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ELECTRONIC TEXT DISPLAYS:  READING REHABILITATION OF LOW 

VISION PATIENTS WITH AGE-RELATED MACULAR DEGENERATION

BACKGROUND AND SIGNIFICANCE

According to the World Health Organization (WHO) blindness is the most 

expensive cause of serious disablement worldwide (WHO-Study-Group, 1973).  Based 

on fragmentary data, thought to underestimate the true of number of afflicted, the WHO 

study group estimates that there are at least 15 million blind persons.  Blindness defined 

by WHO is best-corrected visual acuity of 20/400 or worse in the better eye (WHO-

Study-Group, 1973).  Most industrialized nations have adopted a standard that is different

than the one developed by WHO for defining legal blindness, using best-corrected visual 

acuity that is equal to or worse than 20/200 in the better eye.  The WHO Study Group did

not provide world-wide estimates of the number of persons with visual impairment 

(defined as best-corrected visual acuity of less than 20/70 but better than 20/400) even 

though this level of vision loss can cause disability (WHO-Study-Group, 1973).  WHO 

defines disability as the lost "ability to perform a specific task" resulting from any 

measurable loss of functional capability (impairment) (Leat, Legge & Bullimore, 1999; 

Massof, Dagnelie, Deremeik, Suleiman & Glasner, 1995; WHO-Study-Group, 1973).

The International Classification of Impairments, Disabilities and Handicaps 

(ICIDH) developed by WHO attempts to standardize the description of the consequences 

of disease (WHO Study Group, 1973; (Dickinson, 1998; Leat, et al., 1999; Massof, et al., 

1995).  In the WHO standard there are two categories of visual impairment:  (1) visual 
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acuity less than 20/70 but better than 20/200, and (2) visual acuity less than 20/200 but 

better than 20/400.  Impairment may result from any physiological "disorder".  For 

example, the disorder of age-related maculopathy involves the progressive degeneration 

of photoreceptors in the macula.  A disorder results in an impairment when a patient does

not perform as well as "normal" on a standardized test, such as visual acuity (Dickinson, 

1998; Leat, et al., 1999).  If the impairment results in a lost capacity to perform a specific 

task that is necessary for maintaining that individual’s desired lifestyle, then a disability 

is present.  If no compensation can be made to overcome the disability, then the 

individual becomes handicapped (Leat, et al., 1999; Massof, et al., 1995; WHO-Study-

Group, 1973).

Eligibility for funding for low vision aids, rehabilitative intervention, and support 

services intended to overcome handicaps, is dependent on the classification and 

definitions of visual impairment and visual disability (Leat, et al., 1999).  In the United 

States, rehabilitative services to visually impaired and legally blind persons have been 

funded primarily through the U.S. Department of Education (Massof & Lidoff, 2001). 

Allocation of funding is determined by each state.  In New York State the range of 

available services varies on a case by case basis.  Persons who do not have educational or

vocational goals are eligible for services only if they are legally blind, and the resources 

available for this group are very limited (Massof & Lidoff, 2001).  The reported 

prevalence of legal blindness is variable, ranging from 3% to 8.2% for persons over the 

age of 85 years compared to less than 1% of the population under 75 years (Brabyn, 

Haegerstrom-Portnoy, Schneck & Lott, 2000).  There are many individuals who are not 

legally blind who have a disability due to a visual impairment (Leat, et al., 1999).  The 
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majority of patients who seek low vision care in order to overcome a disability are over 

age 65 (Elliott, Trukolo-Ilic, Strong, Pace, Plotkin & Bevers, 1997) and do not have 

educational or vocational goals.  For this population the optical devices and assistive 

technology that are necessary for overcoming potentially handicapping vision loss are an 

out-of-pocket expense.

In the United States there is no nationally agreed upon standard for defining levels

of visual impairment other than legal blindness (Brabyn, et al., 2000).  Many states have 

a legal criterion of best-corrected visual acuity of 20/40 as the cutoff for an unrestricted 

driver’s license (Brabyn, et al., 2000; Tielsch, 2001).  In most states entitlement to 

educational services for the visually impaired requires best-corrected visual acuity equal 

to or worse than 20/70 (Brabyn, et al., 2000).

A standard that defines visual impairment as best-corrected visual acuity worse 

than 20/70 may not be adequate (Legge, Pelli, Rubin & Schleske, 1985a; Legge, Rubin, 

Pelli & Schleske, 1985b; Tielsch, 2001).  Several investigators argue that impairment be 

defined as best-corrected visual acuity worse than 20/40 but better than 20/200 in the 

better eye (Legge, et al., 1985b; Tielsch, 2001).  Low vision has been defined as the 

inability to read a newspaper, with best spectacle correction, at a normal reading distance 

(40 cm) (Legge, et al., 1985a; Legge, et al., 1985b).  Further, the use of high contrast 

visual acuity charts may not provide a true measure of the impact that vision loss has in 

everyday situations, particularly for the elderly (Brabyn, et al., 2000; Charness & 

Dijkstra, 1999; Friedman, Munoz, Rubin, West, Bandeen-Roche & Fried, 1999; 

Haegerstrom-Portnoy, Schneck & Brabyn, 1999; Rubin, Roche, Prasada-Rao & Fried, 

1994).  Under conditions of low luminance and reduced contrast 57% of subjects 85 
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years of age and older had visual acuity worse than 20/200 compared to 4% when the 

measure was high contrast acuity (Brabyn, et al., 2000).  By comparison, the same 

conditions of low luminance and reduced contrast resulted in 24% of adults under age 55 

failing to attain visual acuity of 20/40.  No subjects in the younger age group were 

reduced to worse than 20/70 visual acuity under conditions of low luminance and reduced

contrast (Brabyn, et al., 2000).

More than three million people in the United States suffer from impaired vision to

the extent of being unable to read ordinary print with corrective lenses (Lighthouse, 

National, Survey, on, Vision & Loss, 1995; Tielsch, Sommer, Witt, Katz & Royall, 

1990).  Shifts in the age distribution of the population are expected to result in a doubling

of the number of visually impaired and legally blind persons by the year 2030 (Bureau, 

of, the, Census, U.S., Department, of & Commerce, 1996).  

Age-related macular degeneration (AMD) is the leading cause of irreversible 

central vision loss in persons older than 65 years of age.  Between 4 and 10 million 

people in the United States are estimated to have AMD (Berger, Fine & Maguire, 1999; 

Kini, Leibowitz & Colton, 1978; Klein, Klein & Linton, 1992; Sommer, Tielsch, Katz, 

Quigley, Gottsch, Javitt, Martone, Royall, Witt & Ezrine, 1991). The prevalence of AMD

in the United States is strongly age-related with rates of 1.6% in 52-64 years olds, 11% in

65-74 year olds, and 27.9% in those 75 years or older (Leibowitz, Krueger, Maunder, 

Milton, Kini, Kahn, Nickerson, Pool, Colton, Ganley, Loewenstein & Dawber, 1980).  

Similar findings were reported in a recent population-based cross-sectional study from 

Australia.  AMD increased from 0% in 40-49 year old participants to 27% of participants 

90 years or older (VanNewkirk, Nanjan, Wang, Mitchell, Taylor & McCarty, 2000).
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Early anatomical signs of AMD have been defined as the presence of soft distinct,

soft indistinct, or reticular drusen, or the presence of retinal pigmentary abnormalities in 

the absence of late AMD lesions (VanNewkirk, et al., 2000).  When early signs of AMD 

are included in prevalence studies almost three quarters of people who reach the age of 

90 years can be expected to have age-related maculopathy (VanNewkirk, et al., 2000).  

One third of all cases have late AMD defined as “wet AMD” (neovascular) or  “dry 

AMD” (geographic atrophy) (VanNewkirk, et al., 2000).  Severe vision loss occurs 

whenever choroidal neovascularization or geographic atrophy of the retinal pigment 

epithelium involves the foveal center (Ferris, Fine & Hyman, 1984).  In the United States 

approximately 540,000 people are estimated to have late AMD (Klein, Klein, Jensen, 

Mares-Perlman, Cruickshanks & Palta, 1999).  Because individuals over 65 years old are 

one of the fastest growing sectors of the population, AMD is a major public health 

problem (Seddon, Ajani, Sperduto, Hiller, Blair, T.C, Farber, Gragoudas, Haller, Miller, 

Yannuzzi, Willett, Eye, Disease, Case-Control, Study & Group, 1994).

There are currently no effective treatments for the vast majority, about 80%, of 

patients who have the non-neovascular (dry) form of AMD (Ferris, et al., 1984; National, 

Advisory, Eye & Council, 1998).  The neovascular form however may account for almost

90% of cases with severe visual loss and legal blindness (Ferris, et al., 1984; Hyman, 

Lilienfeld, Ferris & Fine, 1991; Kahn, Leibowitz & Ganley, 1977).  Age-related macular 

degeneration (AMD) accounts for approximately 50% of annual blind and partially 

sighted registrations in Britain (Russell, Harper, Reeves, Waterman, Henson & McLeod, 

2001).  In the Beaver Dam eye study, 57 % of legally blind had late AMD (Klein, Wang, 

Klein, Moss & Meuer, 1995).  In the Baltimore Eye Study late AMD was the cause of 
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30% of the white population who were legally blind (Sommer, et al., 1991).  In the 

Framingham Eye Study exudative AMD was present in 79% of legally blind eyes (Kahn, 

et al., 1977).  For some forms of choroidal neovascularization, secondary to AMD, laser 

treatment is more successful than observation in postponing or limiting severe vision loss

but treated eyes also lose vision after laser treatment (Bressler & Bressler, 1995). 

Currently, there is no treatment that restores visual function in the presence of the 

severe late dry form of AMD geographic atrophy (Sunness, Rubin, Applegate, Bressler, 

Marsh, Hawkins & Haselwood, 1997).  Geographic atrophy (GA) is present in 3.5% of 

people 75 years of age or older and it is responsible for 20% of the cases of legal 

blindness due to AMD, and for a much larger percentage of cases of moderate visual loss

(Sunness, 1999).  Areas of GA are associated with absolute scotoms (Sunness, et al., 

1997).

Patients with advanced forms of AMD tend to have bilateral involvement

(Macular, Photocoagulation, Study & Group, 1993) and central visual field loss (CFL)

(Bressler & Bressler, 1995; Ferris, et al., 1984; Macular, et al., 1993; Sunness, et al., 

1997).  Research has demonstrated that CFL results in devastating reading disability in 

the form of very slow reading rates (Elliott, Bhavesh, & Whitaker 2001; Legge et al. 

1985b; Rubin & Turano, 1994; (Fine & Peli, 1998; Legge, Ross, Luebker & LaMay, 

1989; Sunness, Applegate, Haselwood & Rubin, 1996).  Several factors may contribute to

the slow reading rates of low vision patients.  The visual span is reduced in low vision; 

fewer characters are recognized in a single glance, and it takes longer to recognize words 

that exceed the visual span because more than one fixation is required (Legge, Ahn, Klitz

& Luebker, 1997; Legge, Mansfield & Chung, 2001).  For subjects with normal vision 
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reading around artificial scotomas, reading rate decreases as the number of letters 

occluded by a scotoma increases (Fine & Rubin, 1999).

Low vision patients with CFL have eye movement characteristics that are 

different from readers with normal vision (Bullimore & Bailey, 1995; McMahon, Hansen

& Viana, 1991; Rubin & Turano, 1994).  Readers with AMD and CFL take longer to 

initiate saccades to simple targets (White & Bedell, 1990; Whittaker, Cummings & 

Swieson, 1991), and traverse fewer letters per forward saccade when reading than 

subjects with normal vision (Bullimore & Bailey, 1995; McMahon, et al., 1991).  

Frequent small saccades may slow reading rates because small saccades have longer 

latencies and result in longer fixations between saccades (Kowler & Anton, 1987).  

