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Thesis Summary
Improving reading ability is of high priority for most patients visiting optometric practice. Thus,
it is expected that reading performance is one of the most important outcome measures for
judging reading ability and the effectiveness of ocular interventions. Measuring near and
distance visual acuity are simple and quick, but they cannot predict reading acuity, reading
speed and critical print size which better reflect real-life reading performance. In contrast to
distance visual acuity charts, there is not yet agreement on the best test to evaluate reading
performance. There are many reading test charts available.
Reading test charts should be equally reliable. However, the work described in this thesis has
shown that using different reading test charts, such as Radner, MNread, Colenbrander, BaileyLovie and IReST, resulted in different reading performance metrics. There are no studies that
have undertaken a direct comparison between all these reading tests, hence in this thesis testretest and inter-chart reliability of the reading test charts has been compared for prepresbyopic, presbyopic and cataract subjects. Although the reading test charts presented in
this thesis are considered as standardized tests in terms of the test item, the reliability results
vary and can be classified as poor, acceptable and very good.
Using a reliable reading chart to evaluate the efficacy of the presbyopia treatment is a useful
tool to investigate the reading performance rather than isolated letter near visual acuity.
Automated measurement of the reading performance metrics by using a computer-based
reading test could overcome the variation of the results between the practitioners but needs
to be further calibrated. The findings of this thesis have a number of important implications for
current and future ophthalmic practice.
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Chapter 1
Introduction and Literature Review
1 Introduction
Numerous visual assessment tests are available in ophthalmic clinical practice and
practitioners may face a challenge in choosing the most appropriate test for a given
assessment. The appropriate standardization of a given clinical test leads to valid
interpretation and management, provides comparative information and useful primary results
for a series of other clinical tests to determine the level of visual function (Cicchetti, 1994).
Regardless of the structural specifications of the clinical test, statistical evaluation of that
method in order to assess the reliability, repeatability and validity is important in order to
discover issues related to the test’s properties. Such standardization is fundamental for
psychophysical tests, such as reading and visual acuity charts,
Since reading is a highly complex skill and involves the interaction of oculomotor, cognitive
and sensorimotor perspectives (Latham and Whitaker, 1996), reading tests have become a
useful investigative tool in clinical ophthalmic research, and in many other fields , such as
neurology, psychology and psychiatry (Fulcher, 1997). Unfortunately, previous studies have
not dealt with statistical evaluation of reading charts as much as they have with distance visual
acuity charts.
In 1983 the International Council of Ophthalmology (ICO) specified the standard design
principles of the reading chart in accordance to logarithmical progression (Colenbrander and
Committee, 1988). However, a number of unstandardized reading charts have been
developed, such as that printed for the purpose of advertisements of an ophthalmic company.
The use of unstandardized reading charts has many disadvantages and may result in under
or overestimating reading performance, the variety of the results and incomparability with other
reading charts (Radner, 2017). Only a few reading charts have been developed according to
ICO recommendations and these are as follows: Radner reading chart, Minnesota low vision
(MNread) reading chart, Colenbrander reading chart and Bailey-Lovie word reading chart.
It is well-established that reading sentences or words is more difficult than reading isolated
letters as in visual acuity tests (Bailey and Lovie-Kitchin, 2013). Accordingly, distance visual
acuity measurements has been found to be a poor predictor of reading performance (Legge
et al., 1992).
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1.1 Clinical applications of the reading test chart
There have been attempts to standardize reading charts for the purpose of evaluating clinical
outcomes. Reading performance achieved with monofocal IOLs, multifocal IOLs (RichterMueksch et al., 2002), refractive laser treatment of presbyopia (Baudu et al., 2013), and
following LASIK/LASEK (Richter-Mueksch et al., 2005) has been evaluated with different
types of standardized reading charts. In addition, evaluating the reading performance of
patients with different types of cataract (Stifter et al., 2005b). It has been reported that a valid
reading performance test has the ability to discriminate the visual impairment caused by agerelated maculopathy and that caused by cataract (Stifter et al., 2004b). The Bailey-Lovie word
reading chart was used to evaluate reading performance in cataract patients (Elliott et al.,
2001) and the MNread reading chart was used to compare two types of accommodative IOLs
(Brown et al., 2009), investigating the reading performance in albinism (Giacomelli et al.,
2013), patients with retinitis pigmentosa (Virgili et al., 2004b) and diabetic macular oedema
(Edington et al., 2017). The Radner reading chart was used to evaluate reading performance
of patients affected by several eye conditions, including amblyopia (de Wit et al., 2012), agerelated macular degeneration (Koch et al., 2012), diabetic retinopathy (Finger et al., 2009),
uveitis (Kiss et al., 2006), macular hole surgery (Caramoy et al., 2011) and low vision patients
(Burggraaff et al., 2012).
Results obtained with standardized reading charts allow more accurate comparison between
research studies and comparison of clinical outcomes during follow up.

