AL = differential luminance (stimulus intensity - background intensity). 

A = area of the stimulus, 

k = coefficient of spatial summation, and 



C = constant. 

The coefficient of spatial summation k indicates the extent of spatial summation 

and has a value between O and 1. When k has a value of 1, spatial summation is 

complete. which means the dÏfferential light sensitivity decreases proportionately 

with increasing stimulus area (recall that the differential light sensitivity is inversely 

proportional to the differential luminance). When k has a value of O, there is no 

spatial surnmation and the differential Iight sensitivity is independent of the 

stimulus size. Partial summation occurs for ail other values of k between O and 1. 

A variety of specific laws have been suggested for spatial summation including: 

Pieron's law (k = 0.3), Piper's law (k = 0.5), Goldmann's approximation (k = 0.8), 

and Ricco's law (k = 1) [Baumgardt, 1959, Greve, 1973, Sloan, 19611. However, it 

is generally accepted that the coefficient of spatial sumrnation k changes 

continuously as a function of the stimulus parameters (e-g. stimulus size, 

eccentricity). 

Spatial summation is known to increase with increasing eccentricity [Sloan, 1961]. 

decreasing background luminance [Barlow, 1958, Greve, 1973, Sharpe, L.T. et al, 

1 9911, decreasing size [Barlow, 1958, Sloan, 19611, and decreasing presentation 

time [Barlow, 1958, Sharpe, L.T. et al, 19911. Studies have shown that reduced 

spatial summation is associated with age [Latham et al, 1994, Owsley and 

Sekuler, 19821. Wilson [1967) reported that spatial surnmation was found to be 

altered in regions of visual field defects, with spatial summation increasing in 

areas with decreasing differential light sensitivity. Studies have also shown a large 



inter-individual variation in the coefficient of spatial summation [Dannheim. F. and 

Drance, S.M., 1971, Greve, 1973. Wilson, 19671. 

3.1.2 Physiological Explanation of Spatial Summation 

Psychophysical experiments measure an overall response of spatial summation 

but do not differentiate between the various parts of the visual system. such as the 

retina, lateral geniculate body, or higher order functions in the cortex. 

Neurophysiological studies, however. have dernonstrated some of the 

fundamental principles of retinal receptive fields and their importance in spatial 

summation. 

A retinal receptive field is the portion of the retina which. when stimulated by light. 

affects the activity of a particular nerve. The retinal receptive field can be that of a 

ganglion cell, a cell of the lateral geniculate body, or of a cortical cell. 

(a) (b) 

Figure 3.1 : Retinal receptive field (a) oncenter (b) off-centei. 

There are two main types of receptive fields for a ganglion cell or a neuron of the 

lateral geniculate body. These receptive fields are usually round and are 

cornposed of excitatory and inhibitory responses. The first type has an "on-center 

field" and an "off-surround field", which means it is excited when the center of the 

receptive field is stimulated and inhibited when the periphery of the receptive field 



is stimulated. The second type has an "off-center field" and an "on-surround field", 

which means it is inhibited when the center of receptive field is stimulated and 

excited when the periphery of the receptive field is stimulated. These types of 

retinal receptive fields are known as on-center fields and off-center fields 

respectively and are shown in Figure 3.1. 

Figure 3.2 demonstrates how the firing-rate of a ganglion cell, with an on-center 

receptive field. changes when stimufated with different patterns of light. Receptive 

fields in the cerebral cortex are more cornplex, regrouping neural information from 

the lateral geniculate body such that lines, contours, and their orientation form the 

most important factors that affects neural activity. 

'a' 0 I 

ic) @ - 

stimulation T stimulation 
on off T 

Figure 3.2: Changes in on-center ganglion cell membrane potential for (a) 
center stimulation (b) surround stimulation (c) center and surround 
stimulation. 

The phenomena of spatial summation can be partially explained through the 

receptive fields of ganglion cells. Ganglion cells integrate or collect together al1 the 

light falling in the excitatory pam of their receptive fields. Their response to light is 



complicated by the fact that parts of the reœptive field are inhibited by Iight. 

However, with brief flashes of light, the inhibition effect is less pronounced 

[Barlow, 1957. In the explanation of spatial summation [Barlow, 1964], the 

problem is sirnplified by only considering the size of the integration area a and the 

size of the retinal area illuminated by the stimulus A. When a > A, a single 

ganglion cell is able to integrate al1 the light from the stimulus. The response of the 

ganglion cell is dependent only on the total luminous flux, which is consistent with 

the experimental results frorn Hartline [1940]. Therefore, under these conditions 

total summation occurs and Ricco's law (k = 1) applies. When a < A, no single 

ganglion cell receives al1 the Iight from the stimulus. Integration at a higher level, 

such as the lateral geniculate body or cerebral cortex. is required to make a 

discrimination for the entire stimulus. Under these conditions partial spatial 

summation occun (k < 1). The decrease in spatial summation may be a result of 

laterai inhibition [Gouras, 1967, Hartline, 1938, Hartline, 1940, Martinez, 19761 or 

the physical limits of visual discrimination [Barlow, 19641. 

Spatial summation is known to increase with increasing eccentricity of the visual 

field, decreasing background intensity, and decreasing presentation time. The 

area of ganglion receptive fields increases with eccentricity, with a diameter 

varying between 2 prn in the fovea region to around 1 mm in the periphery [Fox, 

1996, Greve, 19731. The size of the ganglion receptive field is correlated with the 

extent of spatial summation. 

The magnitude of the inhibitory response of a receptive field decreases with dark 

adaptation [Barlow et al, 1957, Gouras, l967, Greve, 1973. Hartline, 19381. This 



will increase the effective size of the excitatory region of the receptive field, 

resulting in increased spatial summation for decreased background illumination. 

The decrease in spatial summation for stimuli with long presentation times can be 

explained by latency in the development of inhibitory regions of the receptive 

fields [Greve, 1973, Hartline, 1938, Martinez, 19761. This latency decreases the 

effective size of the excitatory regions of the receptive fields for stimuli with longer 

presentation times when compared to stimuli with shorter presentation times. 

3.2 Temporal Summation 

3.2.1 Laws of Temporal Summation 

A reciprocal relationship exists between the difterential light sensitivity and the 

presentation time of a stimulus. This relationship is sirnilar to the spatial 

sumrnation relationship (Section 3.1.1). Temporal summation can be expressed 

as: 

where, 

AL = differential luminance (stimulus intensity - background intensity). 

t = presentation time of the stimulus, 

K = coefficient of temporal summation, and 

C = constant. 



There are s vanety of laws that describe temporal sumrnation including: Pieron's 

law (K = 0.5) and Bloch's law or Bunsen-Rosecoe law (K = 1) [Baumgardt, 1959. 

Greve, 19731. It is generally agreed that the coefficient of temporal summation, K, 

varies continuously wiai changing stimulus parameters rather than in discrete 

steps. 

Complete temporal summation occurs for presentation times below what is known 

as the critical duration, which is approximately fûû ms [Saunders, 1975. Sharpe et 

al, 1993, Zacks, 19701. If the stimulus presentation time is increased beyond the 

critical duration, there is a phase of partial summation, followed by a phase in 

which an increase of presentation time does not increase detection. Temporal 

sumrnation is known to decrease with increasing stimulus area [Barlow, 1958, 

Saunden 19751 and increasing background intensity [Barlow, 1958, Daly and 

Normann, i 985, Saunders 19751. Temporal summation is increased with 

eccentricity but the differences are rnuch smaller than in the case of spatial 

sumrnation [Greve, 19731. Wilson [1967] found that temporal summation was 

greater in areas of the visual field that were impaired as a result of damage to the 

post-geniculate visual pathways (optic radiation, with or without accompanying 

striate cortex damage). Temporal summation, however, was found to be unaltered 

in areas of the visual field that were impaired as a result of damage to pre- 

geniculate visual pathways (retina, optic nerve, optic chiasma, or optic tract). 

Greve [1973] and Wilson [1967] found significant inter-individual variability in the 

coefficient of temporal summation. 



3.2.2 Physiological Explanation of Temporal Summation 

Studies have suggested that the main determinant of temporal summation are the 

characteristics of the photoreceptors in the visual system [Hartline, 1928, Hood 

and Grover, 19741. 

Photoreceptors contain photosensitive molecules in their outer segment, called 

photopigments. Each photopigment contains a group of integral proteins, 

collectively known as opsin, which surrounds and binds retinal, a chromophore 

molecule. which is a variant of vitamin A. Opsin fibrs the light causing different 

photopigments to be sensitive to d-fierent wavelengths of Iight. Retinal is the Iight- 

sensitive part of the photopigment. which disassociates from opsin when light is 

absorbed. This reaction. known as the bleaching reaction. initiates a change in the 

permeability of ions in the photoreceptors, which results in electrical changes in 

the cells. The magnitude of the resulting eledrical response is detemined by the 

amount of photochernical change. 

The change in electrical potential. in response to the onset of illumination, is 

typically composed of two waves, an A-wave and a 6-wave [Hartline, 1927). as 

shown in Figure 3.3. The A-wave is a rapid rise in potential, with a short latent 

period of around 10 to 20 ms, reaching its maximum in 80 to 120 ms. The A-wave 

recedes, after reaching its maximum, and is intemipted by a second rise, the 8- 

wave. The B-wave rapidly reaches its maximum value and maintains a i s  level as 

long as the intensity of the illumination is unchanged. 



Figure 3.3: Example of the electrical response of the retina to light [Based 
on: Hartline, 19281. 

Hartline [1928] explains the phenornena of temporal summation by assuming that 

the chain of processes, which ultirnately result in the A-wave, are set at the end of 

a sensitization period. DurÏng this sensitization period, the magnitude of the 

electrical response is detennined by the amount of photochernical change, which 

is proportional to the amount of energy received during this sensitization period 

only. Stimulus presentation times that are within the sensitization period are in the 

region of complete temporal summation. Once this chain of processes has been 

initiated, however, continued illumination does not affect the response, explaining 

why complete summation only occurs below the critical duration. 