The main objective of most elderly patients who seek care from a low-vision 

clinic is to gain improvement in personal reading (Elliott, et al., 1997; Faye, 1970; Hall, 

Sacks, Dornbusch & Raasch, 1987; Krieger, 1967).  Reading is critical to full 

participation in modern society and includes reading for survival (medicine labels, bills, 

and bank statements), and reading for vocation or pleasure (books, magazines, and 

newspapers).  Loss of the ability to read, due to low vision, affects the ability to function 

independently for simple everyday tasks such as shopping (Legge, et al., 1985b).  Even 

mild visual impairment (visual acuity worse than 20/40) is associated with difficulty in 

tasks necessary for independent living, including: house-work, paying bills, and shopping

(West, Munoz, Rubin, Schein, Bandeen-Roche, Zeger, German & Fried, 1997). 

The goal of low vision rehabilitation is to restore function (Massof, et al., 1995).  

The successful outcome of rehabilitation for low vision patients often depends on the 

success or failure of optical devices prescribed for reading (Lovie-Kitchin & Whittaker, 
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1999).  Reading performance is strongly associated with vision-related quality of life

(Hazel, Petre, Armstrong, Benson & Frost, 2000).   Individual patients perceive the 

benefits they attain from visiting a low vision clinic to be as high as 89.5% (Leat, Fryer &

Rumney, 1994).  In spite of the perceived benefit the ability to read normal-sized print 

with optical devices may be as high as 75% in the clinic but drop to only 35% for the 

patients at home (Leat, et al., 1994).  The discrepancy between in-office performance 

with optical devices and reported home use may include differences in lighting, print 

quality and contrast, difficulty remembering instructions, and deteriorating vision (Leat, 

et al., 1994).  To assure fluent reading after the patient leaves the clinic much higher 

magnification should be prescribed than the threshold size that just allows the patient to 

read standard sized print (Lovie-Kitchin & Whittaker, 1999).  Optical devices that 

provide high magnification have many limitations, including reading distances as close as

one inch, a field of view that may be smaller than a single word, the need for 

considerable manual dexterity, and hours of practice for proficient use (Goodrich, Mehr, 

Quillman, Shaw & Wiley, 1977).  Each of these factors limits reading performance and 

causes frustration for patients. 

For readers with severe vision loss, a closed-circuit television (CCTV) is often the

visual aid of choice (Arditi, 1999).  A CCTV consists of a video monitor and a vertically 

mounted camera that is aimed at the reading material on a moveable platform.  A CCTV 

can provide high magnification, high contrast, and a larger field of view than standard 

low vision devices.  Patients prefer CCTVs for extended reading, and are reported to use 

them for longer durations compared to other low vision devices (Goodrich & Kirby, 

2001; Watson, De l'Aune, Long, Maino & Stelmack, 1997).   However, the navigation 
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demands of using a CCTV significantly lengthens the time required for reading compared

to computerized presentation methods (Beckmann & Legge, 1996; Harland, Legge & 

Luebker, 1998).  

Computer generated displays can alter text format, providing much greater 

magnification, higher contrast, and a less restricted field of view (Fine & Peli, 1995; Fine 

& Peli, 1996b).  When high magnification is needed a simple computer and television can

provide access to print that cannot be read by other means.

Electronic magnification and presentation technology has been used to investigate

reading in low vision (Fine & Peli, 1995; Legge, et al., 1985b; Rubin & Turano, 1994).  

There is a trend for reading speed to increase as the number of letters in the field of view 

increases (Fine & Peli, 1996b; Harland, et al., 1998; Lovie-Kitchin & Woo, 1988).  

Dynamic displays, such as text that scrolls from right to left (SCROLL) (Legge, et al., 

1989), and RSVP (Rapid Serial Visual Presentation) (Rubin & Turano, 1992; Rubin & 

Turano, 1994), which presents one word at a time, result in faster reading rates for most 

low vision subjects compared to conventional page formats.  RSVP is often the fastest 

method if the text size is very large, though some low vision patients have been found to 

read SCROLL faster than RSVP regardless of text size (Fine & Peli, 1998).

While reading speed is often the dependent variable in reading research, and 

reading speed is important for general visual quality of life (Hazel, et al., 2000), accuracy

may be more important to low vision patients (Leat, et al., 1994).  The ability to perform 

a variety of daily activities such as reading bank statements, personal letters, instructions, 

and labels is associated with perceived benefit from low vision rehabilitation (Leat, et al.,

1994).  Computer systems should be the recommended reading aid when standard optical 
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devices do not provide adequate magnification and or a wide enough field of view to 

allow accurate reading at maximum rate.  Computer systems, via the World Wide Web, 

can increase access to text for low vision patients for both extended reading (newspapers 

or books) and spot reading (bank statements or instructions) for personal independence 

and safety  (Leat, et al., 1999).

The benefits of using computer technology to alter text displays are not always 

clear-cut for low vision patients with CFL from AMD (Fine & Peli, 1996b; Fine & Peli, 

1998; Harland, et al., 1998; Legge, et al., 1989; Rubin & Turano, 1994).  While clear 

guidelines to maximize reading for patients with CFL have been difficult to make, 

advances in video technology are likely to benefit this group (Arditi, 1999; Fine & Peli, 

1996a).
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Summary. The purpose of this study was to investigate whether reading performance, 

measured in words per minute, improved during an hour of within-session practice.  The 

reading methods were three computer-generated presentations including (1) MNREAD, a

modified page format, (2) RSVP, which presents one word at a time, and (3) SCROLL, 

where text pans from right to left across a screen.  Forty-five young readers with normal 

vision, forty-five elder readers with normal vision, and forty-five readers with low vision 

due to age-related macular degeneration read by one of these methods.  None of the 

participants had previous experience reading with MNREAD, RSVP of SCROLL.  There 

was little evidence that within-session practice improved performance.  Only 10 of 135 

participants had modest reading rate gains, and there was no statistical difference 

between reading method or subject group for this small subset of readers.

17



 Keywords:  Low vision, age-related macular degeneration (AMD), practice, reading, 
MNREAD, RSVP, SCROLL

18



INTRODUCTION

Low vision patients with central scotomas from age-related macular degeneration 

develop a ‘preferred retinal locus’(PRL) that falls at a peripheral retinal location 

compared to the fovea.(Timberlake, Mainster, Peli, Augliere, Essock & Arend, 1986)  

Reading with peripheral retina is slow compared to foveal reading.(Legge, Rubin, Pelli &

Schleske, 1985b; Rubin, 1987; Legge, Ross, Isenberg & LaMay, 1992; Rubin & Turano, 

1994; Sunness, Applegate, Haselwood & Rubin, 1996; Chung, Mansfield & Legge, 1998;

Elliott, Bhavesh & Whitaker, 2001)  Training may improve eccentric fixation and use of 

PRLs for reading in patients who have macular scotomas.(Holcomb & Goodrich, 1976; 

Goodrich, Mehr, Quillman, Shaw & Wiley, 1977; Backman & Inde, 1979; Goodrich & 

Mehr, 1986; Peli, 1986; Freeman, Jose & Goodrich, 1995; O'Connell, RG Cole, BP 

Rosenthal, 1996)  However, there are no clinical trials to demonstrate that training works 

better than simple practice.(Rubin, 2001)

Patients with low vision due to macular degeneration need magnification in order 

to read.  Some patients can use prescribed magnification after brief instructions(Nilsson 

& Nilsson, 1986) though training may further improve performance with low vision 

devices.(Goodrich et al., 1977; Nilsson & Nilsson, 1986; Watson, De l'Aune, Stelmack, 

Maino & Long, 1997)  In a retrospective study of patients with macular degeneration, 

rehabilitation with optical aids and training increased the percentage of participants who 

could read newsprint.  Each training session lasted one hour with the number of training 

sessions varying between one to twenty-three however, the authors did not delineate the 

change in newsprint reading ability due to improved visual acuity through magnification 

versus the change due to training.(Nilsson & Nilsson, 1986)  It is likely that some portion
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of the need for extensive training in the use of low vision devices (Goodrich et al., 1977; 

Nilsson & Nilsson, 1986; Goodrich, Kirby, Keswick, Oros, Wagstaff, Donald, Hazan, 

Peters, 2000) depends on acquiring the necessary motor skills.(Legge, Pelli, Rubin & 

Schleske, 1985a; Legge et al., 1985b; Karni & Sagi, 1993; Karni, Meyer, Jezzard, 

Adams, Turner & Ungerleider, 1995)

Gordon Legge and colleagues have removed the confounds of using low vision 

devices in the study of low vision reading by developing a method of automatically 

presenting sentences in a moving text display (SCROLL).(Legge et al., 1985a; Legge et 

al., 1985b). Developments in computer technology and text presentation eliminate several

of the traditional reasons for training low vision patients since there is no optical device 

to focus at a specific distance, and page navigation can be controlled by software.(Fine &

Peli, 1995; Rubin, 2001)  The use of computer generated reading methods would be 

advantageous to patients with low vision if minimal training is required.

Rehabilitation of some low vision patients with macular degeneration can occur 

within an hour. (Nilsson & Nilsson, 1986)  Learning for visual tasks, such as vernier 

acutiy, occur with less than an hour of training. (Poggio, Fahle & Edelman, 1992; Fahle, 

Edelman & Poggio, 1995)  Within-session learning might occur for novel reading 

methods such as MNREAD(Legge, Ross, Luebker & LaMay, 1989), RSVP(Rubin & 

Turano, 1992; Rubin & Turano, 1994) and SCROLL.(Legge et al., 1985a; Legge et al., 

1985b) The purpose of this study was to determine whether reading performance 

measured in words per minute (wpm) would improve after an hour of practice with these 

reading methods.

METHODS
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Research participants

Three groups of paid volunteers participated in the reading sessions.  Forty-five 

patients with low vision due to age-related macular degeneration, forty-five elder subjects

with normal vision and forty-five younger subjects with normal vision took part in the 

study.  The elder and AMD groups were not matched for age. Fifteen individuals from 

each group of participants completed one of the reading methods.  Summary data and 

statistics for age and logMAR visual acuity are presented in Table 1.  The young and 

elder subjects with normal vision were included if their medical eye report indicated no 

history of eye disease. Participants with age-related macular degeneration were selected if

their visual acuity had been stable for a minimum of six months and excluded if they 

were receiving medical treatment (other than vitamins) for macular degeneration.

Low vision patients with macular degeneration and elders with normal vision 

were recruited from the State University of New York, University Optometric Center, 

Low Vision and Primary Care Services.  Younger subjects were primarily students from 

the State University of New York State College of Optometry.  None of the participants 

had previous experience reading text in MNREAD, RSVP, or SCROLL formats.

Binocular best-corrected distance visual acuity was measured for each participant 

prior to the reading session using modified ETDRS chart.(Ferris, Kassof, Bresnick & 

Bailey, 1982)(Lighthouse International: professional catalog@lighthouse.org)  The three 

subsets of subjects within each group, for each reading method, were approximately 

matched for visual acuity.  Corrected visual acuity was different between macular 

degeneration, elder, and younger groups (means 1.11, 0.04 & -0.07; F2,132 = 441.32, p <
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0.0001) with the difference between each group confirmed using a Tukey-Kramer HSD 

test (p = 0.05).

The procedures used in this study conformed to the tenets of the Declaration of 

Helsinki.  Before testing began all subjects read (or had read to them) and then signed an 

informed consent form.  None of the participants were aware of the specific aim of the 

study.  All study protocols were approved by the Institutional Review Board on human 

research at the State University of New York, State College of Optometry.

DISPLAY AND TEXT PRESENTATION

Text was displayed with a 640 x 480 pixel Eiki LCD projector and rear-projected 

onto a four-foot by three-foot rear projection screen.  The text characters were white on a 

dark background.  Average luminance was 940 cd/m2 for the white letters and 3.3 cd/m2 

for the background with a Weber contrast of 0.99.  Room lights were off during the 

session.  A Macintosh computer with a frame rate of 67 Hz controlled the projection 

system.

Sentences were presented in three reading formats.  For MNREAD the entire 

sentence appeared on the screen at once.  The MNREAD sentences had 13 character 

spaces per line, with the words of the sentence stacked in four left-justified lines.(Legge 

et al., 1989)  For RSVP a sentence was displayed one word at a time, horizontally 

centered on the screen.  The image onset and offset of the projection system was 

approximately 4 msec so that each word was rapidly replaced by the next.  In SCROLL 

the first letter of the first word of each sentence began at the right edge of a display 

window and moved horizontally from right to left across the screen.  For SCROLL the 

maximum number of characters visible at one time was set to 10 by specifying a window 
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boundary within the software.  This assured that all participants who read SCROLL saw 

the same number of characters regardless of the angular size of the text.