1.2 History of clinical reading charts
A number of ophthalmologists developed standards for visual acuity tests in the second half
of 19th century. In 1854, Eduard Jaeger von Jaxtthal developed the Jaeger chart, ‘’SchriftScalen’’ (Runge, 2000) and his interest in the standardization of visual acuity measurement
inspired the introduction of the Snellen distance visual acuity chart in 1862 using the principle
of optotype construction (Snellen, 1862). After that, in 1867 and 1868, Green published the
idea of logarithmic progression print size (Green, 1868). Thus, historic reading charts, such
as Jaeger, which developed before the introduction of the design principle of the reading chart
(Colenbrander and Committee, 1988) have lack of standardization. The historic reading charts
were printed with limited print sizes due to the availability of rudimentary printing techniques
(Radner, 2017). However, with modern printing techniques it is possible to achieve higher
accuracy.
The Jaeger test chart consists of a series of sentence fragments on a decreasing in size (Fig
1.1). Although the Jaeger chart lost its original calibration, some of the reading test charts still
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use the Jaeger notation J1, J2, etc. (Jose and Atcherson, 1977). In addition, it has been found
that different versions of English Jaeger charts are not comparable with each other and
resulted in different reading outcomes (Colenbrander and Runge, 2007). Therefore, evaluation
of the reading performance using a historic reading chart should be avoided for the purposes
of research or in clinical examination.

Figure 1.1: Original Jaeger reading charts in English, French and German (Runge, 2000).

In 1951, Law published the idea of N-notation to overcome the Jaeger chart limitations (Law,
1952). N-notation is based upon a point (pt) system and print sizes are not arranged
logarithmically. The Sloan logarithmic progression reading chart was first described in 1963
(Sloan and Brown, 1963), followed by the Bailey-Lovie logarithmic progression word reading
chart (Bailey and Lovie, 1980). A standard for reading acuity measurements was published in
1988 (Colenbrander and Committee, 1988). This includes: 1- print sizes should be arranged
in a logarithmic progression; 2- test distance must be specified in all instances; 3- control of
the variables that may influence the measurements such as inter-line spacing, letter spacing
and typefaces; 4- the height of the lower-case letters subtends five minutes of arc; 5- the
spaces between the words and the lines should be proportional to the letter size.
The following review explains some of the basic aspects for measuring reading performance
and the background of the reading charts considered to be calibrated according to the ICO
recommendations and outlines how far statistical evaluation has been performed on these
reading charts.

1.3 Reading performance metrics
The reading performance metrics that can be analyzed and provide useful information about
the visual function are reading acuity (logRAD), critical print size (CPS), reading speed, and
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logRAD/logMAR ratio. This ratio measures the reading acuity as a percentage of distance
acuity. It has been found that logRAD/logMAR ratio is lower in people with age-related macular
degeneration than normally sighted subjects (Radner, 2017) which affords this reading metric
a useful diagnostic value.

1.3.1 Reading acuity
Reading acuity is expressed in terms of logRAD (= log Reading Acuity Determination), which
is the reading equivalent of the distance logMAR. Reading acuity is mainly the smallest print
size that can be read taking into account the number of the reading errors as a part of reading
acuity (Radner et al., 1998). However, the methods for scoring the reading acuity vary between
different reading charts. In the Radner reading chart, the number of reading errors is calculated
based on the number of syllables of incorrectly read words (each syllable has a value of 0.005
logRAD), while, in the MNread, it is calculated on the basis of incorrectly read words (each
word has a value of 0.01 logRAD). Other reading charts do not specify the value of each word
and calculate the reading acuity based on the smallest print size only. In the Radner reading
chart, incorrectly read words with more syllables (long word) has a higher impact on reading
acuity than the short word (Radner et al., 1998). Therefore, using the standard word length to
incorporate the number of the reading errors into reading acuity may reduce the variability of
the results.

1.3.2 Reading speed
Reading speed in words per minute (wpm) is calculated from the number of the words in the
sentence read correctly and the time needed to read that sentence (MacKeben et al., 2015,
Alabdulkader and Leat, 2017, Han et al., 2017). However, other studies calculated the reading
speed from the actual number of the words irrespective including those read incorrectly
(Radner et al., 1998, Radner et al., 2002, Maaijwee et al., 2007). In addition, in some studies,
the reading speed can be analyzed directly as the reading speed in words per minute (Radner
et al., 2002, Maaijwee et al., 2008b, Radner and Diendorfer, 2014), while in other studies they
performed a logarithmic conversion to log (words per minutes) (Virgili et al., 2004a,
Subramanian and Pardhan, 2009, Alabdulkader and Leat, 2017). It has been found that
logarithmic conversion reduces the variability of the results (Calabrese et al., 2016), and, thus,
makes it difficult to judge or compare the reliability of the reading charts between different
studies. Calabrese et al. (2016) has advised that reading speed should be reported in wpm
rather than log (wpm) as it is more informative and understandable for practitioners.
For every study, maximum reading speed (MRS), different terminologies and scoring rules
were used. The MRS is called optimum reading speed in some researches. The MRS was
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calculated using four different scoring rules. First, it was caculated as MRS of the sentences
corresponding to or larger than CPS (Virgili et al., 2004a, Rice et al., 2005, Subramanian and
Pardhan, 2006). Second, the MRS of the sentences corresponding to or larger than CPS, with
the exception of the first two sentences (Maaijwee et al., 2008b). Third, average reading speed
of the fastest three sentences read (Patel et al., 2011). Fourth, it was calculated as the speed
of the fastest read sentence and called absolute reading speed (Burggraaff et al., 2010b). This
disagreement on what scoring rule should be used makes direct comparison between studies
complicated. It has been shown that the different scoring rule methods influence the reliability
and the repeatability scores of the reading charts (Hazel and Elliott, 2002).