Photoreceptor characteristics do not provide a complete explanation of temporal 

summation. This is indicated by the unaltered temporal summation for pre- 

geniculate lesions but increased temporal summation for post-geniculate lesion 

Wilson, 19671. Further indication of cortical involvement in temporal summation is 

provided by Zacks [1970], who showed that even though the detectability of 

stimuli could be kept constant by trading intensity and duration, the two 



parameters are still discriminable. No mechanisms in the visual system are known 

to explain these results. However, the results do suggest that higher order cortical 

functions contribute to the phenomena of temporal summation- 

3.3 Pilot Studies 

Several psychophysical experiments were performed to evaluate spatial and 

temporal summation on the HMP. Two male subjects, with normal visual fields, 

ages 23 (subject A) and 24 (subject B) were included in these experiments. 

The differential Iight sensitivity was measured for 3 difFerent stimulus sizes, 

Goldmann sizes 11, III, and IV, and 5 different stimulus presentation times, 50 ms, 

100 ms, 200 ms, 400 ms, and 800 ms. The differential Iight sensitivity was 

detemined, for each of the 15 combinations of stimulus size and stimulus 

duration, at 3 points in the visual field of the right eye: (-3O, -3O), (-1 5": -3"). and 

(-27", -3"). 

Each subject was tested in 9 separate sessions. In each session, the differential 

Iight sensitivity was determined 5 times, for 5 combinations of stimulus duration 

and size, at each test location. The multiple determinations reduce the effects of 

intra-test variability. The stimulus sizes were pemutated, among the 9 sessions. 

such that each of the 15 combinations of stimulus size and stimulus duration were 

tested in 3 separate sessions. The differential sensitivity of additional 15 retinal 

points, which served as distracters, were also evaluated in each session. These 

distracters simply introduced some uncertainty as to the position of the next 

stimulus. 



The differential light sensitivity were detemiined on the HMP using a 2:l 

bracketing algorithm. This bracketing algorithm is similar to the 4:2 bracketing 

algorithm (see Section 2.5.3), except that the step sizes were halved to provide 

better precision in detemining the differential Iight sensitivity thresholds. 

3.4 Results 

The measured differential light sensitivities were averaged. across al1 sessions 

and repeated determinations, for each combination of stimulus size and stimulus 

duration. Table 3.1 and Table 3.2 show the mean differential Iight sensitivity, from 

the spatial and temporal surnmation experirnents, for subjects A and B 

respectively. The mean standard deviations of the rneasured differential Iight 

sensitivities are 1 -14 dB and 1.61 dB, for subjects A and B respectively. 

As expected, there is an increase in the differential Iight sensitivity with increasing 

stimulus size, increasing stimulus duration, and decreasing eccentricity. To 

determine the extent of spatial and temporal summation the coefficients of spatial 

and temporal summation were estimated by wlculating the slope of the least 

square Iines between the differential light sensitivities, in log units, versus the log 

of the stimulus area or stimulus duration, respectively. The estimated coefficients 

of spatial summation, for the various stimulus durations and stimulus 

eccentricities, are shown in Table 3.3. The estimated coefficients of temporal 

summation, for the various stimulus sires and locations, are shown in Table 3.4. 



Table 3.1: Mean HMP differential light sensitivity + standard deviaüon (dB) 
for subject A. 

Table 3.2: Mean HMP differential light sensitivity f standard deviation (dB) 
for subject B. 

Retinal (a0, -3O) 
Location 

( - 3 O ,  - 3 O )  (-1 sO, - 3 O )  
Location ' Retins' I 

(-1 SO, -3O) 

, Stimulus 

II 111 

32.80 
k1.15 
33.40 
I 1-84 
35.07 
I 1.91 
35.27 
I 1.16 
35.93 
k1.16 

Il 

(-27O, -3O) 

Duration 
50 ms 

100 ms 

200ms 

400ms 

800ms 

Stimulus 
Size 

Stimulus \ 
Duration 
50 ms 

100ms 

200ms 

400ms 

800 ms 

IV 

35.67 
11.54 
37.13 
10.83 
37.20 
10.56 
37.40 
k0.74 
37.27 
k0.80 

29.20 
c1.37 
31.13 
I 0-74 
31.93 
+ 0.70 
32.73 
t 1.94 
32.67 
11.05 

111 IV 

31-20 
k0.56 
33.00 
+ 1.20 
33.00 
k 1-31 
33.80 
I 0.94 
33.13 
10.92 

II 

21.00 
21-69 
24.20 
k 1.42 
25.40 
+ 1.30 
26.53 
k0.99 
27-33 
t0.72 

IV 111 

26.13 
c1.25 
26.67 
+ 1-35 
29.33 
+ 0.98 
29.13 
+ 1.73 
29.80 
rt1.32 

27.53 
12.03 
31.47 
I2.56 
30.00 
k 1.93 
30.47 
21-08 
32.07 
$i 2.37 

34.93 
.. ~0.88 

36.20 
k0.94 
36.00 
i0.85 
36.60 
i 0.74 
37.00 
i0.00 

26.20 
k1.08 
28.67 
I 1-23 
29.53 
k0.92 
30.53 
k0.74 
30.33 
11-05 

II 

25.00 
k1.36 
28.87 
k1.81 
27.80 
+ 2.04 
28.20 

12.08 
29.60 
+ 2.20 

30.67 
k1.11 
31.53 
k0.83 
32.40 
k 0.63 
33.20 
I 0.94 
33.60 
21-18 

111 

31.67 
k2.23 
32.80 
11.61 
32.80 
+ 1.32 
35.00 
11.13 
34.53 
t 1.85 

111 

29.93 
k2.09 
30.47 
1 
31.13 
-c 1.06 
32.47 
k1.19 
31.93 
+ 0.88 

IV 

35-53 
11.13 
35.73 
11.44 
36.87 
t 1.55 
36.67 
21.29 
35.87 
+ 1.46 

IV 

33.87 
11.19 
34.80 
I0.68 
35.53 
+ 0.99 
35.40 
11.18 
35.53 
I 1.06 



Table 3.3: Coefficients of spatial summation. 

Table 3.4: Coefficients of temporal summation. 

Stimulus 
Size 

Subject A 

Subject A 

(-1 sO, -3O) 

Subject B 

Subject B 

(-1 sO, -3O) 

(-27O, -3') 

0.8471 
0.7308 
0.6312 
0.6035 

The results, in Table 3.3, show that the coefficient of spatial summation decreases 

with increasing stimulus duration and increases with increasing eccentricity. The 

results, in Table 3.4, show that the coefficient of temporal summation decreases 

(-27', -3') 

I 

0.8305 
0.581 3 
0.7696 
0.6533 
0.3986 

(-1 SO, -3O) 

0.7253 
0.6256 
0.5370 

, 0.5038 . 

(-3'. -3O) 

0 -6644 
0.3543 
0.5703 
0.5149 
0-31 56 

Stimulus 

(-3O, -3') 

with increasing stimulus size. A general increase 

be seen for increasing eccentricity, however, the 

(-1 SO, -3') 

0.7364 
0.4928 
O. 6422 
0.5979 
0.4928 

Duration 
50 ms 
100 ms 
200 ms 
400 ms 

in temporal summation can also 

extent that temporal summation 

OS537 1 0,4817 

0.5370 
0.4983 
0.4374 
0.3876 

800 ms 

increases with eccentricity is not as large as what was found for spatial 

summation. For Goldmann stimulus sizes III and IV, the increase in differential 

light sensitivity that results from the increase in stimulus presentation time is 

0.3820 



comparable to the variability of the visual field examination. There is also a large 

inter-subject variability in the coefficients of spatial and temporal summations. 

3.5 Discussion 

The results of the experiments with the HMP show that: 

1. spatial surnmation decreases with increasing stimulus duration, 

2. spatial summation increases with increasing eccentricity, 

3. temporal summation decreases with increasing stimulus area, 

4. temporal summation increases with increasing eccentricity, 

5. spatial and temporal summation coefficients have large inter-subject variability. 

These observations are consistent with data in the literature. As a cornparison for 

data obtained by the HMP, subject A also undenvent spatial summation 

experiments on the HFA II. Since the HFA II has a fixed 200 ms stimulus duration, 

only the stimulus size could be varied. Differential light sensitivities were 

determined for Goldmann sizes 1, 11, III, IV, and VI at the points (-3, -3), (-1 5, -3), 

and (-27, -3) in the visual field of the right eye. The HFA 4:2 bracketing algorithm 

was used to estimate the differential light sensitivities and 11 random distracter 

points were used to introduce some uncertainty as to the position of the next 

stimulus. A total of 15 tests were performed, so that the differential light sensitivity 

for each stimulus size was detemined 3 times. The mean standard deviation of 

the measured difterential light sensitivities was 1.01 dB. The mean differential light 

sensitivities from the HFA are plotted in Figure 3.4, along with the rnean 



differential light sensitivities found on the HMP, using a 200 ms stimulus duration. 

The coefficients of spatial summation k are also shown in Figure 3.4. The 

coefficients were estimated by determining the siopes of the least square line 

between the differential fight senslivities for stimulus sizes 11, III, and IV. Only 

these stimulus sizes were used to estimate the coefficients of spatial summation 

so that the results could be compared to the coefficients of spatial surnmation of 

the HMP. The coefficients of spatial summation for the HMP are also shown in 

Figure 3.4. 

Stimulus Size 

I 
1 

E 
U > 
U 
Y 

--*-- HFA(-3,-3) ! :  
! 

--a-- HFA (-15,-3) , 
I 

---A-- HFA (-27,-3) 1 ;  

HMP (-3,-3) 
4 HMP (-1 5,-3) 
* HMP (-27,-3) - 

- 
tu - 

Figure 3.4: Spatial summation cuwes for subject A from the HMP and the 
HFA. 

, -  

A two-tailed paired t-test show that there is a significant difference between the 

two systems for a 95% confidence interval (p = 0.0490). The 95% confidence 

k (siope of least square line for - c 
2 
g 20.0000 
O 

1 5.0000 

,-* 

stimulus sizes 11, 111, and IV) 

HMP HFA 
(-3,-3) 0.4374 0.4706 
(-1 5,-3) 0.5370 0.4983 
(-27,-3) 0.63 1 2 0.6644 

- 



interval is 0.4667 I 0.4640 dB and the results indicate that the HMP has slightly 

hig her differential light sensitivities- 

From Figure 3.4, it appears that the HMP produces elevated differential light 

sensitivities only in regions of high differential light sensitivity. This can be 

explained by quantization errors of the HMD, which are relatively large for high 

difTerential light sensitivities (see Section 2.5.2). 