Each sentence had 9 to 13 words and was selected from a library of about 1650 

sentences.  No subject read a single sentence more than once.  Five hundred and forty of 

the sentences came from the Minnesota Laboratory for Low-Vision Research.(Legge, et 

al., 1989)  Additional sentences came from the Gates-MacGinity Reading Tests(Rubin & 

Turano, 1992; Rubin & Turano, 1994) and from a variety of books downloaded from 

Project Gutenberg (www.promo.net/pg/).  All sentences were edited so that they were 

similar in length and complexity to the MNREAD sentences.  Sentence order was 

counterbalanced across subjects and reading methods so that subtle differences in the 

difficulty of sentences were distributed across conditions.

Text size was defined by lower case "x" height.(NAS-NRC-Committee-on-

Vision, 1980)  Visual angle was controlled by selecting font size with the Macintosh 

computer and by varying the distance of the subject from the projection screen.  Letter 

size was approximately five times larger than the best-corrected distance visual acuity 

that was measured at the start of the session.  This size was used in order to assure that 

reading rates approached the maximum possible for each method (Legge et al., 1985a; 

Legge et al., 1985b; Rubin & Turano, 1992; Rubin & Turano, 1994; Fine & Peli, 1998) 

although participants with macular degeneration may need additional magnification to 

read at their fastest.(Fine & Peli, 1998; Aquilante, Yager & Morris, 2003)

TESTING PROCEDURE
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A verbal description of the reading method was given before the first trial.  An 

audible prompt alerted the subject prior to the onset of the first word in each sentence. 

There was no practice prior to the first sentence trial, and no feedback was provided 

during the session.  Subjects read aloud, and continued to read after the sentence was off 

the screen suggesting that the display rate was faster than their speaking rate.  Reading 

rate (words per minute) was calculated and stored by the software for each sentence and 

was based on the number of words in the sentence divided by the amount of time that 

each sentence appeared on the screen.  This gave a measure of display duration rather 

than time needed to verbalize the sentence.(Rubin & Turano, 1992)  All of the words of a

sentence had to be read, and read in order for the sentence to be counted correct.  A 

period marked the end of the sentence in all three reading methods.  The experimenter 

saw the entire sentence in a persistent display on a separate monitor and recorded with a 

keystroke whether the sentence was read correctly or if mistakes were made.  If the 

experimenter’s keystroke indicated that the sentence was read perfectly the software 

reduced the duration of the next sentence by 19%, (0.075 log unit), or increased the 

sentence duration by the same fraction if a mistake is made.  This staircase procedure 

continued until there were either 4 or 8 reversals in reading rate to complete one block of 

sentence reading trials.  Four reversals were used when the subject’s reading rate was 60 

words per minute (wpm) or slower, and 8 reversals were used for faster rates.  This made 

it possible to keep the total session time to about an hour for all participants.  Each 

session included 10 blocks of trials with each sentence acting as a single trial.  The 

software terminated each block after the specified number of reading rate reversals.  Rest 

breaks were allowed as needed.
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The number of sentences read in a single block of trials varied between blocks 

and participants, however adjusting the initial presentation rate minimized this difference.

Available starting rates were 15, 30, 60, 120, and 300 wpm based on the level of best-

corrected visual acuity,(Aquilante, Yager & Morris,  2000) and the starting rate for the 

second block was adjusted up or down as needed after completing the first block of trials.

This allowed each individual to begin reading at a rate close to their limit, and reduced 

the total number of attempts, either reading sentences correctly or with errors, before 

there was a reversal in the staircase procedure.

The software created a session data file for each participant.  Each data file 

included a record of the reversal reading rates for each staircase, and the geometric mean 

of the staircase reversals (in wpm) for each block of trials. 

DATA ANALYSIS 

The ten geometric means of reading rate in words per minute (wpm) for each 

subject were converted to log reading rates and log reading rate ratios.  The reading rate 

ratio was calculated by comparing the reading rate of each block with the reading rate for 

the first block [log wpm (block N) - log wpm (block 1)]. The reading rate ratio describes 

the change in reading rate over the session, and has the additional advantage of allowing 

direct comparisons of change across subjects who read at very different rates.  In general 

the wpm data, and log wpm data across groups had binomial or trinomial distributions for

each of the reading methods.  Reading rate across groups does not follow a normal 

distribution for wpm (Shapiro-Wilk W = 0.92, p < 0.0001) or log wpm (W = 0.84, p < 

0.0001).  The log ratio transformation of MNREAD reading rates approaches a normal 

distribution (W = 0.98, p = 0.03), and for RSVP and SCROLL the log ratio 
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transformations of the data are compatible with a normal distribution (RSVP: W = 0.99, p

= 0.62; SCROLL: W = 0.99, p = 0.77).(Altman, 1991)  Log ratio data were entered into 

SAS JMP, Version 4 software, (SAS Institue, Cary NC 27513) the distribution was tested

for each group by method with a Shapiro-Wilk W, and then subjected to one-way 

repeated measures ANOVA across blocks of trials and across subjects.  The planned ad 

hoc, when indicated, was a Dunnett's test with the first block, or the mean log ratio from 

the subject data selected as the control.  A non-parametric one way analysis of variance, 

the Kruskal-Wallis test, was also used when a Shapiro-Wilk W test indicated that the data

failed to fit a normal distribution.

RESULTS

Figure 1 shows data from all subjects who read with MNREAD giving the 

difference in reading rates for blocks 2-10 compared to the reading rates for the first 

block.  Visual inspection of the wpm data in Figure 1A demonstrates that the 15 

individuals with age-related macular degeneration (subject numbers 1-15) read more 

slowly than the elder readers (subjects number 16 – 30), and young readers (subject 

numbers 31-45).  Also by visual inspection of the wpm data in Figure 1A, it can be seen 

that there is at least a bimodal distribution across subjects for the change in reading rate.

(Altman & Bland, 1983)  Figure 1B shows the same data converted to log ratios, and 

suggests that the proportional change in reading rate during the session is similar between

all three groups of readers.(Altman & Bland, 1983)

A one-way repeated measures ANOVA on log ratios for MNREAD reveals no 

significant difference between the ten session blocks for the young readers (F9,140= 

1.07, p = 0.39).  There were no significant differences between blocks for the elder 
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readers (F9,140= 0.41, p = 0.93; Kruskal-Wallis Chi square = 3.80, df = 9, p = 0.92).  

Readers with macular degeneration (F9,140= 0.39, p = 0.94) showed no significant 

differences between log ratios for the ten MNREAD reading blocks within the session.  

The mean log ratios of the three subject groups who read with MNREAD were not 

different (F2, 42= 1.84, p = 0.17).  Variability of the log ratios, described by the standard 

deviation, was larger for the AMD group compared to young and elder readers but this 

difference was not statistically significant (means of SD: 0.07, 0.06, 0.05; F2, 42= 2.35, p

= 0.11).

For RSVP, young readers (F9,140= 0.40, p = 0.93), elder readers (F9,140= 0.22, p

= 0.99), and readers with macular degeneration (F9,140= 0.29, p = 0.98; Kruskal-Wallis 

Chi square = 4.23, df = 9, p = 0.90) showed no significant difference in log ratios across 

blocks for the session.  The mean log ratios were not different between groups (F2, 42= 

0.22, p = 0.81), and the standard deviation of the log ratios for the three groups who read 

with RSVP were not different (F2, 42= 0.64, p < 0.53).

For SCROLL, there were no differences in log ratio measures across blocks for 

young readers (F9,140= 0.44, p = 0.91), elder readers (F9,140= 1.32, p = 0.23), or 

participants who had macular degeneration (F9,140= 1.23, p = 0.28).  Log ratios did not 

differ between the three groups (F2, 42= 0.16, p = 0.86), and the standard deviation of the

log ratios for SCROLL were not different between groups (F2, 42= 1.58, p = 0.22).

A comparison of mean log ratios across methods and groups did not yield a 

difference between either the reading methods (Kruskal-Wallis: Chi square = 1.54, df = 

2, p = 0.46), or the subject groups (Kruskal-Wallis: Chi square = 1.47, df = 2, p = 0.48).  

The standard deviations of the mean log ratios across the three reading methods were not 
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different (Kruskal-Wallis: Chi square = 1.47, df = 2, p = 0.48).  The variability indicated 

by the standard deviations of the three subject groups, across all three reading methods, 

were not different (Kruskal-Wallis: Chi square = 1.47, df = 2, p = 0.48).  Based on the 

results by block, across methods, an effect size of 0.26 was calculated using a Kruskal-

Wallis Chi square (9.04, df = 9, p = 0.43).(Portney & Watkins, 2000)  This effect size 

combined with the standard deviation of the log ratios (0.074) and the sample size (n = 

135), gives a power of 0.89 (alpha = 0.05) adding credence to the finding that reading 

rates did not change during the practice session.(Portney & Watkins, 2000)

Figure 2 is a plot of mean log ratios by method for each subject by group. 

Maximum and minimum log ratios and the standard deviation of the log ratio for each 

subject are included with the mean.  The horizontal line at 0.00 marks the log ratio for the

first block of reading trials.  Inspection of Figure 2 reveals that, within each method and 

group, the mean performance of some individuals exceeded their performance for the 

first block of trials.  The mean log ratio for other individuals indicates that their average 

reading rate was slower during the session than it was for the first block of trials.  In 

Figure 2, data sets with the minimum rate for the session on or above the zero horizontal 

line are the subjects who read slowest on the first block of trials and maintained their 

initial rate, or read more rapidly, on subsequent blocks during the session.  

In order to account for the possibility that there can be large inter-individual 

differences in visual task learning (Fendick & Westheimer, 1983; Fahle & Edelman, 

1993; Beard, Levi & Reich, 1995; Fahle et al., 1995; Saarinen & Levi, 1995; Fahle & 

Henke-Fahle, 1996; Levi, Polat & Hu, 1997; Westheimer, 2001) we analyzed subjects 

individually.  A Kruskal-Wallis one-way ANOVA was used to test log ratios across all 
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subjects without regard for reading method (Chi square = 624.37, df = 134, p < 0.001).  A

Dunnett’s test (p = 0.5) was run using the mean log ratio of the entire subject pool (n = 

135) as the control.  From this analysis 10 of the 135 subjects had mean log ratios (mean 

= 0.14; range 0.11 – 0.19) greater than the group mean (-0.01).  Seven of the subjects had

mean log ratios (mean = -0.15; range –0.12 - -0.20) that were less than the group mean.  

We evaluated these 10 individuals whose gains were greater than the group separately. 

There was no statistical difference between reading methods among the 10 individuals 

(Kruskal-Wallis Chi square = 2.81, df = 2, p = 0.24), and there was no statistical 

difference between subject type (Chi square = 1.09, df = 2, p = 0.58).  In other words, 

these 10 individuals had a statistically significant difference in their mean log reading 

rate ratio for the session compared to the cohort.  For this small sample, the difference 

cannot be attributed to a particular reading method or a particular subject group.

DISCUSSION

We did not find compelling evidence of with-in session learning after practice for 

any of the three reading methods or subject groups.  The ten individuals with mean log 

reading rate ratios greater than the sample could not be classified as belonging to one of 

the three subject groups or be classified by method of reading.  This subset of ten readers 

reached their fastest rate, on average, at 6.3 blocks (range 2-9) during a session that took 

about 1 hour.  The average performance of these 10 individuals increased by a factor of 

1.38 which is greater than the average within-session variation that occurs for visual tasks

such as vernier acuity, but is less than the three-fold improvements that have been 

reported for that task after practice.(Westheimer, 2001) 
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There are factors that could have contributed to the lack of learning in our study.  