1.3.3 Critical print size
Critical print size measurements are based on a model of the graph plotted of reading speed
versus print size. Reading speed of a person remains constant over a wide range of print
sizes, at one point, when the print sizes become smaller, the reading speed decreases rapidly
before reaching the acuity limit. This point is called CPS and is defined as the smallest print
size that the patient can read with a MRS (Subramanian and Pardhan, 2009). However, for
measuring CPS, the following six scoring rules were used in previous studies:
1. The print size at which the following smaller print sizes were read 1.96 SD slower than
the MRS of the previous print sizes (Virgili et al., 2004a, Subramanian and Pardhan,
2006, Subramanian and Pardhan, 2009, Patel et al., 2011, Mataftsi et al., 2013)
2. Print sizes were read 5% slower than the mean reading speed of the previous print
sizes (Virgili et al., 2004a, Patel et al., 2011)
3. CPS was the smallest print size that supported 90% of the MRS (Patel et al., 2011).
4. CPS was the smallest print size that supported 80% of the MRS (Patel et al., 2011).
5. CPS was calculated as the smallest print size that could be read with optimal or MRS
(Stifter et al., 2004b, İdil et al., 2011).
6. The steepest decline slope on the graph of plotted reading time in wpm per sentence
for each patient was used (Rice et al., 2005, Maaijwee et al., 2008b, Burggraaff et al.,
2010b).
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Patel et al. (2011) reported that MRS and CPS varied depending on the scoring rules applied
to calculate them (Figure1.2). Also, it was found that CPS reliability will be affected when
calculated through different scoring methods (Burgraaff et al., 2010).

Figure 1.2: Illustrative example of the scoring rules used to calculate CPS and MRS. (A) MRS (158
wpm) was calculated as the speed of the sentences in print size larger than CPS and CPS calculated
as the smallest print sizes were read 1.96 times standard deviation slower than the average of the
reading speed of the previous sentences. (B) MRS was calculated as the mean reading speed of the
fastest three sentences (173 wpm) and the CPS scoring rule was as illustrated in the figure above. (C)
MRS was calculated as the speed of the fastest sentence read (180 wpm) and the CPS was as
illustrated in graph C. Reproduced by Patel et al. (2011).

1.4 Reading chart notations
For reading charts, different notations are currently in use, such as Snellen, logRAD, the N
notation, M-Size and Decimal. Different notations are used worldwide depending on the
practitioners’ educational background and location.
M-Size. M notation was introduced by Sloan (1959); the letter height subtends five minutes
of arc at a distance of 1 m but is also used for the reading distance of 40cm. One disadvantage
of M notation is that the value of the notation is arranged in descending order (from 6.3M for
the largest print size to 0.32M for the smallest print size), while the other reading notations,
such as decimal, is arranged in ascending order.
N notation. This was first introduced by Law (1952) to overcome the limitations of the Jaeger
chart. N notation is based on the point (pt) system and uses the Times New Roman typeface.
Although the N notation is a familiar system because it represents everyday reading material
typeface, different versions have different letter height and it does not correspond well to the
other reading notations. Also, the N notation does not apply logarithmic progression and is not
developed according to the ICO standards. Therefore, it could be reasonable to avoid using
the N notation.
Snellen fraction. The Snellen fraction notation indicates the relation between the distance at
which the letter subtends five minutes of arc and the test distance, in metres or feet. The
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Snellen fraction of 20/20 (feet) or 6/6 (metre) could represent the acuity at distance and at
near. Therefore, Bailey and Lovie-Kitchin (2013) have suggested using 0.4/0.4 Snellen
fraction for a test distance of 40cm (0.4 metres). However, this fraction is not commonly used
and using the Snellen fraction is more likely to be understood with provides clear information
about the test distance.
Decimal notation. Decimal notation is a reciprocal proportion of the visual angle that is
calculated from letter height and test distance. Whatever the test distances used, the decimal
notation reveals a correct logarithmic progression.
LogRAD. LogRAD notation has been suggested to be used for the reading acuity equivalent
of the logMAR to avoid confusion between reading and distance acuities (Richter-Mueksch et
al., 2002). However, similarly to distance acuity, reading acuity can be expressed in logMAR
units.
VAS scale. The Visual Acuity Score (VAS) scale was introduced by Bailey and Lovie (1980).
The VAS scale is designed to simplify the rating of visual acuity deterioration as it is a scale
of functioning. Each letter read on an ETDRS chart equals 1 point, so that each line read
equals to 5 points. LogMAR (0.00) corresponds to 100 on VAS scale, 1.0 logMAR corresponds
to 50 on VAS scale, and 2.0 logMAR corresponds to 0 on VAS scale.