To compensate for the quantization enor of the HMP system, differential Iight 

sensitivities that use identical visual stimulus intensities can be replaced with a 

mean differential light sensitivity. For example, if the HMP measures a differential 

light sensitivity of either 34 or 35 dB, it can be replaced with a value of 34.5 dB. 

With these changes a two-tailed paired t-test shows no significant differenœ 

between the two perimeters (95% confidence intewal, 0.4037 + 0.4572 dB). 

The coefficients of spatial summation were also very similar between the two 

systems. The mean of the differences is 0.0092, with a standard deviation of 

0.0415. Because the HMP uses a 3.71 asb background intensity, which is lower 

than the HFA's 31.5 asb background intensity luminance, it is expected that 

spatial summation would be greater on the HMP [Barlow, 1958, Greve, 1973, 

Sharpe, L.T. et al, 19911. These results indicate, however, that the difference in 

background intensities is insufficient to cause a significant change in spatial 

summation. 

Since it was not possible to Vary the stimulus duration on the HFA II, the mean 

temporal summation results were cornpared with results from Pennebaker [1992]. 



The expenments performed by Pennebaker [1992] included 20 subjects wîth 

normal visual fields and a mean age of 23.9 t 2.9 (range 17 to 32). The differential 

light sensitivity was evaluated for 30 locations spaced 8 O  apart, located up to 16" 

on either side of the horizontal midline and up to 20" on either side of the vertical 

midline. Two sessions were perfomed for each stimulus presentation time, which 

included: 65 ms, 100 ms, 200 ms, 300 ms, 400 ms, and 500 ms. A fixed stimulus 

size of Goldmann size III was used in these experiments. 

The mean differential light sensitivities, using the HMP and a Goldmann size III 

stimulus, are plotted against the various stimulus durations in Figure 3.5, along 

with the results obtained by Pennebaker [1992]. Coefficients of temporal 

summation were estimated by detemining the dope of the least square lines for 

the corresponding data, which are included in Figure 3.5. 

O Pennebaker 
0 HMP , 

15 20 25 30 

1 O*log(Stimulus Du ration (m)) 

Figure 3.5: Temporal summation curves for stimulus size III averaged 
between subject A and B and results from Pennebaker [1992]. 



Comparing the coefficients of temporal summation, the results from Pennebaker 

[1992] have a coefficient that is only 0.0268 higher than what was found on the 

HMP. It is expected that there will be a slight difference in the extent of temporal 

summation due to the different stimulus locations and background intensity used 

by the HMP and Pennebaker [1992]. The HMP has one test point in the central 

10" visual field, one test point at an eccentricity between I O 0  and 20°, and one 

test point at an eccentricity greater than 20°. In cornparison, the study in 

Pennebaker [1992] has 6 test points in the central 10" visual field, 10 test points at 

an eccentricity between 10" and 20". and 14 test points at an eccentricity greater 

than 20". The larger mean stimulus eccentricity of the Pennebaker study [1992] is 

expected to result in a larger coefficient of temporal summation. The higher 

background luminance of the HFA, used by Pennebaker [1992], is expected to 

result in a larger coefficient of temporal summation compared to the HMP. 

3.6 Conclusions 

In Chapter 2, it was demonstrated that the HMP has a limited dynamic contrast 

range. The use of larger stimulus sizes and long stimulus presentation times were 

proposed as methods of increasing the effective dynamic contrast range. 

The results of the psychophysical experiments, performed on the HMP, show 

large increases in the differential light sensitivities when the stimulus size is 

increased. However, only a small increase in the differential light sensitivity was 

obsewed with increasing stimulus presentation time. For size III stimuli, 

quadrupling the presentation time from 200 ms duration to 800 ms only resulted in 



a 1 dB increase of differential light sensitivity on the HMP. This small increase was 

expected s ine these presentation times are longer than the cntical duration for 

complete temporal summation. These observations are consistent with data found 

in the literature and suggest that dynamically increasing the stimulus size can be 

an efficient method of increasing the effective dynamic wntrast range, whereas 

increasing the stimulus presentation time is not. 



C hapter 4 Corn parison between Head-Mounted 
Perimetry and Standard Perimetry 

4.1 Introduction 

In this chapter, the HMP is evaluated in a proof-of-concept study. Visual fields 

were obtained from subjects with normal visual fields and patients with visual field 

defects. The results are cornpared with standard perimetry, using the HFA as the 

gold standard. 

4.2 Methods and Materials 

A total of 22 subjects were tested on both the HMP and HFA perimeten. Thirteen 

(13) subjects (N1 to N13, 6 males and 7 fernales, ages 22 to 66: mean 31.54. 

standard deviation 13.08) had normal visual fields. Eight (8) patients had 

glaucomatous visual fields (G1 to G8, 3 males and 5 fernales, ages 57 to 80: 

mean 69.63, standard deviation 7.35) and one patient (male, age 69) had 

quadrantanopia (Ql). resulting from a stroke. 

Each subject underwent a 24-2 visual field assessrnent on both the HMP and HFA 

perimeten. The nght eye was tested for al1 subjects. except for patient G6. For 

patient G6, the left eye was tested since there were no visual field defects present 

in her right eye. The 24-2 visual field test wnsists of 54 points in the central 30' 

visual field. spaœd 6 O  apart (see Figure 2.5). Ten fixed test points underwent 

double determinations ta monitor short-term fluctuations- Both perimeters used a 



4:2 double staircase, bracketing algorithm and a 200 ms stimulus duration. The 

HMP used its minimum 3.71 asb background luminance to maximire its dynamic 

contrast range, compared to the HFA's 31 -5 background luminance. 

As discussed in Section 2.4.2, several studies [Barlow, 1957, Brenton and Argus, 

1987. Fankhauser, 1979, Heuer el  al, 1989, Klewin and Radius, 19861 have 

dernonstrated that for the levels of background illumination, used in clinical 

autornated penmeters (mesopic levels of adaptation), the Weber fraction (AL&) 

increases with decreasing background luminance. This irnplies that the HMP's 

differential Iight sensitivity thresholds (as measured on the HFA attenuation dB 

scale) will be lower than those obtained on the HFA. In the study by Heuer et al 

[1989], a 1.0 log unit neutral density filter was used on a HFA to lower that 

effective background illumination from 31.6 asb to 3.16 asb, which is comparable 

to the HMP's background luminance. The decrease in background illumination 

resulted in an average decrease in the differential light sensitivity thresholds by 

2.33 dB. In a pilot study of subjects with normal visual fields, it was found that the 

mean differential light sensitivity obtained by the HMP (using Weber's law) were 2 

dB lower on the HMP as compared with the HFA. The consistency between these 

results and the results in Heuer et a l  [1989], suggest that the lower background 

luminance of the HMP is causing a mean offset in the differential light sensitivities. 

To cornpensate for this mean offset, 2 dB were added to al1 the differential light 

sensitivities, measured by the HMP, excluding absolute scotomas (O dB), which 

were not modified. 



Subjeds were tested in 3 sessions, with a minimum of 1 day between sessions 

(mean 7.25 days, maximum 42 days). Within each session, the 24-2 visual field 

assessment was performed on both the HMP and HFA perimeters. The order of 

the tests was randomized among the subjects but for each subject, the ordei was 

kept constant for the 3 sessions. Subjects were given a minimum of 15 minutes to 

rest, in between the two visual field assessments, to recover from any fatigue 

associated with the first assessment. The first session was considered as a 

training session and therefore the data from this session was not used in the 

analysis to ensure the influence of leaming [Heijl et al, 1989, Heijl and Bengtsson, 

19901 was kept to a minimum- 

To quantify and compare the visual fields, hnro visual field indices were calculated: 

mean sensitivity (MS) and corrected loss variance (CLV) [Flammer et al, 19851. 

The MS is the average of the measured differential Iight sensitivities, which will 

decrease in the presence of visual field defects. It is calculated with the following 

formula: 

where, 

MS = mean sensitivity, 

N = number of retinal points tested in the visual field (here, N = 52), and 

- 
x i  = mean differential light sensitivity measured at retinal point i. 



In the calculation for MS, and for the other forrnulae in this section, the 2 retinal 

points in the physiological blindspot are not included in the calculation (this 

practice is common in the clinical analysis of visual fields). 

The CLV is an index of the non-unifonnity of a visual field. The CLV increases for 

localized visual field defects and its value is close to zero for normal visual fields 

or for visual fields with a unifom depression. The CLV is calculated with the 

following formula: 

where, 

CLV = corrected loss variance, 

N = number of retinal points tested in the visual field (here, N = 52). 

- 
xi = mean differential light sensitivity measured at retinal point il 

MS = mean sensitivity, 

Zi = age-corrected normal differential light sensitivity at retinal point i, 

MSz = age-corrected mean sensitivity, 

SF = short-term fluctuation (see below), and 

R = number of repeated differential Iight sensitivity deteminations per retinal point 

(here, R = 2). 

Test variability was quantified by calculating three indices of variability: short-terni 

fluctuation (SF), long-term heterogeneous fluctuation (LF-he), and long-terrn 



homogeneous fluctuation (LF-ho) [Bebie et al. 1976, Graybill, 19611. These 

indices were calculated from the visual fields obtained in the second and third 

sessions of testing. The SF provides a measure of the intra-test variability, while 

the LF-he and LF-ho provide measures of inter-test variability. The LF-ho 

indicates variability that is correlated among al1 the test points in the visual field 

and the LF-he indicates variability that is independent from one location to another 

and is not accounted for by SF. The three components of variability are calculated 

using the following formulae: 

where, 

SF = short-terni fluctuation, 

LF-he = heterogeneous long-ten fluctuation, 

LF-ho = homogeneous long-tenn fluctuation, 

N = number of sessions (here, N = 2). 

M = number of retinal points tested (here, M = 52), 



MR = number of retinal points with multiple differential light sensitivity 

determinations (here, MR = 10). 

R = number of repeated diHerential light sensitivity deteminations per retinal point 

(here, R = 2), 

Xijk = differential light sensitivity measured in session i, retinal point j, repetition k, 

Xij- = mean differential !ight sensitivity in session i l  retinal point j, 

x*j- = mean differential light sensitivity, over al1 sessions, at retinal point j 

Xi-- = mean difFerential light sensitivity over al1 repetitions and retinal points. in 

session i, and 

x... = mean differential Iight sensitivity over al1 repetitions, retinal point, and 

sessions. 