No feedback was provided during the reading session and while learning can occur 

without feedback, (Fahle et al., 1995) the learning rate can be slower, (Fahle & Edelman, 

1993; Fahle & Henke-Fahle, 1996) and benefits of feedback can be greatest for 

participants with the worst initial performance.(Ball & Sekuler, 1987; Fahle & Henke-

Fahle, 1996)  All readers in this study were naïve to the purpose and may not have 

approached the task with the intent of trying to improve their reading rates.(Ahissar & 

Hochstein, 1993)  Motivation can be a driving force, and lack of feedback could have 

contributed to the lack of a learning effect.(Hovland, SS Stevens, 1951; Beard et al., 

1995)

All of the low vision patients with AMD who participated had stable vision over 

the previous six months to 2 years and all of them were experienced low-vision device 

users.  Reading with low vision aids has been likened to reading SCROLL(Legge et al., 

1985b) because the text moves through the field of a magnifier, or over the video monitor

of a closed-circuit television, in a manner that resembles the moving text in a SCROLL 

display.  It is possible that the low vision readers already had experience that was similar 

to SCROLL reading.  Similarly, the MNREAD format resembles reading from a page of 

written text, or reading text with standard formatting on a computer monitor so 

MNREAD may not be a truly novel reading experience.  However, no within-session 

learning was apparent for RSVP reading and RSVP would not have been encountered for 

sustained reading in everyday experience.  In addition, the statistical comparisons of the 

10 individuals whose mean log ratios were greater than the group were not more likely to 

have read with RSVP compared to the other two methods.  For this reason it is not likely 
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that the general lack of improvement with practice can be attributed entirely to previous 

experience.

Other investigators have reported large inter-individual differences in the 

magnitude, time-course and pattern of learning for visual perceptual tasks.(Fiorentini & 

Berardi, 1980; Fendick & Westheimer, 1983; Fahle & Edelman, 1993; Karni & Sagi, 

1993; Beard et al., 1995; Fahle et al., 1995; Saarinen & Levi, 1995; Levi et al., 1997; 

Westheimer, 2001)  Fast within-session learning occurs for vernier acuity after about 100 

trials in less than one hour of training.(Poggio et al., 1992; Fahle et al., 1995)  Learning 

could have occurred within the first block of reading trials although previous 

investigators reported no learning effect during testing with four unique sentences on 

printed MNREAD cards.(Ahn, Legge & Luebker, 1995)

It is also possible that improvement in performance may require extended practice

over many days,(Goodrich et al., 1977; Karni & Sagi, 1991; Fahle & Edelman, 1993; 

Karni & Sagi, 1993) or that improvement occurs between sessions and not within a single

session(Beard et al., 1995).  We do not know if reading performance would improve for 

these methods if practice were provided in the form of additional sessions.

Computer generated text can be modified in ways that are not possible with 

standard printed text and can provide alternative reading methods for low vision patients. 

(Legge et al., 1985a; Legge et al., 1985b; Fine & Peli, 1995; Rubin, 2001)  Our goal was 

to test whether simple within-session practice would improve performance.  The 

participants in this study did not have reading rate gains after an hour of practice even 

though they were reading with a method that was novel for them.  If the reading method 

can be used efficiently at first exposure it is likely to benefit readers with low vision.  We
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believe that this result adds to the argument for the continued development of computer 

controlled reading software for visually impaired readers.
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Table 1:  Summary Statistics of Participants.  Mean, standard deviation and range for age 
and log MAR visual acuity for each age group and each subset of readers for each of the 
three reading methods.

MEAN; SD;
RANGE

(n = 45 in
each group)

MNREAD 
MEAN; SD;
RANGE

(n = 15) 

RSVP
MEAN; SD;
RANGE

(n = 15) 

SCROLL 
MEAN; SD;
RANGE

(n = 15) 

ANOVA
F2,42; p

YOUNGER
Age

log MAR VA

24.9; + 3.0;
18 - 39

23.8; + 1.9;
18 - 27

-0.04; + 0.07;
 -0.18 to 0.02

25.5; + 2.6;
22 - 32

-0.10; + 0.08;
 -0.30 to 0.00

25.5; + 4.2;
23 - 39

-0.07; + 0.09;
-0.22 to 0.1

1.56; 0.22
1.92; 0.16

ELDER
Age

log MAR VA

75.8; + 7.4;
60 - 91

75.5; + 7.2;
60 - 86

0.03; + 0.08;
-0.1 to 0.18

74.5; + 6.6;
60 - 91

0.05; + 0.6; 
-0.02 to 0.16

77.6; + 8.5;
60 - 91

0.05; + 0.07; 
-0.08 to 0.16

0.69; 0.51
0.26; 0.77

AMD
Age

log MAR VA

84.5; + 7.4;
67 - 98

84.5; + 7.1;
67 - 98

1.05; + 0.33;
0.54 - 1.9

83.8; + 8.0;
74 - 95

1.06; + 0.40
0.4 – 1.6

87.8; + 6.1;
76 – 98

1.21; + 0.29
0.6 - 1.5

2.97;  0.06
1.00; 0.38
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Figure 1. The change in reading rate in words per minute (A) and log ratio (B) of all 
blocks of reading trials compared to the first block for all subjects who read with the 
MNREAD method.  Subject numbers 1-15 are data for the readers with macular 
degeneration.  The log transformation (B) gives the proportional change in reading rate 
and allows comparisons across all three subject groups without regard to reading rate. 

Figure 2.  Mean log ratio (    ), minimum and maximum log ratios (    ), and standard 
deviation (vertical line) for each method and subject in each group. The horizontal line at 
zero marks block one.  A few participants read as fast or faster for each block after the 
first (minimum on or above zero line).

39



5 15 25 35 45

0

100

200

300

-100

-200

-300
5 15 25 35 45

0

0.1

0.2

0.3

-0.1

-0.2

-0.3B
lo

ck
 N

 -
 B

lo
ck

 1

W
P

M

lo
g

 R
a

tio

Figure 1

Subject number

A. B.

40



Figure 2

2 6 10 14 2 6 10 14 2 6 10 14

lo
g

 R
a

tio
s;

 m
e

a
n

, m
in

im
u

m
, m

a
xi

m
u

m

M
N

R
E

A
D

R
S

V
P

S
C

R
O

LL

Subject number
Young readers Elder readers AMD readers

0.00

0.15

0.30

-0.15

-0.30

0.00

0.15

0.30

-0.15

-0.30

0.00

0.15

0.30

-0.15

-0.30

41



The effect of size and reading method for patients with low vision due to age-related 
macular degeneration 

Authors:  Kathy Aquilante, Dean Yager, Robert A. Morris

Corresponding author: Kathy Aquilante, SUNY State College of Optometry, 33 West 
42nd St., NY NY 10013
212-780-5152
212-780-5137 fax
aquilante@sunyopt.edu

Dean Yager, SUNY College of Optometry 

Robert A. Morris, Ph.D., Professor of Mathematics and Computer Science, University of 
Massachusetts, Boston MA

42

mailto:aquilante@sunyopt.edu


Summary

We examined change in reading performance with change in character size for 

three reading methods including MNREAD, RSVP, and SCROLL.  A video projection 

system with a four-foot by three-foot rear projection screen was used to display 

characters between approximately one-tenth of a degree to over 60 degrees of visual 

angle.  Participants had low vision due to age-related macular degeneration (AMD) (n 

=36), or were age-matched with normal vision (n=34).  Reading rates increased rapidly 

from the smallest (2x) acuity reserve, remained constant over a range of larger sizes, and 

slowed for the largest sizes.  In contrast to previous studies, we found that reading rate 

functions of patients with AMD had an inverted U shape for each reading method. This 

confirms previous reports that low vision patients with AMD have reading rate gains 

when acuity reserve increases, and demonstrates that their reading rate functions are 

qualitatively similar to readers with normal vision.

43
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Introduction

Most of the patients who seek low vision care are elderly and have age-related 

macular degeneration.{Elliott, Trukolo-Ilic, Strong, Pace, Plotkin & Bevers, 1997; 

Russell, Harper, Reeves, Waterman, Henson & McLeod, 2001}  Even a moderate 

reduction in visual acuity to 20/40 can reduce reading rates to a level associated with 

disability.{West, Rubin, Broman, Munoz, Bandeen-Roche & Turano, 2002}  Vision loss 

is associated with increased difficulty with the visual tasks necessary for independent 

living such as paying bills.{Friedman, Munoz, Rubin, West, Bandeen-Roche & Fried, 

1999} 

Improvement in reading is the primary goal for most elderly low vision patients.

{Elliott et al., 1997}  Low vision rehabilitation, by providing a means for improving 

reading, subsequently leads to improved measures of quality of life.{Wolffsohn & 

Cochrane, 2000}  Numerous researchers have reported that persons with macular 

degeneration read slowly, but not all people who read slowly report that reading is 

difficult, possibly because they use magnification to compensate for their vision loss.

{Friedman et al., 1999; West et al., 2002}  Reading activities become less difficult after 

low vision rehabilitation, in part because text size can be magnified with optical or 

electronic low vision devices making it possible to read ordinary print in a newspaper, 

read small print in a telephone book or on a medicine label, or read a bill to know if it is 

accurate.{Stelmack, Stelmack & Massof, 2002}

Acuity reserve, a metric used to describe magnification, compares the size of 

letters used for reading to the size of letters at visual acuity threshold.{Whittaker & 

Lovie-Kitchin, 1993} The advantage of describing character size by acuity reserve is that 
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readers with very different threshold visual acuity can be compared on the same scale.

{Whittaker & Lovie-Kitchin, 1993}  A specific multiple of acuity reserve has not been 

able to describe the amount of magnification that best serves all low vision readers.

{Whittaker & Lovie-Kitchin, 1993; Fine & Peli, 1998; Lovie-Kitchin, Bowers & Woods, 

2000} Some low vision patients with defects of their central field require print sizes more

than 10 times larger than acuity threshold in order to attain maximum reading rates.{Fine 

& Peli, 1998} Standard optical devices can limit acuity reserves to less than 3:1 in 

patients who have severe vision loss{Whittaker & Lovie-Kitchin, 1993}, and even 

electronic devices such as a closed-circuit television can reduce the reading field of view 

to a few words or characters when very high magnification is required.{Fine & Peli, 

1998}

Maximum reading rates for normal vision readers and low vision readers occur 

over a range of character sizes,{Legge, Pelli, Rubin & Schleske, 1985a; Legge, Rubin, 

Pelli & Schleske, 1985b; Rubin & Turano, 1992; Whittaker & Lovie-Kitchin, 1993; 

Rubin & Turano, 1994} and the character size that results in the fastest reading rate 

depends on the method of text presentation{Legge, Ross, Luebker & LaMay, 1989; 

Rubin & Turano, 1992; Fine & Peli, 1998}.  Text is read very slowly when it subtends a 

visual angle equal to visual acuity.{Whittaker & Lovie-Kitchin, 1993}  As print size 

increases reading rates increase rapidly.  The smallest size that is read at maximum has 

been labeled critical print size.{Mansfield, Legge & Bane, 1996}. In normal vision, 

reading rates increase from threshold size up to critical print size for both foveal and, 

with larger text, peripheral retinal locations, although the maximum achievable rate 

46



decreases as the retinal location used for reading moves further out into peripheral retina.

{Chung, Mansfield & Legge, 1998}

If character size continues to increase, reading rates slow for subjects with normal

vision, and slow for some subjects with low vision.  The decline in reading rate at large 

sizes occurs for text that moves right to left continuously across a visual display 

(SCROLL),{Legge et al., 1985a; Legge et al., 1985b} for reading rates of text presented 

one word at a time by rapid serial visual presentation (RSVP),{Rubin & Turano, 1992; 

Rubin & Turano, 1994} and for MNREAD, where all the words of a sentence appear at 

once in three or four lines{Legge et al., 1989}.  Reading rates for text presented in a 

conventional page format may be less dependent on character size than reading rates for 

RSVP.{Rubin & Turano, 1992} In a study comparing fonts for MNREAD, reading rates 

increased rapidly for sizes between threshold and critical print size but did not decline for

large sizes.{Mansfield et al., 1996}

The effect of size on reading rates for low vision readers with heterogeneous 

pathologies is less predictable than it is for normal vision readers.{Legge et al., 1985b; 

Whittaker & Lovie-Kitchin, 1993; Rubin & Turano, 1994; Fine & Peli, 1998} The fastest

reading rate measured for some low vision readers with central field loss has been for the 

largest size used in the study.{Legge et al., 1985b; Legge et al., 1989}  To date there is 

no study that compared MNREAD, RSVP, and SCROLL for a range of sizes that 

produced an inverted U function for each reading method in readers with AMD.