1.5 Reading performance test charts
There are many types of reading test charts used in research , or in clinical practice, such as
the unrelated words reading test – which was developed by Bailey and Lovie (1980) –
continuous text (meaningful) reading tests, mixed contrast sensitivity tests, and computerized
reading tests. In fact, the term (continuous text reading test) has a slightly confusing meaning.
In this thesis in short sentences reading tests, this term is meant to refer to meaningful
sentences. However, each sentence is independent to each other and do not make a full story
as in a long paragraph reading test.
The following paragraphs provide an overview of the measurement properties and the
characteristics of reading test charts that are available in the literature and calibrated
according to ICO recommendations. Although other reading tests have been found, such as
the Fonda-Anderson reading chart (Fonda and Anderson, 1988), the Sloan reading cards
(Sloan and Brown, 1963) and the Zeiss reading test (Nguyen et al., 2009), no publications or
relevant information have been found regarding their measurement properties.
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1.5.1 The Bailey-Lovie word reading chart
Bailey and Lovie (1980) developed the Bailey-Lovie word reading chart with logarithmic print
size progression and used sentences with unrelated words. The Bailey-Lovie reading chart
was designed to determine the reading speed, reading acuity and CPS in one simultaneous
examination. The same principle has been also applied to the MNread, Colenbrander and
Radner reading charts. The reading notations labelled on Bailey-Lovie chart are M-units, N
notation, LogMAR and VAR. The print sizes values are given for test distance of 25cm and
use Times New Roman typeface (serif font). Therefore, a correction factor needs to be
subtracted from the labelled logMAR for testing at longer distances. Bailey and Lovie viewed
that measuring the reading performance with unrelated words led to more reliable results than
continuous text reading chart. From their observation, they found that measuring the reading
performance with unrelated words eliminates the influence of contextual cues, guessing, and
individual variation of the reading behavior to affect the results. Thus, care was taken to
eliminate any syntactic association between the words (Bailey and Lovie-Kitchin, 2013).
Although the Bailey-Lovie charts are criticized in terms of the word length (more than 10
letters) and being difficult to read for poor readers, they are still widely used for determining
the magnification power for low vision patients (Rubin, 2013). No studies were found in the
literature that evaluate the Bailey-Lovie unrelated words reading chart characteristics in terms
of validity, reliability and repeatability. Also, a direct comparison of the reading performance
between the Bailey-Lovie reading chart and the available continuous text reading charts has
not been investigated.

1.5.2 The Minnesota low vision (MNread) reading chart
The MNread reading test was first introduced in 1989 in the USA and was designed as a
computer-based test (Legge et al., 1989). The sentences were presented on a computer
screen with very large print sizes to low vision patients. Mansfield et al. (1993) then designed
a printed MNread acuity card arranged in a logarithmic progression with the text difficulty being
for third grade (age nine years). The current MNread chart is available in different languages
(English, Italian, Greek, Spanish, Japanese, Portuguese and French) with a 3rd to 4th grade
level of text difficulty (age 9–10 years) and with controlled position of the words and equal
number of characters. The MNread test contains 60 characters, including the spaces, and
applies the concept of “standard-length words” (Mansfield et al., 1993). The standard-length
words are defined to have six characters in the English language, thus, each sentence in the
MNread chart consists of ten standard-length words (three lines per sentence). It has been
found that using the standard-length words helps to reduce the variation in scoring caused by
different word lengths (Carver, 1976). The reading notations labelled on the MNread chart are
27

Snellen, M-units and logMAR notation for 40cm reading distance. The MNread chart has two
editions to avoid learning effects during the test and uses Times New Roman typeface.
A number of studies have assessed the MNread internal consistency in different languages.
For example, Mataftsi et al. (2013) developed and assessed the Greek version of the MNread
acuity card and found a good internal consistency (Mataftsi et al., 2013). The same results
were found in the Italian MNread (Vergil et al., 2004), Turkish (İdil et al., 2011) and Portuguese
versions (Castro et al., 2005). Subramanian and Pardhan (2006; 2009) reported a good
coefficient of repeatability of the MNread chart in visually impaired patients and in young
adults; however, Patel et al. (2011) subsequently found weaker coefficient of repeatability in
age-related macular degeneration patients. The reason for the differences between the
studies was the variability in the study design and patient-related aspects.