Subjects were also asked to comparatively rank the HMP and HFA, on a relative 

scale of 1 to 5 (3 indicating the perimeters were equivalent) in terms of cornfort 

and overall preference. 

4.3 Results 

4.3.1 Differential Light Sensitivity Thresholds from Subjects with 
Normal Visual Fields 

Figure 4.1a and Figure 4.1b show the visual fields of a subject with a normal 

visual field (N6) as computed by the HMP and HFA, respectively. Values in 

brackets indicate a second determination of the differential light sensitivity for that 

particular retinal point. Note that at the physiological blindspot, the HMP measured 



an elevated differential light sensitivity. The corresponding grayscale plots for the 

HMP and HFA are shown in Figure 4 . 1 ~  and Figure 4.ld. respectively. The 

differences in the differential light sensitivities between the HMP and HFA are 

shown in figure 4.2a. 

Figure 4.1: Results from session 3 for subject N6: (a) HMP (b) HFA (c) HMP 
grayscale plot (d) HFA grayscale plot 

For this subject, 88.89% (48 of 54) of the differential light sensitivities. measured 

by the HMP. are within 4 dB of the differential light sensitivities measured by the 

HFA. Figure 4.2b shows the differences in the differential light sensitivities 



between session 2 and session 3, both measured by the HFA. Figure 4.2b 

provides us with an idea of how inter-test variability contributes to the differences 

in the visual fields. ln this case. 92.59% (50 of 54) of the differential light 

sensitivities are within 4 dB of each other. 

(a) Difference 
(HMP3 - HFA3) 

(b) Difference 
(HFA2 - HFA3) 

Figure 4.2: Differences in differential light sensitivities for subject N6: (a) 
HMP session 3 - HFA session 3 (b) HFA session 2 - HFA session 3. 

The differences in the differential light sensitivities between the two perirneters 

(data from the third session) were calculated for each retinal point and divided into 

three categories: a) differences between O and 4 dB; b) differences between 5 and 

10 dB; c) differences greater than I O  dB. Table 4.1 shows a summary of these 

differences for normal subjects. A total of 83.05% of the dlfferential light 

sensitivities were in the first group (O to 4 dB), 16.24% were in the second group 

(5 to 10 dB), and 0.71% were in the last group (greater than 10 dB). For 

cornparison, the differences between the second and third session for the HFA 

were also calculated and the results are included in Table 4.1. For the HFA, a total 



of 92.88% of the dîfferential light sensitivities were in the first group, 6.84% were 

in the second group, and 0.28% were in the last group. A histogram of the 

differences in differential Iight sensitivities between the HMP and HFA, for al1 13 

normal subjects, is shown in Figure 4.3a. The average of the dinerenœs between 

the perimeters is -0.14 dB, with a standard deviation of 3.38 dB. Figure 4.3b 

shows the histogram of the differenœs in differential light sensitivities between the 

second and third session, measured by the HFA, For the 13 normal subjects, the 

average of the differences between the two sessions is -0.43 dB, with a standard 

deviation of 2.46 dB. 

Table 4.1: Differences in differential light sensitivities between HMP and 
HFA for 13 normal subjects (as a percentage of total points). 
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Figure 4.3: Histogram of the differences in differential light sensitivities for 
13 normal subjects (a) between HMP and HFA, session 3 (b) between 
session 2 and session 3, from the HFA. 



4.3.2 Differential Light Sensitivity Thresholds from Patients with 
Visual Field Defects 

Figure 4.4a and Figure 4.4b show the visual field of a glaucoma patient (G2). with 

a superior visual field defect, as computed by the HMP and HFA, respectively. 

Corresponding grayscale plots are shown in Figure 4 .4~  and Figure 4.4d. 

Differential lig ht sensitivity thresholds measured in reg ions with decreased 

differential light sensitivity, are noticeably elevated in the HMP as cornpared with 

those regions measured by the HFA. 

The differences in the differential light sensitivities between the HMP and HFA are 

shown in Figure 4.5a. For this patient 66.67% (36 of 54) of the deHerential light 

sensitivities, measured by the HMP, are within 4 dB of the differential light 

sensitivities measured by the HFA. Figure 4.5b shows the differenœs in the 

differential light sensitivities between session 2 and session 3, both measured by 

the HFA. Between these two sessions, 79.63% (43 of 54) of the differential light 

sensitivities are within 4 dB of each other- 

Table 4.2 surnmarizes the differences in the differential Iight sensitivities, for the 

glaucoma patients and the quadrantanopic patient, using the same categorization 

as for subjects with normal visual fields. A total of 63.17% of the differences are in 

the first group (O to 4 dB), 27.37% of the differences are in the second group (5 to 

10 dB), and 9.47% are in the third group (greater than 10 dB). Table 4.2 also 

summarizes the differences in differential light sensitivities, measured by the HFA 

in session 2 and session 3. For the HFA, 80.04% of the differences are in the first 

group, 13.79% are in the second group, and 6.17% are in the third group. Figure 



4.6a shows a histogram of the differenœs in differential light sensitivities between 

the HMP and HFA for al1 9 patients. The average dïfterences between the 

perïmeters is 1.14 dB, with a standard deviation of 6.16 dB. The histogram of the 

differences in the ditferential light sensitivities between the second and third 

session, for the 9 patients. as wmputed by the HFA, is shown in Figure 4.6b. The 

average of the difFerenœs between the two sessions is -0.47 dB, with a standard 

deviation of 4-90 dB. 

Figure 4.4: Results from session 3 for glaucoma patient 02: (a) HMP (b) HFA 
(c) HMP grayscale plot (d) HFA grayscale plot. 



(a) Difference 
(HMP3 - HFA3) 

(b) Difference 
(HFA2 - HFA3) 

Figure 4.5: Differences in differential light sensitivities for glaucoma patient 
G2: (a) HMP session 3 - HFA session 3 (b) HFA session 2 - HFA session 3. 

Table 4.2: Differences in differential light sensitivities between HMP and 
HFA for 9 patients (as a percentage of total points). 



Figure 4.6: Histogram of the differences in differential light sensitivities for 9 
patients (a) between HMP and HFA. session 3 (b) between session 2 and 
session 3, from the HFA. 



4.3.3 Mean Sensitivity 

The MS for subjects with normal visual fields, computed by the HMP and HFA in 

session 2 and 3, is summarized in Table 4.3. The mean of the differences in MS 

between the two perimeters, for subjects with normal visual fields, is 0.01 dB (s.d. 

2.12 dB). A two-tailed paired t-test shows no significant difference (a = 0.05) in the 

MS calculated from the two perimeters. 

Table 4.3: Mean sensitivity for subjects with normal visual fields. 

To provide another method of comparing the MS from the two perimeters, the 

technique for assessing the agreement between two clinical measurements, 

outlined by Bland and Altman [1986], is used. This technique considers the 

difference between the two measurements as a function of the mean of the two 

measurements. The two measurernents are in agreement if the differenœs, for 

each subject, are within a set interval (k1.96 x standard deviation of the 



differences) around the mean difference. Figure 4.7 shows the scattergram of the 

differences in MS between the HMP and HFA for subjects with normal visual 

fields. The scattergram demonstrates good agreement between the two 

perimeters. 

Mean Sensitivity 
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Mean (dB) 

Figure 4.7: Scattergram showing the differences in mean sensitivity between 
the HMP and the HFA, for subjects with normal visual fields. The mean of 
the differences is indicated by the dotted line and the designated limits of 
agreement 

The MS for patients with visual field defects. computed by the HMP and HFA in 

session 2 and 3, is summarized in Table 4.4. The mean of the differences in MS 

between the two perimeters is 1.57 dB (s-d. 2.34 dB). A two-tailed paired t-test 

shows that for patients with visual field defects, the HMP measures a significantly 

higher MS than the HFA (p e 0.05). The increased MS of the HMP is due to the 

use of larger stimulus sizes to measure areas of the visual field with decreased 

differential light sensitivity. This results in an increase in the measured differential 

Iight sensitivity thresholds (see Section 4.4 Discussion). The scattergram of the 



differences in MS, for patients with visual field defects, still demonstrates good 

agreement between the two perimeters (Figure 4.8). 

Table 4.4: Mean sensitivity for patients with visual field defects. 

Mean Sensitivity 
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Figure 4.8: Scattergnrn showing the differences in mean sensitivity between 
the HMP and the HFA, for patients with visual field defects. 



4.3.4 Corrected Loss Variance 

The CLV for subjects with normal visual fields, wrnputed by the HMP and HFA in 

session 2 and 3, is summarized in Table 4.5. The mean of the differences in CLV 

between the two perimeters. for subjects wlh normal visual fields, is 2.36 d~~ (s-d. 

2.81 ds2). A two-tailed paired t-test shows that for subjects wïth normal visual 

fields. the HMP measures a significantly higher CLV than the HFA (p c 0.0005). 

The HMP's elevated CLV can be accounted for by diffetenœs between the HMP 

and HFA. such as the background illumination and the threshold algorithm (see 

Section 4.4 Discussion). The scattergram of the differences in CLV, shown in 

Figure 4.9. still displays good agreement between the hivo perimeters. The HMP 

produced one clear outlier (subject NI ,  session 2) who showed a highly elevated 

CLV. The visual field of this subject shows reduced difierential Iight sensitivity 

thresholds for a cluster of 6 test points in the far temporal region of the visual field. 

Table 4.5: Corrected loss variance for subjects with normal visual fields. 



Corrected Loss Variance 

Figure 4.9: Scattergram showing the differences in corrected loss variance 
between the HMP and the HFA, for subjects with normal visual fields. 

A possible explanation of this discrepancy is improper alignment of the eye within 

the HMD's exit pupil. causing this portÏon of the visual field to become defocused. 

This localized reduction in differential light sensitivity was not observed in any of 

the other visual fields for this subject. including those obtained in session 1. 

Removing this outlier, the differences in CLV between the two perimeters, for 

subjects with normal visual fields. is 2.04 d~~ (s-d. 2.34 d6') 

The CLVs for patients with visual field defects, computed by the HMP and HFA in 

session 2 and 3, are summarized in Table 4.6. The mean of the differences in 

CLV between the two perimeters for the patients is -14.44 do2 (s.d. 24-44' dB). A 

two-tailed paired t-test shows that for patients with visual field defects, the HMP 

measures a significantly lower CLV than the HFA (p c 0.05). The HMP's use of 

larger stimulus sires can account for the decrease in CLV. The scattergram of the 



differences in CLV (Figure 4.10) still displays good agreement between the two 

perimeters. 