The purpose of this study was to compare reading rates over a large enough range 

of character sizes to determine if patients with low vision due to AMD had reading rate 

functions in the shape of an inverted U for MNREAD, RSVP, and SCROLL methods.  
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Text was rear-projected onto a four-foot by three-foot screen.  The projection system 

made it possible to display characters that subtended a visual angle less than 0.1 degree to

visual angles larger than 60 degrees.  With the projection system we were able to include 

low-vision patients with AMD who met the definition of legal blindness in the United 

States (visual acuity equal to and worse than 20/200) while measuring reading rates for 

acuity reserves between approximately 2x to 16x.  The video projection system 

magnified print to sizes that were equal to and larger than the maximum size used in 

other studies and made it possible to measure reading rates across the entire range of 

sizes for low vision patients with severe visual acuity loss.{Legge et al., 1985a; Legge et 

al., 1985b; Whittaker & Lovie-Kitchin, 1993; Rubin & Turano, 1994; Fine & Peli, 1998}

Methods

Display of Text: 

The text was displayed with a 640 x 480 pixel Eiki LCD projector and rear-

projected onto a four-foot by three-foot rear projection screen.  Room lights were off 

during the session.  Text characters were white on a dark background.  Luminance of the 

text was 940 cd/m2 for the white letters and 3.3 cd/m2 for the background with a Weber 

contrast of 0.99.  A Macintosh computer with a frame rate of 67 Hz controlled the 

projection system.  The display dynamics of the Eiki LCD projector were measured using

a photodiode from United Detector Technology (www.udt.com).  The image onset 

reached 100 percent in approximately 4 msec, and the offset fell to zero within 4 msec 

(making phosphor persistence inappreciable after the sentence display terminated for 

MNREAD, or between words for RSVP.
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Text was presented in three sentence formats.  For MNREAD, the entire sentence 

appeared on the screen at once displayed as a box of four lines with 13 characters each.  

The first word of each line was left-justified and the center of the box of text was set at, 

or just below, the line-of-sight for each subject.  For RSVP sentences, one center-justified

word was presented for a fixed number of frames and replaced by the next word in the 

next complete frame.  Horizontal and vertical coordinates specified in the software placed

each word at the same screen location and individual words were set to appear at or just 

below the subject’s line-of-sight.  For SCROLL, a sentence moved horizontally from 

right to left across the screen with the approximate vertical center of the characters set at 

or just below eye level for each subject.

Text size was defined by lower case “x” height and controlled by selecting font 

size with the Macintosh computer and/or by varying the distance of the subject from the 

projection screen.  The sans serif proportionally spaced font Geneva was used for 

MNREAD and RSVP.  Courier was used for the SCROLL because the fixed-width font 

can be more accurately timed as it moves through the display window. The fixed width 

font also allows precise control of the number of characters visible on the screen at a 

given time.  The sentence for SCROLL appeared within in a window whose size was 

controlled by specifying the right and left margins in the software. The window kept the 

maximum number of characters at 10 regardless of the font size.  There were no visual 

features that marked the boundaries of the SCROLL window other than the appearance 

and disappearance of the white letters at a specific location on the dark background.  The 

font x-height of Geneva and Courier were matched.  Each font height was verified by 

taking an average of 5 measurements of the character image on the projection screen with
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a 0.5 millimeter increment ruler.  At sizes close to reading acuity limits, (the smallest text

size that can be read {Legge et al., 1989}), sentences displayed with fixed-width fonts are

read at faster rates than sentences composed of proportionally spaced fonts {Arditi, 

Knoblauch & Grunwald, 1990; Mansfield et al., 1996}.  At critical print size (the smallest

size that can be read at maximum rates) {Legge et al., 1989} and larger, there is no 

difference in reading rates for fixed-width and proportionally spaced fonts {Morris, 

Berry, Hargreaves & Liarokapisk, 1991; Mansfield et al., 1996}.  The smallest size used 

in this experiment was twice as large as visual acuity threshold and differences in reading

rates due to font effects are expected be minimal.{Morris et al., 1991}

Seven different character sizes were used.  Each size differed from its neighbor by

a factor of 20.5.  Calculated sizes expressed as acuity reserves were 2.00, 2.83, 4.00, 5.66, 

8.00, 11.31, and 16.00.  The stroke thickness of the lower case characters at the smallest 

size were, at minimum, two pixels wide with a height of 13 pixels.  The stroke-width of 

the largest size was 16 pixels and letter height was 104 pixels.  The actual x-height, and 

change between sizes corresponded to acuity reserves of 2, 3, 4, 6, 8, 11, and 16.  Two 

blocks of trials were run at each letter size.  The size order either began with the smallest 

size, ascended to the largest size, and was followed by the descending order, or began 

with the largest size and followed the reverse pattern, for different subjects.

Sentences with between 9 and 15 words each were selected from a library of 

about 1650 sentences.  Five hundred and forty of the sentences came from the Minnesota 

Laboratory for Low-Vision Research.  The MNREAD sentences have a range of 9 to 13 

words per sentence.{Legge et al., 1989}  Additional sentences came from the Gates-

MacGinity Reading Tests{Rubin & Turano, 1992; Rubin & Turano, 1994}, and from 
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sentences edited from a variety of books downloaded from Project Gutenberg 

(www.promo.net/pg/).  These additional sentences were edited so that they were similar 

in length (9 to 13 words per sentence) and complexity to the MNREAD sentences.  Each 

sentence began with a capital letter, and the last word of the sentence in each format was 

marked with a period.

The sentence order was counterbalanced across subjects, reading methods, and 

sizes so that subtle differences in the difficulty of sentences were distributed across 

conditions.  MNREAD sentences were used in RSVP and SCROLL displays, however 

the unique formatting of the MNREAD display precluded use of the entire sentence 

library for that method.  No individual subject read any given sentence more than once.

Task 

Prior to the reading trials, binocular best-corrected visual acuity was measured for

each participant using an ETDRS distance visual acuity chart{Ferris, Kassof, Bresnick & 

Bailey, 1982 }(Lighthouse International: professional catalog@lighthouse.org).  

Binocular contrast sensitivity was measured with a Pelli-Robson contrast sensitivity chart

{Pelli, Robson & Wilkins, 1988}(Haag-Streit; haag-streit-uk.com/ophthalmic/catalogue).

Subjects sat in an armchair in an unconstrained natural posture and read sentences

from the rear-projection screen binocularly, with best correction for the reading distance. 

Viewing distance ranged between 50 cm to 3 meters from the rear-projection screen for 

all but the largest acuity reserve.  Acuity reserve was based on best-corrected binocular 

ETDRS visual acuity.  For the largest acuity reserve (16x) sixteen of the thirty-six 

subjects with AMD sat 25 cm from the rear projection screen.  Smaller sizes were read at 

50 cm or further from the display.  Clip-on near correction for the viewing distance was 
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provided as needed.  For the 50 cm and 25 cm viewing distances lens correction was 

selected by having each subject view appropriately sized letters in a sentence and 

compare lenses with a focal length for straight ahead (+2.00 to +4.00), and far edge 

(+1.25 to +1.50) distances.  Because the letter size was well above threshold the effect of 

blur, due to the difference in viewing distance between the center of the screen compared 

to the edges of the screen, was expected to be minimal.{Legge, Mullen, Woo & 

Campbell, 1987; Pelli et al., 1988}

Subjects were observed during each trial, and reminded not to move closer or 

farther from the screen in order to minimize variation in visual angle due to shifts in 

position.  If the subject moved, the block of trials was stopped, and the chair was 

repositioned so that they could sit comfortably at the correct distance.

An audible prompt alerted subjects when each sentence was about to begin.  

Subjects read aloud and could continue to read after the display of the sentence ceased.  

The reading rate was based on the presentation rate rather than on how quickly the words 

were pronounced.{Rubin & Turano, 1992}  Each subject was given the option of reading 

the sentence when it appeared on the screen, waiting to begin to read after the sentence 

display ended, or using a strategy that combined approaches.  Most of the participants 

began reading when the first word of the sentence appeared on the screen, and continued 

to read aloud after the last word of the sentence disappeared, suggesting that the display 

rate was faster than their speaking rate.  Subjects were instructed that they should read as 

rapidly as possible but that all words in a sentence had be read, and read in the correct 

order, for the sentence to be counted as correct.  Subjects were informed that the 

presentation rate would increase when the sentence was repeated verbatim, and decrease 
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if mistakes were made, and were also told that the presentation rate would sometimes be 

too rapid for them to read without error.  Each subject had prior experience 

(approximately an hour in a previous session) reading by one of the three methods at a 

fixed size (5 times larger than best-corrected visual acuity). 

For MNREAD, the entire sentence appeared for a fixed duration.  For RSVP, each

word in the sentence appeared for a fixed duration and was immediately followed by the 

next word.  For SCROLL, duration was measured from the appearance of the first letter 

at the right edge of the display window to the disappearance of the last letter out of the 

display window on the left.  The experimenter saw the entire sentence in a persistent 

display on a separate monitor and recorded with a keystroke whether the sentence was 

read correctly or if any mistake was made.  If the sentence was read perfectly the duration

of the next sentence was reduced by 19%, (0.075 log unit), and the duration was 

increased by the same fraction if a mistake was made.  An estimate of reading rate was 

made after 4 or 8 reversals in this staircase procedure.  In an effort to minimize 

differences across subjects in the time necessary to complete the experimental sessions, 4 

reversals were used when the subject’s reading rate was slower than 120 words per 

minute (wpm), and 8 reversals were used for faster rates.  While some accuracy may have

been lost by using fewer reversals, this kept the entire session time to about an hour and 

reduced potential fatigue during the session.  The starting rate for each subject was based 

on his or her reading rate from the previous fixed-size reading session. The starting rates 

were 15, 30, 60, 120, and 300 wpm.

Each participant read with each reading method.  They were given the option of 

completing the three different methods over multiple visits in order to avoid fatigue.  
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Readers with normal vision were able to complete all of the trials and each of three 

reading methods in about an hour.  Most of the participants with low vision from AMD 

completed all of the trials for one method in a single session and returned for two 

additional sessions (one for each of the remaining reading methods).  The slowest readers

needed an hour to complete a single method.  The reading method order was 

counterbalanced across subjects.

The software calculated the geometric mean of the staircase reversal points in the 

staircase procedure. The accuracy of the software’s timing calculation was confirmed 

manually by running a continuous 288-word sentence for the RSVP and SCROLL 

methods.  A digital timer was started at the onset of the first word and stopped at the 

offset of the last word over a range of presentation rates between 15 wpm to 800 wpm.  

The total duration for the 288-word sentence measured by the digital timer was converted

to words per minute (wpm), and the average of three measurements for each presentation 

rate was compared to the wpm rate recorded by the software.  The accuracy of the 

software’s timing calculation for MNREAD was confirmed by averaging a series of 

manual measurements with the digital timer for sentence duration/words and comparing 

this to the software’s stored wpm rate. The reading rates at the staircase reversals, and the

geometric mean of the reversals in wpm, for each block of trials were stored in a unique 

session data file for each subject. The final estimate of each subject’s reading rate was 

calculated as the geometric mean from the two completed blocks at each size after the 

session finished.

Subjects
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Adult paid volunteers were recruited from the State University of New York 

College of Optometry, University Optometric Center Low Vision Rehabilitation Service 

and Primary Care Service.  Low vision participants with a diagnosis of age-related 

macular degeneration (AMD), and age-matched elder subjects with log MAR visual 

acuity of 0.2 (20/30) or better, and no diagnosed ocular pathology, took part in the study. 

Thirty-six subjects with AMD and thirty-four subjects with normal vision participated in 

the study.  The mean age of the AMD group was 82.3 years (median 81.5; range 67 - 98) 

and the mean age of the elder group was 79.5 years (median 80.0; range 60 – 91) with no 

statistical age difference between groups (Median test: Chi Sq = 0.52, df = 1, p = 0.47).  