1.5.3 The Radner reading chart
Radner et al. (1998) developed the Radner reading chart in Austria and adopted the
logarithmic progression of the sentence optotypes to simultaneously determine reading acuity,
reading speed and CPS. The Radner chart consists of 14 sentences and each sentence
consists of 14 words. The sentences are displayed on three lines and comparable to each
other in terms of number of characters, number of syllables per word, word length, positions
of words and lexical difficulty with 3rd to 4th grade (9–10 years) (Richter-Mueksch et al., 2002).
A san-serif Helvetica typeface is used for the Radner charts, which are available in English,
German, Dutch, Hungarian, Spanish, Italian, French, Swedish, Turkish, Danish and
Portuguese. To avoid learning effects during the test, , three different editions are available in
the Radner chart. Reading notations (M-units, Snellen, decimal and logRAD) were labelled for
32cm and 40cm reading distances. The Radner reading chart was investigated in terms of
test-retest and inter-chart reliability in normal sighted subjects and low vision patients. The
results revealed good repeatability and reliability for measuring reading performance (Stifter
et al., 2004a, Maaijwee et al., 2008b).

1.5.4 Colenbrander reading chart
The Colenbrander reading chart was developed by August Colenbrander in San Francisco in
1994. A variety of cards were developed by Colenbrander from 1994 to 2008, including low
vision cards with the largest letter size being 20/500 at 40cm, small cards with 40cm cord, and
low-contrast and mixed-contrast sensitivity cards. The Colenbrander high contrast continuous
text print sizes use logarithmic progression and are used to measure reading acuity, reading
speed and CPS and are available in different languages (English, Portuguese, Spanish,
German, French, Danish, Dutch, Swedish, Italian, Finnish and Tagalo). The Colenbrander
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chart uses 14 pairs of sentences with equal length and spacing. For Snellen acuities from
20/230 to 20/200, one sentence is presented for print size, while, from 20/160 and smaller,
two sentences are presented. it was created according to the criterion that there should be no
more than 10 letters in one word, and it was not tested for text difficulty; however, later on, it
was found to have a 4th grade level of difficulty (Calossi et al., 2014). The Colenbrander chart
uses Times New Roman typeface. Snellen, decimal and M-units reading notations were
labelled on the Colenbrander reading chart for 40cm reading distance.
Although the inter-chart reliability, repeatability and reproducibility of the Colenbrander reading
cards have not been investigated, a number of studies have developed new continuous text
reading charts in different languages based on the Colenbrander chart criteria. Examples
include the study by Abdulkader and Leat (2017) who developed a standardized Arabic
reading chart with a layout similar to that of the Colenbrander chart.

1.5.5 International Reading Speed Test (IReST)
The International Reading Speed Tests (IReST) design is very different compared to the
MNread, Radner, Colenbrander and Bailey-Lovie reading charts, it is available in long text
paragraphs and uses one print size (1M or 10-point Times New Roman font). Patients with
near visual acuity poorer than N8 (newsprint size) can read the paragraphs with magnifying
aids. The advantage of the long text paragraphs is that they reflect the real-life reading
performance in terms of reading fatigue, fluency and making mistakes (Stangler-Zuschrott,
1990). It has been reported that there are no differences in the reading speed between the
short sentences and the longer text paragraphs (Radner et al., 2002). However, other studies
have reported that reading speed measured with longer paragraphs (IReST) are more reliable
than those with shorter sentences, as in the Radner and the MNread, because of the lower
variance (Trauzettel-Klosinski et al., 2012).
The International Reading Speed Tests were developed specifically for measuring reading
speed across languages to make the comparison in international studies; they are now used
in the evaluation of reading performance studies if different languages are being compared in
terms of age-related macular degeneration, dyslexia, magnifying aids and eye movement. The
grade of the text difficulty ranges from 4th to 6th (age 10-12 years). The test is available in 18
languages, Chinese, Arabic, English, French, Finnish, German, Italian, Hebrew, Japanese,
Polish, Dutch, Portuguese, Brazilian, Slovenian, Swedish, Spanish, Turkish and Russian
(Hahn et al., 2006), and recently a Greece version has been developed by Gleni et al. (2019).
The IReST test has a high translinguistic compatibility and scores well in 18 different
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languages and has scored high in terms of inter-language comparison studies (Hahn et al.,
2006, Trauzettel-Klosinski et al., 2012).

1.5.6 Computerized reading test
Recent developments in computer-based technology provide a valuble opportunity for health
practiononers and researchers to develop computer-based clinical tests which can combine
multiple tests in one portable device (Berger, 2010). Reading performance test is one of the
clinical tests that may benefit from the use of the new technology. The Salsburg Reading Desk
(SRD) developed by Dexl et al. (2010) displays the text on a computer screen (Fig 1.2) and
also has a voice detection to measure the reading time. The SDR can be adjusted to the
reader’s preferred viewing distance. In addition, the reading performance test would benefit
from tablet-based computer, such as Apple iPad, by increasing portability and standardizing
the scoring method with automatic determination of the reading performance metrics.
Examples of the iPad reading test are MNread iPad app (Calabrese et al., 2014), Radner
reading app (Kingsnorth and Wolffsohn, 2015) and IUread reading test (Xu and Bradley,
2015). However, there is only one study available in the litrature for each iPad reading test
and this was conducted by the developers. They reported a good reliability and repeatability
of these tests for measuring the reading performance.