Table 4.6: Conected loss variance for patients with vkual field defects. 

Corrected Loss Variance 

Figure 4.10: Scattergram showing the differences in corrected los8 variance 
between the HMP and the HFA, for patients with visual field defects. 



Seven (7) of the 9 patients showed a decrease in the CLV from session 2 to 

session 3, for visual fields obtained on the HMP. It is possible that patients' eyes 

were better aligned with the e x l  pupil of the HMD during the tests in session 3 

than in session 2 because of increase experience with the HMP. This would 

suggest a learning effect that results in the decrease in CLV. which the HFA does 

not have. However, a two-tailed t-test (a = 0.05) shows no signifiant differences 

in CLV computed by the HMP for the two sessions. 

4.3.5 Test Repeatability 

The short-terni fluctuations (SF), long-terni homogeneous (LF-ho), and long-terni 

heterogeneous (LF-he) visual field indices are summatized for the subjects with 

normal visual fields, in Table 4.7, and for the patients with visual field defects, in 

Table 4.8. 

Table 4.7: SF, LF-he, and LF-ho for subjects with normal visual fields. 



Table 4.8: SF, LF-he, and LF-ho for patients with vbual field defect. [Note: 
Only 9 of the 10 test points were used in the calculations of SF for subject 
G1 in session 2 on the HMP and subject 0 5  in session 2 and session 3 on 
the HFA. The test points that were excluded were on the border of a 
scotoma and had a very large vaiiability (cleaily outliers).] 

Short-tenn fluctuation 

The mean SF of the HMP, for subjects with normal visual fields, is 1.95 dB (s.d. 

0.78 dB) as compared with SF of 1 -43 dB (s.d. 0.44 dB) for the HFA. The mean of 

the differences is 0.52 dB (s.d. 0.75 dB). A two-tailed paired t-test shows that for 

subjects with normal visual fields the SF wmputed by the HMP is significantly 

higher than that wmputed by the HFA (p < 0.05). Looking at the scattergram of 

the differences in SF (Figure 4.1 la), the SF is slightly elevated but there is still 

good agreement between the two perimeters. The mean SF of the HMP, for 

patients with visual field defects, is 2.39 dB (s.d. 0.75 dB) as compared with SF of 

2.62 dB (s.d. 0.69 dB) for the HFA. The mean of the differences is -0.23 dB (s-d. 

0.65 dB, Figure 4.1 1 b). For the patients, there is no significant dïfFerence in SF 

between the HMP and the HFA (a = 0.05). 
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Figure 4.1 1 : Scattergrams showing the differences in short-term Ructuation 
between the HMP and the HFA for (a) subjects with normal visual fields (b) 
patients with visual field defects. 



Long-tenn hetemgeneous fluctuation 

The mean LF-he of the HMP for subjects with normal visual fields is 1.28 dB (s-d. 

0.34 dB) and 0.91 dB (s-d. 0.28 dB) for the HFA. The mean of the ditferences is 

0.37 dB (s-d. 0.20 dB). For subjects with normal visual fields the mean differenœ 

between the two perimeters is small but a two-tailed paired t-test shows that the 

LF-he wmputed by the HMP is significantly higher than that computed by the HFA 

(p c 0.00005). The scattergram of the differences in LF-he (Figure 4.12a) shows 

good agreement between the HMP and HFA. In this scattergram. however. all of 

the differences are positive. showing that the HMP consistently has a higher LF- 

he than the HFA. The mean LF-he of the HMP, for patients with visual field 

defects. is 1.94 dB (s-d. 0.59 dB) as compared with 1.83 dB (s-d. 0.98 dB) for the 

HFA. The rnean of the differences is 0.11 dB (s-d. 1.24 dB, Figure 4.12b). For 

the patients, there is no significant difference in LF-he between the HMP and the 

HFA (a = 0.05). 
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Figure 4.1 2: Scattergrams showing the differences in long-term 
heterogeneous fluctuation between the HMP and the HFA for (a) subjects 
with normal visual fields (b) patients with visual field defects. 



Long-tenn homogeneous î7uctuation 

The mean LF-ho of the HMP for subjects with normal visual fields is 1 -07 dB (s-d. 

0.72 dB) as compared with 0.58 dB (s.d. 0.58 dB) for the HFA. The mean of the 

differences is 0.49 dB (s.d. 1 .O1 dB, Figure 4.13a). The mean LF-ho of the HMP, 

for patients with visual field defects, is 0.42 dB (s-d. 0.68 dB) and 0.98 dB (s-d. 

0.95 dB) for the HFA. The mean of the differences is -0.56 dB (s-d. 1.14 dB, 

Figure 4.1 3b)- For bath the subjects with normal visuaf fields and the patients with 

visual field defects, there is no significant difference in the LF-ho between the two 

perimeters (two-tailed paired t-test, a = 0-05). 
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Figure 4.13: Scattergrams showing the differences in long-term 
homogeneous fluctuation between the HMP and the HFA for (a) subjects 
with normal visual fields (b) patients with visual field defects. 



4.3.6 Subjective Evaluation of the Perimeters 

Eleven (1 1) of the 13 subjects with normal visual fields rated the HMP as more 

cornfortable than the HFA, 1 subject rated the HFA as more cornfortable, and 1 

subject ranked the two perimeters equally. Eleven (1 1) subjects with nomal visual 

fields preferred the HMP test and 2 subjects rated the two perimeters equally. 

Eight (8) patients with visual field defects rat& the HMP better in ternis of comfort 

and overall preferenœ and 1 patient rated the HFA better in ternis of comfort and 

overall preference. 

4.4 Discussion 

Cornparison of the HMP and the HFA shows that there is good agreement 

between the visual field indices that are associated with test repeatability (Le. SF, 

LF-he, and LF-ho). The main difference between the two perimeters is that for 

patients with visual field defects, there is an increase in the MS (1 -57 dB) and a 

reduction in CLV (-14.44 d ~ ~ )  for the HMP, as compared with the HFA. This 

increase in MS and reduction of CLV can be attributed to the elevated difFerentia1 

light sensitivity thresholds in areas of reduœd differential light sensitivity, which is 

a cornmon observation in visual fields obtained by the HMP (see Figure 4.4). As 

explained in Section 2.4.3, due to the Iimited dynamic contrast range of the HMP's 

display, larger stimulus sires are used to test areas of the visual field with reduced 

differential light sensitivity. As these larger stimulus sizes have higher probability 

of being projected on retinal areas that include both vîsual field defects and 

healthy retina, and are more susceptible to the effeds of light scattering and 



reflections [Anderson, 19871, they are likely to result in elevated differential light 

sensitivity thresholds [Bek and Lund-Andersen, 1 9891. Such elevated thresholds 

have been noted by Wilensky et al [1986], who compared glaucomatous visual 

fields that were obtained with dïfferent stimulus sizes. 

Figure 4.14: Results from HFA, using Goldmann stimulus size V, for 
glaucoma patient 62: (a) differential fight sensitivity thresholds (b) 
grayscale plot. 

To demonstrate the effects of Iarger stimulus sizes on the differential light 

sensitivity thresholds, one patient (G2) was examined on the HFA using 

Goldmann stimulus size V. When the visual field from this test (Figure 4.14) is 

compared to the visual field obtained using a Goldmann size III stimulus (Figure 

4.4b and Figure 4.4d), it is clear that in areas of reduced differential light 

sensitivity there are signifiant increases in the differential light sensitivity 

thresholds. The visual field of this patient has a MS of 16.86 dB and CLV of 

110.05 d ~ ~ .  when a Goldmann size III stimulus is used (session 3), and a MS of 



25.05 dB and a CLV of 84.61 d~ ' .  when a Goldmann size V stimulus is used. The 

increase is MS and reduction in CLV is much larger than that of the HMP (MS 

18.85, CLV 103.76 ds2). This is due to the fact that the HMP maximizes the 

resolution and sensitivity of its visual field examination by dynamically changing 

the stimulus size instead of using a fixed large stimulus size (see Section 2.5.2). 

For subjects with normal visual fields, the MS is very similar for the two 

perimeters, however. the CLV is significantly elevated (2.36 d ~ ~ )  in the HMP, as 

compared with the HFA. Differences between the HMP and HFA perimeters can 

account for this increase in CLV. The threshold algorithm used in the HMP 

analysis has a quantization enor of 2 dB (al1 measured differential light sensitivity 

thresholds are even valued), where as the HFA has a quantization error of 1 dB. 

In addition, the HFA reduces the effects of non-unifomities that result from normal 

test variability through repeat measurements of the differential light sensitivity for 

test locations that differ from the expected differential Iight sensitivities by 4 dB or 

more. The HMP also uses a lower background luminance (3.71 asb) compared to 

the HFA (31.5 asb), which will cause changes in the shape of the normal hill-of- 

vision [Greve. 1973. Heuer, 19891. Since the CLV for both perimeters was 

calculated using the age-corrected, normal differential Iight sensitivities from the 

HFA, this will also increase the CLV computed by the HMP. 

Significant increases in SF (0.52 dB) and LF-he (0.37 dB) for subjects with normal 

visual fields who were tested on the HMP are probably due to optical aberrations 

and non-uniform background illumination in the HMD. lt has been demonstrated 

that the differential Iight sensitivity is affected by refractive errors [Heuer et al, 



1994, Weinreb and Perlman. 19861 and changes in the background illumination 

[Klewin and Radius, 1986, Heuer et al, 19891. In the HMP, optical aberrations and 

non-uniform background illumination coupled with the use of a dynamic fixation 

target, implies that the differential light sensitivity will Vary depending upon the 

location of the fixation target These variations will increase the HMP's test 

variability, which irnply higher intra-test (SF) and position-dependent inter-test 

variability (LF-he). As rnentioned previously, the HFA also performs repeat 

measures for test locations that differ from the expected difFerential light 

sensitivities, which helps in reducing the LF-he. 