The mean log MAR visual acuity for the elder group with normal vision (0.05; median 

0.04; range –0.08 to 0.16) was statistically different than the group with AMD (1.06; 

median 1.14; range 0.40 to 1.70; Median test Chi Sq = 65.17, df = 1, p < 0.0001).  Mean 

Pelli-Robson contrast was also statistically different between the two groups, (Median 

test Chi Sq = 54.12, df = 1, p < 0.0001) being 1.71 log units (median 1.70; range 1.2 – 

2.1) for the elder group with normal vision, and 1.00 (median 0.98; range 0.40 – 1.65) for

the group with AMD.

The procedures used in this study conformed to the tenets of the Declaration of 

Helsinki.  All subjects read (or had read to them) and then signed an informed consent 

form before testing began.  All study protocols were approved by the Institutional Review

Board on human research at the State University of New York, State College of 

Optometry.

Data analysis:  
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Data were analyzed with SAS JMP software, (Version 4 (SAS Institue, Cary NC 

27513)). A Shapiro-Wilk test was used to test for a normal distribution and nonparametic 

tests were used for analysis when the data did not conform to a normal distribution.  

Mean wpm data were converted to log reading rates and a three-way repeated measures 

analysis of variance (ANOVA) was used to compare reading rate for each acuity reserve, 

and method, between groups.  Two multiple comparisons tests were used.  A one-tailed 

Dunnett’s test{Keppel, 1991} was used to compare the mean reading rate for the smallest

size (control) of each method to each of the larger sizes within that method.  Hsu’s MCB 

(multiple comparisons with the best){Hsu, 1984} was used to determine if there was a 

discrete maximum reading rate at a given acuity reserve within each method, or if the 

maximum rate was maintained over a range of acuity reserves.  Mean reading rates 

within a method were averaged across the corresponding acuity reserves if the rates were 

not statistically different.

Acuity reserve for optimum reading is reported to vary among individuals who 

have macular degeneration.{Lovie-Kitchin et al., 2000}  Reading rate data were sorted 

across subjects with AMD in order to compare the maximum rate for each method across 

individuals.  A nonparametric Median test was used for between group 

comparisons{Siegel, 1956; Altman, 1991; Portney & Watkins, 2000}, as was Friedman's 

statistic, a ranking for subjects who receive multiple treatments.{Siegel, 1956; Altman, 

1991; Portney & Watkins, 2000}  Stepwise multiple regression was used to analyze 

predictor variables age, visual acuity, and peak contrast sensitivity.  Probability levels 

were set as less than 0.05 to indicate statistical significance for all analyses.
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Results

Figure 1 demonstrates the inverted U shape of the reading rate functions for low 

vision patients with AMD, for each of the reading methods.  About half (n = 17) of the 

group with AMD either said the sizes corresponding to 2x and 3x acuity reserves were 

too small to read, or were not able to read without error until the acuity reserve reached 

4x.  Because of this, readers with AMD were separated into sub-groups for graphing of 

their reading rate functions.  A repeated measures ANOVA comparing log reading rates 

for elders with normal vision and low vision patients with AMD, by method, and sizes 4x

to 16x, showed a significant main effect for subject group (F1,68 = 105.73, p < 0.0001)), a 

significant main effect for size (F4,272 = 63.92, p < 0.0001), a significant main effect for 

method (F2,136 = 9.49 p < 0.0001), and significant interactions between group and size(F =

46.74, p < 0.0001), group and method (F =19.00, p < 0.0001) and group, size, and 

method (F = 10.82, p < 0.0001).

For all three reading methods the elder readers with normal vision read the 2x 

acuity reserve more slowly than other sizes within the method (Dunnett’s method with 2x

as the control, p < 0.05).  For the sizes used in this study elders read the 16x acuity 

reserve more slowly than peak rates for MNREAD and RSVP, but the reading rate for 

the16x size in SCROLL was not statistically different than the peak rate for that method 

(Hsu’s MCB, p < 0.05).  The peak reading rates for MNREAD and RSVP occurred with 

text sized between 4x and 11x acuity reserves.  Reading rates with SCROLL approached 

maximum, for the elder group with normal vision, when character size ranged from 6x to 

16x (Hsu’s MCB, p < 0.05).
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As expected, Figure 1 demonstrates that readers with AMD read more slowly than

elders with normal vision.  When the text size based on acuity reserve is compared within

each method, reading rate depends on size [Friedman’s two-way analysis of variance 

(Chi Sq = 32.00, df = 2, p < 0.001)].  The 4x acuity reserve was set as the control for the 

Dunnett’s test of all subjects with AMD.  The Dunnett’s confirmed (p < 0.05) that the 

acuity reserve of 4x size was read more slowly than larger sizes for each of three reading 

methods.  Reading rates fell off for the 16x acuity reserve (Hsu’s MCB, p < 0.05) with 

the fastest rates being between acuity reserves of 6x-8x for MNREAD, and 8x to 11x for 

RSVP and SCROLL.  When Hsu’s MCB is applied separately to the faster group and 

slower group of subjects with AMD the size range for maximum reading rates are 

different.  The fastest readers with AMD had maximum rates between 4x and 11x for 

MNREAD and SCROLL (p’s < 0.05), and between 6x and 11x for RSVP (p < 0.05).  The

group that read more slowly had maximum reading rates when the character size was 

between 6x to 11x for MNREAD (p < 0.05), and between 8x and 11x for RSVP and 

SCROLL (p’s < 0.05).

Figure 2 plots log reading rate against character size in degrees of visual angle on 

a log scale.  Each subject is represented reading by each of the three methods.  The elder 

subjects with normal vision are graphed with the solid symbols.  Six of the elders with 

normal vision read by each method for character sizes that were as large as the largest 

sizes read by the low vision patients with AMD.  These pilot data (degrees > 2 log units) 

are included in the graph.  At these large sizes low vision patients with AMD read more 

slowly than elders with normal vision.
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The reading rates of each participant with AMD were sorted from fastest to 

slowest, for each method, in order to make additional comparisons between the reading 

methods.  The difference in maximum log reading rates between methods for each 

subject with AMD are shown in Figure 3.  For this comparison the log of the maximum 

rate for MNREAD was subtracted from the log of the maximum reading rates for RSVP 

and SCROLL for each subject.  The horizontal line at zero is the equality line along 

which reading rates for the three methods would be identical.  The subjects are arranged 

in order, by ascending reading rates, with the slowest at the left (1 on the abscissa).  As 

reading rates increase across individual subjects a few of the data points for the maximum

rates with SCROLL minus maximum rates with MNREAD, cross the equality line.  The 

fastest readers with AMD read MNREAD more rapidly than SCROLL.  All of the 

participants with macular degeneration read RSVP more rapidly than MNREAD, and 

most read SCROLL faster than MNREAD (within-subject ANOVA F(2, 78) = 25.81, p < 

0.005).  A Tukey-Kramer HSD test confirms (p < 0.05) that RSVP and SCROLL differ 

from MNREAD.  This pair-wise comparison did not indicate a statistical difference 

between RSVP and SCROLL.

The lack of difference between RSVP and SCROLL reading rates was unexpected

since we varied size across methods.{Fine & Peli, 1998} In order to compare these 

methods further we sorted reading rates for all of the participants with AMD and selected

either the maximum rate for RSVP, or the maximum rate for SCROLL, for each subject 

depending on which was faster.  These data are shown in Figure 4 as the difference 

between the log of the maximum reading rate of RSVP minus the log of the maximum 

reading rate of SCROLL.  Each datum represents one subject.  The horizontal line at zero
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is the equality line (RSVP minus SCROLL = 0).  The slowest readers (N = 17) read 

SCROLL more rapidly (data below zero equality line) than RSVP, but the rate benefit 

shifted to RSVP (N = 19) for faster readers (Median test: Chi Sq = 24.38, df = 1, p < 

0.0001).  The median log difference between RSVP and SCROLL, for the subjects who 

read SCROLL more rapidly, falls along the horizontal line at – 0.11 in Figure 4.  The 

median log difference (RSVP minus SCROLL) for the faster readers falls along the 

horizontal line at 0.20).  There were differences besides reading rate between the groups 

with AMD who read either RSVP or SCROLL faster.  The SCROLL faster group had a 

higher mean age although this did not reach statistical significance (85.0 vs 80.37: 

Median test: Chi Sq = 0.98, df = 1, p = 0.32).  The SCROLL faster group had more 

severe visual acuity loss (mean logMAR 1.30 vs. 0.84: Median test: Chi Sq = 13.11, df = 

1, p = 0.0003).  The SCROLL faster group also had lower peak contrast sensitivity but 

this was not statistically different between groups (mean 0.81 vs. 1.16: Median test: Chi 

Sq = 2.70, df = 1, p = 0.10).  Multiple stepwise regression was used to evaluate the 

predictive value of age (p = 0.33), peak contrast sensitivity (p = 0.64), and log MAR 

distance visual acuity on maximum reading rate.  Log MAR visual acuity was the only 

variable that was statistically significant in the regression model.  The Spearman Rho 

rank correlation coefficient was – 0.74 (p < 0.0001).

Discussion

The video projection system allowed us to measure reading rates over a large 

enough range of acuity reserves to demonstrate that low vision readers with macular 

degeneration have reading rate functions qualitatively similar to readers with normal 

vision.  The reading rate functions for each of the reading methods increases to a 
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maximum as character size increases, remains at the maximum rate for a range of sizes, 

and then falls for large sizes.

We used Hu’s MCB to determine if there was a discrete maximum reading rate 

among the acuity reserves for each method across subjects.  The result of this comparison

for the group with AMD who read rapidly was that there was no statistical difference in 

reading rates for 4,6,8 and 11x acuity reserves for MNREAD and SCROLL, or 6,8 and 

11x acuity reserves for RSVP.  This is in agreement with previous reports that RSVP 

requires larger text sizes to be read at maximum rates.{Rubin & Turano, 1994; Fine & 

Peli, 1998}  The maximum for the group that read more slowly was between 6 and 11x 

for MNREAD, and between 8 and 11x for RSVP and SCROLL also in agreement with 

previous studies reporting that reading rates are slower for readers who require large 

letters to reach maximum.{Legge et al., 1985b; Rubin & Turano, 1994; Fine & Peli, 

1998}

We found a Spearman correlation of -0.74 between logMAR distance visual 

acuity and the maximum reading rate for the readers with AMD.  The predictive value of 

distance visual acuity has been variable{Legge et al., 1985b; Legge et al., 1989; Legge, 

Ross, Isenberg & LaMay, 1992; Ahn & Legge, 1995; Ahn, Legge & Luebker, 1995} with

a number of researchers arguing that near word reading acuity has a higher correlation to 

reading rate than distance acuity{Bullimore & Bailey, 1995; Lovie-Kitchin et al., 2000}.  

The high correlation in our study could be a range effect{Altman & Bland, 1983} since 

visual acuity in our sample of low vision patients with macular degeneration ranged from 

0.40 to 1.70 logMAR (20/50 – 20/1000).  In normal vision, reading rates slow, and visual

acuity worsens, as the target moves farther away from the fovea into peripheral retina.  
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Slower reading rates for subjects with low vision due to AMD have been associated with 

worsening visual acuity, and increasing area of central scotomas.{Sunness, Applegate, 

Haselwood & Rubin, 1996; Sunness, Gonalez-Baron, Applegate, Bressler, Tian, 

Hawkins, Barron & Bergman, 1999} 

We have confirmed previous reports that reading rates for RSVP slow for print 

sized at 16x acuity reserves and larger for readers with normal vision.{Rubin & Turano, 

1992}  The decline in reading rate at the 16x acuity reserve for MNREAD in subjects 

with normal vision has not been previously reported.  Static text is not as dependent on 

size as RSVP reading{Rubin & Turano, 1992}, and previous studies with the MNREAD 

format did not find declining rates for normal vision readers until text size was 3 degrees 

or larger.{Legge et al., 1989}  The readers with normal vision in our study read at their 

maximum rates, on average, for sizes that were 4 to11 times (mean 0.40 to1.10 degrees, 

range 0.28 to 3.8 degrees visual angle) larger than threshold acuity for MNREAD and 

RSVP, and between 4x to16x for SCROLL (mean 0.40 to 1.61 degrees, range 0.28 to 5.6 

degrees of visual angle).