Figure 1.3: The Salzburg Reading Desk uses a computer-based technology to measure the reading
performance metrics by presenting text in a random order. Reproduced by https://www.srdvision.com/

All the reading test charts mentioned above are designed to offer an objective method that
examine out loud reading speed. There are other reading tests that are designed to evaluate
silent reading over sustained period of time. However, it has been found that sustained silent
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reading tests do not accurately reflect out loud reading tests (Ramulu et al., 2013). Silent
reading test is usually accompanied with comprehension questions corresponding to a reading
passage in order to avoid skipping some reading material and to minimize the variation in
attention given to the reading passage; thus, controlling this source of variability. One
disadvantage of sustained silent reading test is the time consuming as the duration of the test
may take up to 30 minutes, and this may not be feasible in research setting or in clinical
practices where the time is restricted. Despite this, silent reading represents the large majority
of our normal reading behavior.

1.6 Design aspects of the reading test charts studies
A number of studies have assessed the MNread internal consistency in different languages.
For example, Matafsi et al. (2013) developed and assessed the Greek version of MNread
acuity card and found a good internal consistency in the chart (Matafsi et al., 2013). The same
results were found in the Italian MNread version (Vergil et al., 2004), in Turkish (Edil et al.,
2011) and Portuguese version (Castro et al., 2005). The reliability of the current MNread in
English has not yet been assessed. The internal consistency of the Radner chart has been
tested in German (Radner et al., 1998), Spanish (Alio et al., 2008), Dutch (Maaijwee et al.,
2007) and English (Radner and Diendorfer, 2014). The internal consistency of IReST was also
evaluated in different languages among young normally sighted subjects (Trauzettel-Klosinski
and Dietiz, 2012) as well as presbyopic subjects (Hahn et al., 2006).
However, different word length resulted in different languages (Delattre, 1965) and this should
be taken into account, especially given that the reading performance results are based on the
model of reading speed against print size. Therefore, direct comparison between reading
speeds across reading test chart studies in different languages is complicated. Longer words
slow reading speed as more reading material is covered in a long words sentence compared
to a short words sentence (Brussee et al., 2015).
Reading performance measurements are influenced by nonvisual factors, such as age,
reading habits, practice effect, educational level, motivation, attention, fatigue, visual acuity
and disease-related factors, such as stage, duration and type of the eye disease (Finger et
al., 2009, Sunness and Applegate, 2005, Legge et al., 1992). In addition, other experimental
designs, such as the illumination level and the reading distances, play an important role in the
variability of the reading test results. It has been reported that a small change in the reading
distance may lead to different reading performance metrics results (Patel et al., 2008). There
is a strong relationship between the illumination level and the subject’s ability to distinguish
the letters during the measurement of near visual acuity and this effect increases with age as
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a result of age-related changes of the ocular media, leading to decrease in the retinal
illuminance (Haegerstrom-Portnoy et al., 1997). It has been shown that normally sighted
subjects experience no or minimal improvement in the reading performance with illuminations
levels, whilst the low vision subjects experience a noticeable improvement (Cornelissen et al.,
1994). Munch et al. (2016) reported that education level had an influence on the reading
performance results. They found that university students read faster than factory workers and
made a lower number of reading errors.
Other important factors that are important to consider when measuring reading performance
are the visual crowding and the eye movement during reading. In human eye, the retinal fovea
is represented by the central two degree of the visual field with the highest cone density. The
fovea is responsible for the tasks that require resolving fine visual details. During reading, the
eye continuously makes a series of saccades (bringing the object of interest to the fovea when
the eye moves from one location to another) and fixations (when the eye remains fixed and
stable) (Rayner, 1998). Fluent readers make regression (back to previously read word or text)
about 10% to 15% of the time (Starr and Rayner, 2001). Both fixation and saccades length
fluctuate from word to word and are affected by syntactic, word frequency and number of
lexical (Balota et al., 1985).The rest of visual information falls on the peripheral retina. One of
the most disruptive deficits in the peripheral vision are those correlated to visual crowding.
Visual crowding is the inability to identify the letter in clutter in the periphery (Nandy and Tjan,
2012). Therefore, visual crowding is more sequential for people who rely on their peripheral
visual field for reading, as they do not have a functioning fovea. Understanding the eye
movement and reading process in general will help to a better measurement of reading
performance.
Table 1.1 illustrates data extracted from available studies that assessed the reading test
charts. Some of the design aspects of some studies are missing or not clear, which makes the
comparison between the outcomes difficult. The design aspects of some studies will be
illustrated in the following paragraphs.
The Radner and MNread have been investigated in normal and low vision subjects while the
IReST has been tested in normally sighted subjects. In previous studies, some specifications
and participant characteristics, such as state of the eye disease or educational level, were not
mentioned. However, a number of studies have described their methods very clearly, such as
the study conducted by Maaijwee et al. (2008) to analyze the inter-chart and test-retest
reliability of the Dutch version of Radner reading charts in an older group of subjects with
macular diseases. In the design aspects of their study, they mentioned the eye disease state,
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the recording method, controlling the reading distance and lighting level as well as that
described in studies of Radner et al. (2002) and Subramanian et al. (2006).
Legge et al. (1989) evaluated the old computer-based MNread test for normal and low vision
subjects. In their method, they did not mention the age of the subjects, the educational level,