To demonstrate the variability in the HMP determination of differential light 

sensitivities that is due to from optical aberrations and variations in background 

luminance across the HMD, differential light sensitivities were measured at 

different, fixed locations of the fixation target. Differential light sensitivities were 

obtained from the right eye of one male subject (AC, age 23). with a normal visual 

fieid. Differential Iight sensitivities were rneasured at 8 retinal points, spaced 6 O  

apart. located 3" on either side of the horizontal midline and 9" on either side of 

the vertical midline. Three fixation locations were used: the first is located I O 0  in 

the inferïor visual field (O0, -10°), the second is centered on the screen (O0, 0°), 

and the third is located 10" in the superior visual field (O0, 10°). The fixation target 

was varied vertically because the optical aberrations and background illumination 

varied most noticeably in this direction. A total of three sessions were perfomed 

and in each session, the ditferential light sensitivity was measured twice at each 

combination of retinal point and fixation location (24 combinations). 



Table 4.9: Differentirl light sensitivity thresholds measumd at different 
fixation locations. 

The results of these experiments were averaged and are shown in Table 4.9. The 

average differential light sensitivity is 33.00 dB for the inferior fixation target, 32.96 

dB for the central fixation target, and 31 -17 dB for the superior fixation target. A 

two-tailed paired t-test showed no significant difference between the differential 

light sensitivities measured with the inferior fixation target and the central fixation 

target (a = 0.05). However, there is a significant decrease (p < 0.00005) in the 

differential light sensitivities measured with the superior fixation target compared 

to the other two fixation locations (= -1.8 dB). 

4.5 Conclusions 

The HMP produced comparable results to standard perimetry, for both normal 

subjects and patients with visual field defects. The results of this study 

demonstrate that it is possible to construct a low-cost clinically useful HMP from 

off-the-shelf components. In cornparison to traditional static autornated perimetry. 

the current HMP has slightly lower resolution. Modem HMD technologies, such as 



field emission displays [Chalamala et al. 19981 and virtual retinal displays 

[Johnston and Willey, 19951 have better contrast ratios (> 100:1), eliminating the 

need of multiple stimulus sizes. The use of a better HMD, with a higher contrast 

ratio, better optics, and improved background uniformity, along with a more 

sophisticated threshold algorithm. should result in a HMP with an improved 

resolution, sensitivity, and reliability. 



Chapter 5 Head-Mounted Perimetry in New 
Locations 

5.1 Introduction 

The HMP is a portable perimeter that is designed to block external illumination. 

Therefore, the HMP does not require special dedicated facilities to perfom visual 

field assessments and can be used in a variety of new locations and applications. 

Examples of these new applications are demonstrated in this chapter. Design 

considerations for the next generation of HMPs is also discussed. 

5.2 Methods and Materials 

To demonstrate the HMP's portability and increased accessibility, two 24-2 visual 

field assessments were perfonned on the right eye of 4 subjects, who also 

participated in the studies described in Chapter 4. Two (2) subjects had normal 

visual fields (N1 , male, age 24; N6, male, age 24) and 2 patients had visual field 

defects (Gl, male, age 71; G2, female. age 57). Visual field assessments were 

performed an average of 174.25 days after the experîments of Chapter 4 

(minimum 108 days, maximum 256 days). One visual field assessrnent was 

performed in a clinician's waiting room (Figure 5.la) and the other was perfonned 

with the subjed lying down on a stretcher (Figure 5.1b). In both setups, the 

exterior Iighting was kept at a level of illumination that one would exped in a 

hospital waiting room. 



Figure 5.1: Visual assessrnent perfonned with the HMP (a) in the clinician's 
waiting room (b) lying on r stretcher. 

The order of the visual field assessments was randomized among the subjects 

and a minimum of 15 minutes rest was provided between the two examinations, to 

allow the patients to recover from any fatigue associated with the first test. The 



MS, CLV, and SF were calculated from the individual visual fields and compared 

with the results from the visual field obtained in the last session (session 3) of the 

study in Chapter 4- Using the HMP's data from session 3, the LF-he and LF-ho for 

each test condition (Le. clinician's waiting room, lying on a stretcher) were also 

calculated. 

5.3 Results 

The MS, CLV, and SF measured in the waling room and on a stretcher are 

summarized in Table 5.1, along with the indices measured in session 3 of the 

experiments described in Chapter 4. A two-tailed paired t-test shows no significant 

differences between the three indices when the visual field assessments were 

performed in a standard clinical setup (session 3) or when the subjects were 

tested while sitting in the clinician's waiting room or lying on the stretcher (a = 

0.05). It is noted, however, that the MS computed for the visual field of patient G1, 

when the patient was tested in the clinician's waiting room, is much higher than 

what was found previously in session 2 and 3 (== 3 dB). This MS is also higher 

than the MS computed for the visual field obtained with this patient lying on a 

stretcher. 

Table 5.1: MS, CLV, and SF for visual fields obtained in a standard clinical 
setup, in the clinician's waiting room, and lying on the stretcher. 



In Chapter 3, the Bland and Altman [1986] technique was used to evaluate the 

agreement between the visual fields from the HMP and HFA. Using the same 

scattergrams and overlaying the data from the visual fields obtained in a clinician's 

waiting roorn and from the patient lying on a stretcher, we can fumer evaluate the 

agreement of the data from the new test conditions. The scattergrams shown in 

Figure 5.2 plot the differences in MS and the scattergrams shown in Figure 5.3 

plot the difTerences in CLV. For both these indices the data shows good 

agreement, including the data from the new test conditions. The scattergrams, 

shown in Figure 5.4, plot the differences in SF. For subjects with normal visual 

fields there is good agreement for al1 the data. For patients with visual field defects 

al1 the data points are within the set interval (+ 1.96 x standard deviation of the 

differences) around the mean difference but the SF, for the visual fields that were 

obtained with the patient lying on the stretcher demonstrate higher SF. The SF 

computed from visual fields containing visual field defects tend to be larger and 

with higher variability [Flammer et al, 1985, Haefliger, 19911 and as such it will be 

necessary to test more patients in order to conclude that SF tends to be larger for 

people Iying on a stretcher. 



Mean Sensitivity 
(subjects with normal visual fields) 

Mean (dB) 

Mean Sensitivity 
(patients with visual field defects) 

Mean (dB) 

Figure 5.2: Scattergram of the differences in MS: HMP session 3 - HFA 
session 3 [dots]; HMP waiting room - HFA session 3 [squares]; HMP 
stretcher - HFA session 3 [triangles] (a) subjects with normal vbual fields 
(b) patients with visual field defects. 
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Figure 5.3: Scattergram of the differences in CLV: HMP session 3 - HFA 
session 3 [dotsJ; HMP waiting room - HFA session 3; [squares] HMP 
stretcher - HFA session 3 [triangles] (a) subjects normal visual fields 
(b) patients with visual field defects. 
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Figure 5.4: Scattergnm of the differences in SF: HMP session 3 - HFA 
session 3 [dots]; HMP waiting room - HFA session 3 [squares]; HMP 
stretcher - HFA session 3 [triangles] (a) subjects with normal visual fields 
(b) patients with visual field defects. 

The indices of long-terni variability (LF-he, and LF-ho) were calculated using the 

visual fields obtained from the HMP in session 3 and the visual fields obtained 

from the HMP in either session 2 (also from the study descnbed in Chapter 4). 

with the subject in the waiting room. or with the subject lying on the stretcher. 



These results are surnmarized in Table 5.2. A two-tailed paired t-test shows no 

significant differences between the LF-he and LF-ho cornputed using the visual 

field from session 2 or using the visual fields obtained with the subject sitting in 

the clinician's waiting room or lying on a stretcher (a = 0.05). 

Table 5.2: LF-he and LF-ho for visual fields obtained in a standard clinical 
setup, in the clinician's waiting room, and lying on the stretcher. 

5.4 Discussion 

The visual field assessments that were perfoned by the HMP in the clinician's 

waiting room or while the patient was lying on the stretcher demonstrates that the 

HMP can be used in a variety of new locations and for different patient postures. 

However, a large inter-test variability (MS, LF-ho) was noted in the visual fields of 

patient G1 when the test was camed out in the clinician's waiting room. While 

visual fields from patients with visual field defects (obtained with the same 

perimeter) have previously shown similar differences in MS between sessions, it is 

not a common occurrence (see Table 4.4). The effects of insufficient shielding 

from exterior lighting are not a plausible explanation for the increase in MS, as 

external lighting would have increased the effective background illumination 

causing a decrease in the d-ifferential light sensitivity thresholds. 



Fatigue effects rnay have contributed to the elevated MS in the visual field 

obtained for patient G1 in the clinician's waiting room. For this patient, the first test 

of the session was the visual field assessrnent in the clinician's waiting room. Al1 

the other visual fields assessments on the HMP for this patient were perfonned 

second, including those obtained in Chapter 4. It is possible that for this patient 

there was insufficient time between tests to prevent fatigue effects from causing a 

decrease in the differential Iight s e n s X i  thresholds. Therefore, it is possible that 

increased alertness and attentiveness for this patient in the clinician's waiting 

room wuld have resulted in elevated MS. 

The large time period between the visual field assessments from the experiments 

in Chapter 4 and the visual field assessments perfonned in these experiments 

could have also contributed to the elevated MS. As the subjects were re- 

familiarizing thernselves with the HMP, there may have been an increase in 

fixation instabilities or in the number of false positive responses. Further 

investigation is required to detemine if the increased variability was a result of 

normal inter-test variability or other factors, as discussed above. 

5.5 Additional Design Considerations 

General design considerations for the construction of a HMP have been 

previously outlined in this thesis. In this section, refinernents to the prototype HMP 

are suggested. 



5.5.1 Threshold Bracketing Algorithm 

lncorporating an irnproved threshold bracketing algorithm can significantly 

increase the repeatability and reliability of the HMP. Though the current threshold 

algorithm is similar to the HFA's Full Threshold algorithm in a general approach 

(Le. 4-2 dB staircase), it lacks the repeat measures of unexpected answers and 

catch trials. Repeat measures and catch trials assist in reducing the non- 

uniformities that anse from normal test variabilities, preventing false detection of 

scotomas, and also improves upon the inter-test repeatability. Newer threshold 

algorithms, similar to FastPac or SlTA (Humphrey Systems, Dublin, CA), can also 

be irnplemented, which can significantly reduce the total test time. 