The reading rate gain for RSVP compared to static text for our group of elders 

with normal vision was smaller than previously reported.{Rubin & Turano, 1994}  

Instructing subjects to read for understanding results in measured reading rates that are 

slower than instructing them to read as fast as possible.{Lovie-Kitchin et al., 2000}  

Although we did not instruct our subjects to read for understanding, they were instructed 

to repeat the sentence exactly as it appeared, and they were told that the sentence may 

sometimes appear too quickly to be read accurately.  In addition, all of the subjects had 

prior experience with the staircase procedure and they may have been more likely to 
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respond with an error knowing that the following sentence would appear at a slower rate 

and be easier to read without error.{Woods, 1996}

In previous studies low vision readers have not had the same reading rate 

advantage for increasing print size as readers with normal vision{Legge et al., 1985a; 

Legge et al., 1985b; Lovie-Kitchin & Woo, GC Woo, 1987; Legge et al., 1989; Rubin & 

Turano, 1992; Rubin & Turano, 1994; Fine & Peli, 1998}.  Our readers with normal 

vision and vision loss from AMD, on average, had a doubling of reading rate for each of 

the reading methods when the smallest size read was compared to the averaged 

maximum.  

In conclusion, the projection system accommodated a large range of character 

sizes, and made it possible to include low vision patients with severe vision loss and legal

blindness due to age-related macular degeneration.  The data demonstrate that reading 

rate functions for subjects with AMD had an inverted U shape for all three reading 

methods.  The 8x acuity reserve was included within the range of sizes that resulted in 

maximum reading rates for each of the reading methods.  We recommend that 

magnification should encompass acuity reserves of 8x for these reading methods in order 

to assure that reading rates are close to maximum. 
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Short title:
Text size and reading in AMD
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Figure 1.  Reading rate as a function of acuity reserve averaged across 34 elder subjects 
with normal vision and 36 subjects with AMD.  The top 3 functions are MNREAD (     ), 
RSVP (     ), and SCROLL (      ) for the elder readers.  The center three functions are for 
readers with AMD who could read at the smallest acuity reserve, and the lower three 
functions are readers with AMD who began reading without error at an acuity reserve of 
4x for MNREAD (     ), RSVP (     ), and SCROLL (      ).

Figure 2.  Reading rate as a function of visual angle in degrees.  Elder subjects with 
normal vision are represented by the solid symbols, and subjects with AMD are 
represented by the open symbols.

Figure 3.  Open circles show the log difference between the maximum RSVP reading rate
minus the maximum MNREAD reading rate for each subject with AMD.  Triangles show
the log difference between the maximum SCROLL reading rate minus the maximum 
MNREAD reading rate for the same subjects.  Data above the zero equality line indicate 
that RSVP and SCROLL rates were faster than MNREAD.

Figure 4.  The log difference between RSVP reading rates minus SCROLL reading rates 
for each subject with AMD.  Data below the zero equality line (open triangles) show the 
subjects who read SCROLL faster than RSVP (median line at – 0.11 log units).  Data 
above the zero equality line (open circles) show the subjects who read RSVP faster than 
SCROLL (median line at 0.2 log units).
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ABSTRACT:  Young and elder participants with normal vision, and patients with 

impaired vision from age related macular degeneration (AMD) read RSVP sentences that 

were presented at four different rates.  Each word in a sentence appeared for the same 

duration, or the duration of each word varied according the number of characters in the 

word.  The three variable word duration conditions differed from one another the amount 

of 

with words presented at a constant rate and read RSVP sentences at three rates where 

word duration varied according to word length.  Half of the blocks of trials also included 

a minimum duration that set a ceiling on the most rapid presentation rate.  Readers with 

normal vision read more slowly when presentation duration varied with word length but 

read a similar rates for the blocks of trials that included a minimum duration for all of the 

timing conditions except the most extreme.  The readers with impaired vision read more 

rapidly when presentation rate varied with word length and lost some of that advantage 

when the blocks of trials included a minimum duration.  This study confirms our previous

report that variable word duration based on word length improves reading rates for low 

vision patients with AMD.  Imposing a minimum reduced the reading rate loss in the 

variable presentation rate for participants with normal vision. The minimum did not 

provide an advantage for readers with AMD and did not compensate for the loss of 

reading rate in the condition where word length had the largest effect on presentation 

duration.
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We reported in a previous study that low vision patients with central visual field 

loss from age related macular degeneration (AMD) had faster reading rates when RSVP 

(rapid serial visual presentation) text was displayed such that the duration of words on the

screen varied according to word length.(Aquilante, Yager, Morris & Khmelnitsky, 2001) 

RSVP text presents words in sequence, one at a time, at the same location on the display. 

Words can be presented at a constant rate or at a variable rate related to the time needed 

to process words of varying difficulty.(Ward & Joula, 1982)  Readers with normal vision,

reading standard text, may pause longer on long words or less familiar words than they 

do on short words(Just, Carpenter & Woolley, 1982) and they may not stop at all to fixate

short words such as “I”, “a” or “at”.(Just & Carpenter, 1980)  

Unlike subjects with normal vision, low vision readers make multiple fixations 

within words during RSVP reading.(Rubin & Turano, 1994)  Previous studies have 

demonstrated that word recognition times are dependent on word length.(Legge, Ahn, 

Klitz & Luebker, 1997)  And several investigators have suggested that visual span is 

reduced in low vision.(Bullimore & Bailey, 1995; Legge, et al., 1997)   It takes longer for

low vision readers to recognize words that exceed their visual span because multiple 

fixations are required.(Legge, et al., 1997)

In self-paced variant of RSVP, readers were free to pause for as long as they 

needed on each word and there was a large reading rate advantage for the low vision 

group in that study.(Arditi, 1999)  While it has been suggested that subjects with normal 

vision can benefit from RSVP text presented at a variable rate(Ward & Joula, 1982) we 

found that reading rates slowed for normal vision readers when the presentation duration 

was based on word length compared to a constant duration condition.(Aquilante, et al., 
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2001)  A possible explanation for the slower reading rates was that short words were on 

the screen too briefly to be recognized.(Forster, 1970; Rayner, Inoff, Morrison, 

Slowiaczek & Bertera, 1981) We also found that low vision patients lost their reading 

rate advantage for the variable word duration presentation when the difference in duration

of short vs. long words was greatest.  We hypothesize that a minimum duration should 

have been included in the software in order to set a ceiling for the display rate of short 

words.  This study compares reading rates when there is a minimum duration set for short

words to the same timing conditions without the limit of the minimum duration for short 

words. 

METHODS
Subjects

Twenty-four State University of New York, State College of Optometry students 

participated in the study (mean age: 24.5; mean log MAR visual acuity: –0.067).  

Twenty-four elder subjects [(mean age: 80.1 years, range (68 – 95); mean log MAR VA: 

0.04, range (-0.06 – 0.2)] participated.  Elder subjects were from the University 

Optometric Center Primary Care Service.  Subjects with ARD were recruited from the 

Low Vision Service.  Twenty-four subjects with AMD participated [mean age: 83.4, 

(range 74 – 95), mean log MAR VA 1.09, (range 0.4 – 1.9). Elder subjects were eligible 

if they reported no history of ocular disease and had visual acuity of 20/30 or better.  

AMD subjects were included if their medical record included a history of laser treatment 

for neovascular membrane or a history of geographic atrophy but no additional ocular 

disease.  Each subject had previous experience with RSVP reading. A median test on age 

indicates that the groups were different (Chi square = 30.95, p < 0.0001) with a Tukey-

Kramer HSD (p = 0.05) indicating that the student group was different from each of the 

75



other groups but that the age of the elder and AMD groups were not statistically different.

Log MAR visual acuity was also different between groups (Medial test Chi square = 

47.33, p < 0.0001, however a Tukey Kramer HSD (p = 0.05) indicated that the visual 

acuity was not statistically different between elder and student participants.  The 

procedures used in this study conformed to the tenets of the Declaration of Helsinki.  All 

subjects read (or had read to them) and then signed an informed consent form before 

testing began and all study protocols were approved by the Institutional Review Board on

human research at the State University of New York, State College of Optometry.

TIMING FOR WORD DURATION
Word duration was controlled by six parameters specified in the software.  A 

general timing parameter set the base starting rate at approximately 15, 30, 60 120 or 300 

words per minute (wpm).  The base rate changed relative to each participant’s 

performance increasing by a factor of 2.0^0.25 for the next sentence after a sentence was 

read perfectly or decreasing by the same factor on the following sentence when a mistake

was made.  This staircase procedure continued for four reversals in reading rate for each 

block of trials.

Word duration also changed between blocks of trials depending the value of one 

of four exponents in the following formula: Duration*(word length/5)^X.  The exponent 

in the formula was set to 0.0, 0.25, 0.5 or 1.00.  When the exponent was zero each word 

in the sentence appeared for the same duration regardless of the number of characters in 

the word. Figure 1 (word duration vs. characters per word) illustrates several 

characteristics about the timing of words specified by the formula for a base reading rate 

 For RSVP reading a single word cannot be displayed on the screen for a fraction of the display’s frame 
rate.  With our 67 Hz system a word displayed for 13 frames would stay on the screen for about 0.19 
second translating to 5.15 words per second or 309 wpm.
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of approximately 300 words per minute (wpm).  The horizontal square symbols at 0.2 

second represent words when the exponent in the word duration formula is zero.  Each 

word in a given sentence stays on the screen for 13 frames.  When the exponent increases

the word duration decreases for words with fewer than 5 characters and increases for 

words with more than 5 characters.  For the exponent equal to 1.00, at this base reading 

rate, a single character word remains on the screen for 3 frames (0.045 seconds).  

Presentations this rapid during reading are not expected to lead to word recognition.

(Rayner, et al., 1981)  Blocks of trials were run with and without the minimum in order to

test how this rapid presentation affected reading rate.  The minimum specified for the 300

wpm base rate was set to 8 frames based on pilot data, and appears in Figure 1 as the 

solid circles connected by a line at 0.12 second.  For the blocks of trials that included the 

minimum, word duration could not be less than the specified minimum duration 

regardless of word duration calculated by the formula.  At the base reading rate illustrated

in Figure 1, one and 2 character words for the exponent equal to 1.0, and single character 

words for the exponent equal to 0.5, were displayed for 8 frames during the blocks of 

trials that included minimum.

A minimum duration was used for half of the blocks of trials for each of the 

starting rates based on a simple proportion: 300/120 = 2.5; 8 frames * 2.5 = 20 frames for

the 120 wpm starting rate.  In the same fashion the minimum was set to 40 frames for 60 

wpm, 80 frames for 30 wpm, and 160 frames for 15 wpm.  Figure 2 illustrates how the 

effect of the minimum changes as a result of an increase in reading rate with the staircase 

procedure for a base reading rate of 15 wpm.  Figure 2 is the inverse of Figure 1, plotting 

log rate in words per minute vs. the number of characters per word.  Each word in a given
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sentence remained on the screen for the same amount of time (4 seconds or 268 frames) 

when the exponent in the word duration formula was zero.  As was the case in the 300 

wpm rate one and two character words for an exponent of 1.0 and single character words 

for and exponent of 0.5 were displayed for the minimum of 160 frames in the blocks of 

trials that specified a minimum.  This converts to a maximum rate of 25 wpm (1.39 log 

wpm) for these words.  For the blocks of trials where no minimum was specified a single 

character word appears at a rate equivalent to 75 wpm when the exponent was equal to 

one and the base rate was 15 wpm.  When the first sentence in the block is read perfectly 

the base presentation rate increases for the next sentence to about 18 wpm, and increases 

to about 21 wpm on the third sentence if there were no errors.  This condition is 

represented in Figure 2b, the base rate has increased and each word in the sentence would

be affected depending on the exponent that was set for that block of trials.  When the 

blocks included the minimum one to three character words were displayed for the 

duration set by the minimum rather than the word duration formula.  If reading continued 

perfectly through two additional staircase changes the base rate increased to 30 wpm with

single character words appearing at a rate equivalent to 150 wpm for blocks where no 

minimum was specified but were limited to the 25 wpm rate for blocks with the 

minimum included.  This condition is represented in Figure 2c indicating that the base 

rate after four staircase increases was controlled by the minimum setting for all words 

with between one to six characters.  The duration of longer words continued to be 

controlled by the word duration formula depending on the specified exponent.