the method for controlling the reading distance, the distance or near visual acuity, nor the
recording methods (Legge et al., 1989). The study by Mansfield et al. (1993) did not mention
their method or the same aspects as Legge et al. (1989) in addition to an unspecified intersession period (Mansfield et al., 1993). Although Ahn et al. (1995) described their study design
well in terms of the subjects’ age, visual acuity, state of the eye disease, lighting level and
recording methods, the way of controlling the reading distance was not clear. All these studies
measured reading speed, which is strongly affected by age, distance, near visual acuity, and
illumination level (Haegerstrom-Portnoy et al., 1997).
In the context of the design aspects of the scientific studies, Rice et al. (2005) evaluated a
new abbreviated version of the MNread reading speed test in children with normal vision and
in children with a variety of ocular conditions; however, they did not describe the state of the
eye disease that the children had. Another study investigated the repeatability of the recent
MNread charts with low vision subjects (Subramanian and Pardhan, 2009). However, they let
the subjects use their preferred viewing distances, which may make comparisons with their
results complicated.
It is worth noting the difference in the MNread repeatability results of Subramanian and
Pardhan (2009) who scored better in repeatability compared to Patel et al. (2011), and both
studied the repeatability of the reading performance metrics in the English language in lowvision subjects. The reason might be that Subramanian and Pardhan (2009) made use of the
audio recording method to calculate the reading time and speed, which may lead to higher
repeatability results, whilst Patel et al. (2011) made use of a direct notation using the
stopwatch in the same clinical setting. The influence of the recording method on the reading
performance metrics results will be investigated in this thesis.
Testing the reading test chart according to the scientific standards is an important
consideration that help to choose the reliable reading test chart. As the reading performance
metrics measurement are influenced by patient and measurement related factors, the studies
should provide sufficient information to understand how the study was conducted and
designed and how the results were analyzed.
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1.7 Methods for scoring the reading performance metrics and their
reliability results
In the current thesis, the term repeatability or test-retest reliability refers to variability in
repeated measurement by one examiner when controlling for all other factors that may affect
the results. Reliability or inter-chart reliability refers to the internal consistency of the item on
a reading chart.
To date, there has been a little or no agreement on the scoring rule methods for measuring
reading performance metrics and the statistical approaches for determining repeatability,
reliability and the agreement of clinical reading test charts. Although, it has been reported that
the use different scoring methods influences the reliability results (Burggraaff et al., 2010b,
Patel et al., 2011, Hazel and Elliott, 2002), there is no agreement on the method of choice to
calculate the reading performance metrics. Different methods were used to calculate reading
acuity, MRS and CPS, which makes the comparison between studies difficult. In addition,
there are many different statistical methods used in the studies to evaluate the reliability and
the repeatability of the reading test charts. Investigating the reliability of the reading test chart
is an important step because, when the reliability is high, a decrease of the reading speed and
an increase of the reading errors is more likely to be related to disease rather than to the chart
design or other characteristics (Radner et al., 2002). A high Cronbach’s alpha indicates a good
reliability or internal consistency of the reading chart (Tavakol and Dennick, 2011).
In the review conducted by McAlinden et al. (2011), they discussed the statistical methods for
analyzing the agreement (comparison of the repeated measurements or between clinical
tests) for ocular instruments. The Pearson correlation coefficient is most commonly applied in
agreement studies. However, they argue that the correlation coefficient incorrectly assesses
the agreement between the results because it is used to assess the linear relationship
between the two variables and cannot assess the relationship beyond its linearity. In addition,
the correlation coefficient is very dependent on the variability between subjects. Therefore,
they concluded that the use of correlation coefficient in agreement studies is questionable as
a strong correlation does not always indicate a good agreement. According to McAlinden et
al. (2011), the method of choice to assess the agreement is the Bland-Altman agreement
analysis (Bland and Altman, 1986) and also it is the most popular method to evaluate the
agreement (Zaki et al., 2012). The limit of agreement at which it is acceptable to use between
two methods or clinical tests interchangeably is a clinical decision that can be considered.
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Based on the available studies that assessed the reading charts’ inter-chart and test-retest
reliability, the content and the quality of the method and study design used varied, making the
comparison between the studies complicated. Therefore, it is still not clear whether one
reading test had better repeatability and reliability than the other. One aim of this thesis was
to investigate the reliability and the repeatability of the available standardized reading test
charts (Radner, MNread, Colenbrander, Bailey-Lovie word chart and IReST), in addition to the
computerized reading test, in young normally sighted subjects, presbyopic subjects and in
patients affected by cataract. Taking into account control over study design, statistical
approaches and scoring rule method, the findings should make an important contribution to
optimize the reliability of the reading test charts to obtain comparable outcomes of the reading
performance in patients suffering from various diseases. Also, the use of reliable reading
charts facilitates research concerning the functional vision in many fields of eye care.
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Table 1.1: The design aspects of reading test charts studies
Authors and
publication
year
Radner and
Diendorfer
(2014)
Burggraaff et al.
(2010a)
Maaijwee et al.
(2008b)
Alió et al. (2008)
Maaijwee et al.
(2007)
Stifter et al.
(2004a)
Radner et al.
(2002)
Radner et al.
(1998)
Mataftsi et al.
(2013)
Patel et al.
(2011)
İdil et al. (2011)
Subramanian
and Pardhan
(2009)
Subramanian
and Pardhan
(2006)
Rice et al.
(2005)