5.5.2 Display Technologies 

The current HMP implementation uses an HMD with active matnx Iiquid crystal 

displays. The limited dynamic contrast range provided by this display necessitates 

the use of larger stimulus sizes, which in turn reduces the resolution of the 

perimeter. This is the most significant limitation of the current HMP. 

To overcome this limitation, a better display can be used to provide increased 

contrast, which will reduce or eliminate the need for larger stimulus sires. A 

display with a contrast ratio of 100:l is able to provide a dynamic contrast range of 

5 to 40 dB (calculated using Weber's law). In addition, if the display has a 

suffkient contrast ratio, the background illumination can be increased to match the 

de facto standard of 31.5 asb for background illumination, which will assist in the 

interpretation and comparison of visual fields obtained from different perimeters. 

In the following paragraphs, the technology used in the construction of active 



matrix liquid crystal displays will be briefly explained, along with two display 

technologies that could provide a larger contrast ratio: field emission displays and 

virtual retinal displays. 

Active Matrix Liquid Crystel Display 

Active matrix liquid crystal displays (AMLCD) used organic molecules, called Iiquid 

crystals (LC), which can be reoriented by an electric field. These LC are optically 

active and their natural twisted structure can be used to change the pofarization of 

transmitted Iight. In Figure 5.5, the two polarizers that are setup perpendicular to 

each other would not nomally transmit light. However, if a 90"-twisted LC is 

inserted in between them, Iight is transmitted (Figure 5.5a). If an electric field is 

applied to the LC, it unwinds the helicâl structure of the LC, which causes it to lose 

its polarization-rotating characteristics; no light is transmitted in this situation 

(Figure 5.5b). 

An AMLCD is categorized as non-emissive display, as it uses backlighting and the 

display functions by controlling the amount of Iight that is transmitted. In an 

AMLCD, every pixel has an associated switch or transistor, which "actively" drives 

the voltage to the pixel continuously. 

The technology used in AMLCD inherently limits the display's contrast, brightness, 

and viewing angle. Polarizers effectively remove 50% of the incoming light energy. 

which is further reduced by any colour filters. In addition, the polarizers and LCs 

are configured to perforrn optimally with light that is transmitted perpendicularly to 

the display. This causes the contrast and brightness of the display to Vary 

significantly with the viewing angle, which would limit the field-of-view for an HMD 



using AMLCD technology. In perimetry, this is an important issue as uniforni 

background illumination is of vital importance. 

Currently, the most commonly used type of display technology used in a HMD is 

AMLCD. According to manufacturer specifications there are commercially 

available AMLCDs, with contrast ratios around 1 00: 1 [Chalamala et al, 1 9981. 

(a) (b) 
Figure 5.5: Change in polarization of transmitted light in a liquid crystal 
display (a) no electric field applied; light is transmitted (b) electric field 
applied, no light is  transmitted. 

Field emission displsy 

Field emission displays (FED) [Chalamala et al, 19981 function very similarly to a 

cathode ray tube (CRT). FEDs use an electric field to direct emitted electrons. 

through a vacuum, towards a phosphor coated screen, which Iights up in 

response to the electrons. Unlike CRTs, which use therrnionic cathodes, FEDs 

use an array of small microtips, with each pixel associated with multiple microtips 

(Figure 5.6). 
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Figure 5.6: Field emission display. 

FEDs have larger viewing angles and are brighter, cornpared to AMLCDs. 

Contrast ratios of 100:l and greater are achievable with this technology, making it 

an excellent display for a HMP. 

Virtual Retinal Display 

The vittual retinal display (VRD) [Johnston and Wiley, 19951 creates an image on 

the retina with a photon source (three sources for a colour display), which is used 

to generate a beam of light. The light beam intensity is modulated to match the 

image being rendered and the modulated light beam is scanned horkontally and 

vertically to project each image point ont0 the proper position on the retina. 

The VRD does not require a physical display screen and all of its components are 

small, light, and inexpensive, making it ideal for a HMD. In addition, using a laser 

as the light source, an extremely bright. high contrast display can be achieved. 

The field-of-view of the VRD, however, is limited by the rate of the scanners and 



currently a large fieldof-view results in a very small exit pupil. A small ex$ pupil 

necessitates exact eye alignment for an image to be seen and prevents users 

from moving their eyes to view details at the edges of the image. 

5.5.3 Fixation Monitoring 

In the current HMP, there is no fixation monitoring system. In many automated 

perirneters, fixation is monitored by intermittently presenting a stimulus in the 

physiological blindspot; fixation loss is indicated when the patient responds to one 

of these stimuli. This technique, known as the Heijl-Krakau blindspot check, gives 

an indirect measure of fixation stability. To supplement the Heijl-Krakau fixation 

monitoring technique, some perimeters also have a camera, which allows the 

perimetrist to monitor the patient's eye throughout the test. Digital signal 

processing may be employed as well to provide automated tracking of the eye 

position. A real-time eye-tracking system could also be incorporated into the HMP 

to enable eye-movement perimetry (Section 1 -3.2). 

While the Heijl-Krakau rnethod of fixation monitoring can be implemented through 

changes in the software, fixation moniton that include eye-tracking systems may 

be expensive. The additional cost of more equipment to perform real-time 

monitoring of the eye position goes against our goal of achieving a low-cost 

perimeter. The utility of an eye-tracking system must be weighed against its cost. 

Perhaps a low-cost eye-tracking system, such as the one proposed by Charlier 

and Hache [1982], may be incorporated inexpensively to the cornputer that 

controls the HMP's examination software. 



5.5.4 Auditory Feedback 

The Dicon perimeter periodically issues encouraging auditory remarks to the 

patient. From personal experience and comments from patients that have used 

the Dicon perimeter, providing the patient with some auditory stimuli makes the 

visual field examination more interesting and reduces the perceived test time. 

Auditory rernarks may also be used to provide the patient an indication of their 

performance. For example, the perimeter rnay automatically infom the patient if 

their fixation begins to deteriorate. Instructions can also be included to assist the 

patient to setup and use the HMP. 

lncorporating auditory functionality into the HMP is relatively simple. The 

cornputer, used in the HMP, would require a sound card and appropriate changes 

must be made to the examination software. 

5.6 Conclusions 

In this thesis, a prototype low-cost, portable Head-Mounted Perirneter (HMP) 

system was developed. Issues associated with the construction of a HMP were 

discussed, including methods of overcoming some of the major limitations of 

current display technology (e.g. field-of-view and dynarnic contrast range). 

The most significant limitation of the HMP is the limited dynamic contrast range. 

Based on data from the literature and experiments to v e f i  the properties of the 

human temporal and spatial summation processes, we demonstrated that the best 

method of extending the effective dynamic contrast range would be to dynamically 

increase the stimulus size. 



The HMP prototype was compared to standard perimetry, using the Humphrey 

Field Analyzer as the gold standard. Visual fields were evaluated and compared 

using the mean sensitivity and correctecl loss variance; two standard quantitative 

rneasures for visual fields. In addition, cornponents of variability, which include 

short-terni, long-temi heterogeneous. and long-term homogeneous fluctuation. 

were calculated and compared to evaluate the repeatability of the HMP and 

standard perimetry. The visual field indices and the indices of variability showed 

good agreement between the HMP and standard perimetry. As expected, the 

largest difference resulted from the use of larger stimulus sizes, which caused a 

reduction in the HMP's resolution. 

It has been demonstrated that a clinically useful HMP can be constructed with off- 

the-shelf components. The results obtained by the prototype HMP are very 

encouraging, especially considering its limitations (e-g. limited range of contrast, 

aberrations in the optics, imperfections in the display's background, 

unsophisticated threshoid algorithm). In cornparison to traditional static automated 

perimetry, the HMP also has the benefits of portability, increased accessibility, 

low-cost, and increased wmfort. With an improved head-mounted display, along 

with enhancements to the software, a HMP that is comparable to commercial 

perimeters, such as the Humphrey Field Anatyzer, is possible. 



Bibliography 

Anderson, D.R. (1987). Perïmetry: With and Without Automation zfld Edition. C.V. 

Mosby Company, St. Louis. 

Barlow, H.B. (1957). lncrement thresholds at low intensities considered as 

sig nalhoise discriminations. Journal of Physiology, 1 26:469-488. 

Barlow, H.B. (1958). Temporal and spatial surnmation in human vision at different 

background intensities. Journal of Physiology, 141 :337-350. 

Barlow, H.B. (1 964). The physical Iimits of visual discrimination. Photophysiology, 

2: 163-201. 

Barlow, H.B., Fitzhugh, R., and Kuffler, S.W. (1957). Changes of the organization 

in the receptive fields of the cat's retina dun'ng dark adaptation. Journal of 

P h p i ~ l ~ g y ,  137:338-354. 

Baumgardt, E. (1959). Visual Spatial and Temporal Summation. Nature, 

184(4703):1951-1952 

Bebie, H., Fankhauser, F., and Spahr, J. (1976). Static perimetry: Strategies. Acta 

Ophthalmologica, 54(3):325-338. 



Bek, T. and Lund-Andersen, H. (1989). The influence of stimulus size on 

perimetnc detection of small swtornata. Graefe's Archive of Clinical and 

Experimental Ophthalmology, 227(6):531-534. 

Blair, H.L. (1940). Sorne fundamental physiologic principles in the study of the 

visual field. Archives of Ophfhalmology, 24: 10-20. 

Bland, J.M. and Altman, D.G. (1 986). Statistical methods for assessing agreement 

between two methods of clinical measurement. Lancet, 1 (8476):307-310. 

Bloch, A.M. (1885) Expériences sur la vision. Pans Soc. Biol. Mem., 3T493-495. 

Brenton, R.S. and Argus, WA. (1987). Fluctuations on the Humphrey and 

Octopus perimeters . lnvestigative Ophthalmology and Visual Science, 

28(5):767-771. 

Chafamala, BR, Wei, Y, and Gnade, B E  (1998). FED Up With Fat Tubes. IEEE 

Spectmm, 35(4):42-51. 

Charlier, J.R. and ilache, J.C. (1982). New instrument for monitoring eye fixation 

and pupil size during the visual field examination. Medical and Biological 

Engineering and Computing, 20(1):23-28. 

Cheng, P. (1989). Control of eye movements during eccentric fixation. M.A.Sc. 

Thesis, lnstitute of Biomedical Engineering, University of Toronto. 