Procedure 
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Text was controlled by a Macintosh computer and projected, with a 640 x 480 

pixel LCD projector, onto a 4-foot by 3-foot rear-projection screen.  The projection 

system was used in order to produce large enough letters to allow subjects with low 

visual acuity to sit at a comfortable distance from the screen while reading.  Text was 

displayed as white characters on a dark background.  Luminance of the text and 

background were measured with a Spectra Scan 650 photometer (940 cd/m2, 3.3 cd/m2) 

and had a Weber contrast of 0.99.

Sentences were constructed from frequently used English words such that every 

sentence had four or five words with a range between 8 to 12 characters.[Francis, 1982 

#77]The remainder of the sentence used words from lists of words with 1 to 7 characters. 

Sentences ranged from 50 to 65 characters in length with an average word length of 6.1 

characters (range: 4.7-7.8).  No sentences were repeated within a session and text files 

were randomly assigned to timing conditions for each subject.

Subjects with normal vision read text that was 5 times larger than the size of 

threshold visual acuity.[Rubin, 1992 #74]Distance from the rear projection screen was 

determined for each CFL patient so that the angular size of the text matched the size that 

allowed them to read RSVP text at their fastest rate in a previous study.[Aquilante, 1999 

#78]

The starting rate for all students and elder subjects with normal vision was 300 

wpm.  The starting rate was set for patients with CFL so that it was close to the maximum

rate they achieved in a previous study.  The slowest starting rate was 15 wpm.  Subjects 

sat comfortably in an armchair and read binocularly with best correction for the reading 

distance.
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Subjects read four blocks of trials for each of the exponent values with and 
without the minimum completing a total of 32 blocks of trials within a session.  The 
presentation order of exponent blocks were randomized for with and without minimum 
blocks and presented in a different order for each subject.  Half of the subjects within 
each group began the session reading blocks with the minimum the other half began 
reading without the minimum.

Room lights were off during the testing.  The experimenter used a keystroke to 

present an audible prompt to cue the subject, and then started each trial with a mouse 

click.  Subjects were instructed to read aloud as rapidly as possible and to repeat words 

exactly as they appeared.  Most of the young and elder subjects who read a relatively 

rapid rates continued to read the sentence after the last word disappeared from the screen 

while a few waited for the display to stop prior to beginning the sentence.  The 

experimenter saw each sentence in a persistent display on a second monitor and recorded 

whether the trial was read correctly or if a mistake was made by hitting a key on the 

keyboard. A trial was counted as correct when all of the words were repeated verbatim in 

the correct order.

The software calculated the geometric mean of the reading rate for the staircase 

reversal points by counting the number of words in the trial and the total duration of the 

sentence.  The reading rate at the reversals and the geometric mean of each block of trials

were stored in a session data file.

Data analysis

Geometric means were calculated for each block of trials at a given exponent and 
converted to log reading rates and log ratios (rate @ exponent = 0.0, 0.25, 0.5 and 1.0 
minus the rate @ exponent = 0.0) for the with and without minimum conditions.  After 
the log ratio transformation data were subjected to a Shapiro-Wilk test for a normal 
distribution which confirmed that parametric tests were appropriate (W = 0.98, p = 0.10). 
A repeated measures ANOVA was to examine the effects of group, exponent, and 
interaction between group and exponent.  A repeated measures ANOVA was also used to
compare the mean difference between log ratios and standard deviations for the log ratios
between groups for exponent = 0.0 with minimum minus exponent = 0.0 without 
minimum.  This comparison gives some indication about the repeatability of the within 

80



session reading rates.  A Dunnetts test with the log ratio for the exponent = 0.0 condition 
set as the control was used to test for differences between the reading rates in each 
exponent condition.
RESULTS

The repeated measures ANOVA on log ratios confirms a significant effect of 
subject group (F(2,69) = 83.37, p < 0.0001), a significant effect of the word timing exponent
(F = 116.20, p < 0.0001) and a significant interaction between the subject group and 
exponent (F = 37.31, p = 0.0005).  Figure 3 gives the mean log ratios for each subject 
group at each of the timing conditions.  The solid symbols give the mean log ratio for the 
blocks of trials that included the minimum duration while the open symbols give the 
mean for the blocks of trials that did not include a minimum.  The means for the readers 
with normal vision fall on or below the horizontal line at zero indicating that they read 
more slowly when word duration varied with word length.  That drop in reading rate was 
less for the blocks of trials that included the minimum.  The mean log ratios for the group
with AMD fall above the horizontal line at zero when the exponent was 0.25 and 0.5 but 
fall below the line when the exponent was zero.  The graph suggests that the AMD group 
read more slowly at exponent 0.25 and 0.5 when the minimum was included. 

Figure 4 compares the reading rates when the exponent was zero for the with and 
without minimum blocks of trials (log reading rate without the minimum duration minus 
the log reading rate with the minimum).  If all of the data points fell along a horizontal 
line at zero repeatability would be perfect for the session.(Altman & Bland, 1983)  Figure
4 illustrates that, for each subject group, data fall about equally above and below the 
theoretical zero line.  The horizontal lines near zero in Figure 4 give the mean log ratio 
for each group.  The mean for the exponent = 0.0 log ratio for the student group falls just 
below zero (-0.003).  The mean log ratio for the elder group falls just above zero (0.0008)
and the mean log ratio for the group with AMD falls below zero (0.01).  These means 
were not statistically different (F(2,69) = 1.75, p = 0.18) but the standard deviation between 
groups is statistically different (F(2,69) = 6.26, p = 0.0032).  A Tukey-Kramer HSD test (p 
= 0.05) confirmed that the variability between the exponent = 0.0 blocks was less for the 
students compared to the elder and AMD groups.  The Tukey-Kramer test did not 
indicate that the elder and AMD groups differed even though the 95% confidence interval
is largest for the readers with AMD.

Figure 5 gives log ratio data for the student and elder groups relative to their mean
log ratio and 95% confidence interval for the exponent = 0.0 condition.  Open symbols 
are log ratios for the with-minimum condition and solid symbols are for the no minimum 
condition.  Most of the open symbols (with-minimum) fall near the mean difference for 
the zero condition while solid symbols fall farther from the line.  A Dunnett’s test (p = 
0.5), with the exponent = 0.0 condition set as the control, indicates that student group 
read more slowly when the exponent was 0.5 and 1.0 for the no minimum condition.  
When the minimum was included only the exponent = 1.0 condition resulted in slower 
reading rates.  The results were similar for the elder group except that in the no minimum 
group all of the exponent conditions were read more slowly than the zero condition.  For 
the blocks where the minimum duration was included the exponent = 1.0 was the read 
more slowly but the conditions with the exponent = 0.25 and 0.5 were not statistically 
different that the exponent = 0.0 condition (Dunnett’s, p = 0.05).
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Figure 6 shows the log ratios for the group with AMD.  For this graph the log 
ratio data are arranged along the abscissa from the slowest to the fastest readers.  When 
no minimum was specified in the software a Dunnett’s test (p= 0.5) indicates that reading
rates were not different for the exponent = 0.0 and the exponent = 1.0 conditions.  
Reading rates were faster when the exponent was 0.25 and 0.5.  For the blocks of trials 
where a minimum word duration was specified the AMD group read more rapidly for the 
blocks when the exponent was equal to 0.25 and 0.5 than for the exponent = 0.0 blocks.  
In figure 6b the reading rate data were sorted for each subject and the maximum rate for 
the no minimum (solid symbols) and the minimum (open symbols conditions are plotted. 
This group read blocks of trials more rapidly when there was no minimum specified in 
the software (Wilcoxon rank sums Chi square = 14.71, p < 0.0001).

DISCUSSION  

This experiment suggests that at least part of the explanation for the drop in 

reading rates by subjects with normal vision can be explained by the fact that the very 

rapid exposures for short words resulted in errors and subsequently slower presentation 

rates.  The drop in reading rate by all three groups of subjects when the exponent in the 

word duration formula was set to 1.0 cannot be explained fully by the fact that short 

words appeared to rapidly.  Reading rates dropped in all blocks of trials when the 

exponent was set to 1.0 whether there was a minimum or not.  

The average reading rate increase for the readers with AMD was about 50% in the

no minimum condition when the fastest reading rate for each subject was compared to 

their reading rate when the word duration was constant.  This is a somewhat larger 

increase than what we reported previously(Aquilante, et al., 2001) but is very close to the 

47% average that was reported for the self-paced variant of RSVP.(Arditi, 1999)  The 

reading rate advantage for the no minimum variable word duration condition for  the 

readers with AMD in this study ranged from a low of about 14% to a maximum of over 

200%.  When the minimum was included that rate advantage had a mean of 20% and a 

range between less that 1% to a maximum of about 60%.  We don’t know why this group
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of subjects had a greater reading rate increase compared to the previous study but 

performance for elders in general and elders with eye disease is more variable than it is 

for subjects with normal vision.(Johnson & Choy, 1987)

Because our sentences were constructed with frequently used English words it is 

possible that variable rate duration could still benefit readers with normal vision if the 

text was very difficult.(Ward & Joula, 1982)  The reading rate measures may be slightly 

underestimated for the normal vision group because they have to verbalize each word.  

However verbal and silent reading have been shown to be highly correlated.(Legge, Pelli,

Rubin & Schleske, 1985; Rubin & Turano, 1992)  The normal vision groups in our study 

read the RSVP text more slowly that subjects with normal vision from previous studies.

(Chung, Mansfield & Legge, 1998; Rubin & Turano, 1992)  Factors that could have 

contributed to the relatively slow reading rates include the criteria that every word be 

repeated exactly and in the correct order, and that the sentences had a longer average 

word length.

In conclusion, presenting RSVP at a variable rate based on word length is a 

beneficial addition to this reading method for low vision patients who must read with 

peripheral retina.  Although the minimum exposure duration reduced the reading rate 

decrement for the participants with normal vision there continued to be a drop in rate for 

the condition where the difference in exposure duration based on word length was 

greatest. 
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Figure 1.  Word duration in fractions of a second vs. the number of characters per word 
for a base reading rate of 300 wpm.  Word duration was specified in the software 
according to the formula: Duration *(word length/5)^x (x = 0, 0.25, 0.5 or 1.0).  When the
exponent was 1.0 (open diamonds) a single character word was displayed for less that 
0.05 sec while a 14-character word stayed on the screen for about 0.56 sec.  When the 
exponent was 0.0 all words stayed on the screen for the same amount of time.  Half of the
blocks of trials included a minimum duration (line with solid circles) that set a limit for 
duration in those blocks.

Figure 2.  Duration converted to log reading rate vs. characters per word for a base rate of
15 wpm.  a).  Initial condition with reading rate indicated for each word length relative to 
the exponent in the word duration formula.  The solid line gives the minimum duration 
(equivalent 25 wpm reading rate) for the with-minimum blocks of trials.  b).  Staircase 
specified increase in base rate if no errors were made after two sentences were read.  The 
minimum does not change.  c).  Base duration after 4 staircase increases.  In blocks of 
trials that include the minimum even 5 and 6 character words appear at a rate based on 
the minimum rather than the word duration formula.

Figure 3.   Mean log ratio for each of the reading subject groups vs. the exponent in the 
word duration formula.  Solid symbols give the log ratio for the with minimum duration 
conditions.  The open symbols are the log ratio for the no minimum condition.

Figure 4.  Log difference between reading rates for blocks of trials when the word 
duration formula was set to 0.0 (word duration constant) for each of the subject groups.  
The centerline gives the mean difference between exponent zero blocks.  The upper and 
lower lines define the 95% confidence interval.

Figure 5.  Log ratios (log wpm @ x = 0.25, 0.5 or 1.0 – log wpm @ x = 0) for with 
minimum (open symbols) and without minimum (closed symbols) plotted on the mean 
difference and confidence interval for the zero exponent blocks a) student and b) elder 
subjects.

Figure 6.  Log ratios for minimum and no minimum blocks at a) each exponent value and
b) for the fastest reading rate by each subject with AMD.  The centerline is the mean 
difference between exponent = 0.0 blocks with upper and lower horizontal lines defining 
the 95% confidence interval for that condition.
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Figure 5
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Figure 6
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