Crosswell, H.H., Stewart, W.C., Cascairo, M-A,, and Hunt, H.H. (1991). The effect 

of background intensity on the components of fluctuation as determined by 

thres hold-related autornated perimetry. Graefe's Archive for Clinical and 

Experimental Ophthalmology, 229(2): 1 1 9-1 22. 

Daly, S.C. and Norrnann. R.A. (1985). Temporal information processing in cones: 

effect of Iight adaptation on temporal sumrnation and modulation. Vision 

Research, 25(9): i 197-1 206. 

Dannheim, F. and Drance, S.M. (1971). Studies of spatial summation of central 

retinal areas in normal people of al1 ages. Canadian Journal of Ophthalmology, 

6(4):311-319. 

Drance, S.R. and Anderson, D.R. (1985). Automated perimetry in glaucoma: A 

practical guide. Gruen and Stratton lnc., Orlando, Florida. 

Eizenman, M., Trope, G-E., Fortinsky, M., and Murphy, P.H. (1992). Stability of 

fixation in healthy subjects during automated perimetry. Canadian Journal of 

Ophthalmology, Z(7): 336-340. 

Fankhauser, F. (1979). Problems related to the design of automatic perimeters. 

Documenta Ophthalmologica, 47(1):89-138. 

Flammer, J. Hendrickson, P., Lietz, A., and Stumpfig, D. (1993). Swivel a m  

perimeter for visual field testing in different body positions. Ophthalmologica, 

206(l):l5-lf. 



Flammer, J., Drance, S.M., and Zulauf, M. (1984). Differential light threshold: 

short- and long-terni fluctuation in patients with glaucoma, normal controls, and 

patients with suspected glaucoma. Archives of Ophthalmology, 102(5):704-706 

Flammer, J.. Drance, SM., Augustiny, L., and Funkhouser, A. (1985). 

Quantification of glaucomatous visual field defects with automated perimetry. 

ln vestigative Ophthalmology and Visual Science, 26(2): 1 76-1 8 1 . 

Fox, S.I. (1996). Human Physiology. Fifth Edition. Wm. C. Brown Publishers, 

Boston, MA. 

Gilpin. L.B., Stewart. W.C., Hunt, H.H., and Broom, C.D. (1990). Threshold 

variability using different Goldmann stimulus sizes. Acta Ophthalmologica, 

68(6):674-676. 

Gouras, P. (1967). The effect of light-adaptation on rod and cone receptive field 

organization of monkey ganglion cells. Journal of Physiology, 192(3):747-760. 

Graybill, F.A. (1961). Introduction to linear statistical models. Vol. 1. New York, 

McGraw-Hill, 349-351. 

Greve, E.L. (1973). Single and multiple stimulus static perimetry in glaucoma; the 

two phases of perimetry. Documenta Ophthalmologica, 36: 1 -347. 



Haefliger, 1.0. and Flammer, J. (1991). Fluctuation of the differential Iight 

threshold at the border of absolute scotomas: Comparison between 

glaucomatous visual field defects and blind spots. Ophfhalmology, 98(10): 

1529-1 532. 

Hartline. H.K. (1928). A quantitative and descriptive study of the electric response 

to illumination of the arthropod eye. Ametfcan Joumal of Physiology, 83:466- 

483. 

Hartline. H.K. (1938). The response of single optic newe fiben of the vertebrate 

eye to illumination of the retina. Amencan Joumal of Physiology, 128:400-415. 

Hartline, H.K. (1940). The effects of spatial summation in the retina on the 

excitation of the fibers of the optic nerve. Amencan Joumal of Physiology, 

1 301700-711. 

Hasset, P., Kim, D.E., Eizenman, M., Trope, GE. (1996). Repeatability of eye 

movement perimetry. ARVO Abstract. Investigative Ophthalmology and Vision 

Science, Vol. 37. 

Heijl, A. and Bengtsson, B. (1990). The effect of perimetric experience in patients 

with glaucoma. Archives of Ophthalmology, 1 14(1): 19-22. 

Heijl, A., Lindgren, G., and Olsson, J. (1 989). The effect of perimetric experience 

in normal subjects. Archives of  Ophfhalmology, 1 07(1):81-86. 



Heuer, D.K., Anderson, D.R., Feuer, W.J.. and Gressel, M.G. (1987). The 

influence of refraction accuracy on automated penmetnc threshold 

measurements. Ophthalmology, 94(12): 1550-1 553. 

Heuer, D.K., Anderson, D.R-, Feuer, W.J., and Gressel, M-G. (1989). The 

influence of decreased retinal illumination on automated perimetric threshold 

measurements. AmenCan Journal of Ophthalmology, 108(12):643-650. 

Heuer, D.K., Anderson, D.R., Feuer, W.J., Knighton, R.W., and Gressel, MG. 

(1988). The influence of simulated light scattering on automated perimetric 

thres hold measurements, Archives of Ophthalmology, 1 O6(9): 1 247-1 25 1 . 

Heuer, D.K.. Anderson, DR., Feuer, W.J., Knighton, R.W., Gressel, M.G., and 

Fantes, F.E. (1 987). The influence of simulated media opacities on threshold 

measurements. Documenta Ophthalmologia Proceedings Series. 49:15-22. 

Howes, F., Eizenman. M., Adar, A., Trope, GE. (1992). Eye movement pefimetry 

in glaucoma. Supplement lnvestigative Ophthalmology and Vision Science, p. 

1383. 

Humphrey Instruments Inc. (1994) Humphrey Field Analyzer II - User's Guide 

(Model730,740, and 750). San Leandro, CA. 

Jernigan, M.E. (1 975). Eye movement analysis in plotting visual fields. Ph. D. 

Thesis, Massachusetts Institute of Technology. 



Johnston, R.S. and Willey, S. (1995). Development of a Commercial Virtual 

Retinal Display. In Stephens, W. and Haworth, LA. (Eds.) Proceedings of 

Helmet- and Head-Mounted Displays and Symbology Design, 2-1 3. 

Kim D.E., Eizenman, M., Trope, G.E. (1995). Eye movement perimetry. IEEE. 

EMBC and CMBEC, Montreal, Canada, 1629-1630. 

Kim, D.E. (1 995). Eye-rnovement perimetry. M-ASc- Thesis, Institute of 

Biomedical Engineering, University of Toronto. 

Klewin, K.M. and Radius, R.L. (1986). Background illumination and automated 

perimetry. Archives of OphUlalmology, 1 04(3):395-397. 

Krakau, C.E.T. (1 978). Aspects on the design of an automatic perirneter. Acta 

Ophthalmologica, 56(3):389405. 

Latham, K., Whitaker, D., Wild, J.M. (1994). Spatial summation of the differential 

light threshold as a function visual field location and age. Ophthal. Physiol. 

Opt., 14(1):71-78. 

Lewis, A.L., Kelly, S., and Thimons, J.J. (1991). Cornparison of the Dicon TKS 

4000 with the Allergan Humphrey Field Analyzer. Clinical Eye Vision Care, 

3(4):16l-l65. 

Li, Y. and Mills, R.P. (1992). Kinetic fixation improves threshold sensitivity in the 

central visual field. Journal of Glaucoma, 1 (2):108-116. 



Martinez, J.M. (1 977). The luminance difference threshold as a contrast threshold: 

evidence for inhibitory interactions in spatial surnmation. Vision Research, 

17(6):687-689- 

Owsley, C. and Sekuler, R- (1982). Spatial surnmation, contrast threshold, and 

ag ing . lnvestigative Ophfhalmology and Vision Science, 22(1): 1 30- 1 33. 

Saunders, R.M. (1 975). The critical duration of temporal summation in the human 

central fovea. Vision Research, 15(6):699-703. 

Sharpe, L.T., Stockman, A., Clemens, CF., and Markstahler, U. (7993). Temporal 

and spatial sumrnation in the human rod visuaf system. Joumal of Physiology, 

463 1325-348. 

Sloan, L.L. (1961) Area and luminance of test object as variables in examination 

of the visual field by projection perimetry. Vision Research, 1 : 1 2 1 -1 38. 

Stewart, W.C. and Hunt, H.H. (1993). Threshold variation in automated perimetry. 

Sunrey of Ophfhalmology, 37(5):353-36 1 / 

Trope, G.E., Eizenman, M., and Coyle, E. (1989). Eye movement perimetry in 

g laucorna. Canadian Joumal of Ophthalmology, 24(5): 1 97-1 99. 

Weinreb, R.N. and Perlman, J.P. (1986). The effect of refractive correction on 

automated perimetric thresholds. American Journal of Ophthalmology, 

1 0 1 (6):706-709. 



Wiesel, T.N. (1959). Recording inhibition and excitation in the cat's retinal 

ganglion cells with intracellular electrodes. Nature, 183:264-265. 

Wilensky, J.T- and Joondeph, B.C. (1984). Variation in visual field measurements 

with an automated perimeter. American Journal of Ophthalmology, 97(3):328- 

331. 

Wilensky, J.T. Memelstein, J-R,  and Siegel. H.G. (1 986). The Use of Different- 

Sized Stimuli in Automated Perimetry. Amencan Journal of  Ophthalmology, 

1 O1 (6):710-713. 

Wilson, M.E. (1967). Spatial and temporal summation in impaired regions of the 

visual field. Journal of Physiology, 1 89(2): 1 89-208. 

Zacks, J.L. (1 970). Temporal summation phenornena at threshold: their relation to 

visual mechanisms. Science, l70(954): 197-1 99. 

Zeyen, T. Caprioli, J., Zulauf, M. (1 993). Priority of test locations for automated 

perimetry in glaucoma. Ophthalmology, 1 OO(4):5 18-522. 



Glossary 

AMLCD 

asb 

CLV 

CRT 

dB 

FED 

FOV 

HFA 

HMD 

HMP 

LC 

LF-he 

LF-ho 

MS 

active matrix liquid crystal display 

apostilbs 

wnected toss variance 

cathode ray tube 

decibel 

field emission display 

field-of-view 

Hurnphrey Field Analyzer 

head-mounted display 

head-mounted perimeter 

liquid crystal 

long-tem heterogeneous fiuctuation 

long-terni homogeneous fluctuation 

mean sensitivity 



SF 

VGA 

VRD 

short-terrn fluctuation 

video graphics array 

virtual retinal display 