Language

Age of
subjects
(mean)

Subject
criteria

Educational
level

Distance
visual
acuity
(logMAR)

Eye
disease

Eye
disease
stage

Interchart
reliability

Testretest
reliability

Lightning
(cd m²)

Reading
distance
controlled

Radner

English

30

Normally
sighted

UV, nonacademic

≤0

NA

NA

+

0

80-90

Yes

Radner

Dutch

81

Low vision

8.5 years of
education

≥ 0.3

Described

?

+

0

80-90

?

Radner

Dutch

71

Low vision

?

≥ 0.4

Described

?

+

0

80-90

Yes

Radner

Spanish

31

UV

≤0

NA

NA

+

0

80-90

?

Radner

Dutch

?

UV

≤0

NA

NA

+

0

80-90

?

Radner

German

66

?

≥ 0.4

Described

Described

+

+

80-90

?

Radner

German

24

UV

≤0

NA

NA

+

0

80-90

Yes

Radner

German

24

UV

≤0

NA

NA

+

0

90-100

?

MNread

Greek

32

?

≤0

NA

NA

+

+

?

?

MNread

English

78

Low vision

?

≥ 0.2

Described

?

0

+

120

?

MNread

Turkish

?

Normally
sighted

PE, HS, HE

≤0

NA

NA

+

0

80

?

MNread

English

73

Low vision

?

≥ 0.12

Described

Described

0

+

102

?

MNread

English

23

Normally
sighted

UV

≤0

NA

NA

0

+

≥ 80

Yes

MNread

English

11

Ocular
condition

?

≥ 0.1

?

?

+

0

?

?

Reading
test

Normally
sighted
Normally
sighted
Low vision
Normally
sighted
Normally
sighted
Normally
sighted
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Table 1.1: (continued)
Authors and
publication
year
Virgili et al.
(2004a)
Ahn et al. (1995)

Reading
test

Language

Age of
subjects
(mean)

Subject
criteria

Educational
level

Distance
visual
acuity
(logMAR)

Eye
disease

Eye
disease
state

Interchart
reliability

Testretest
reliability

Lightning
(cd m²)

Reading
distance
controlled

MNread

Italian

11

Normally
sighted

Grade 3-8

≤0.3

NA

NA

+

+

?

?

English

45

Low vision

?

≥ 0.12

Described

Described

+

0

?

?

?

?

100

?

?

?

?

?

Old
MNread
Old
MNread
Old
MNread

Mansfield et al.
Normally
English
?
?
?
NA
NA
+
0
(1993)
sighted
Legge et al.
English
?
Low vision
?
?
Described
Described
+
0
(1989)
Trauzettel13
Normally
Klosinski et al.
IReST
18-35
?
?
NA
NA
+
0
languages
sighted
(2012)
Hahn et al.
4
Normally
IReST
18-85
?
≤0.2
NA
NA
+
0
(2006)
languages
sighted
NA, not applicable; ?, not determined; +, studied; 0, not studied; UV, University students; PE, primary education; HE, higher education; HS, high school
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Chapter 2
The introduction highlights key areas of the routine eye examination that require further
investigation. As a first step it would be useful to know why patients attend for a routine eye
examination. In this chapter this will be explored.

Study 1: Why do we need to address the most common
reasons for visiting optometric practices?
2 Introduction
Valid measures of the prevalence of the most common reasons for visiting optometric
practices are the basis to improve the quality of care and services. The improvement of the
practice and services offered comes only when they are measured (Peabody et al., 2004).
The chief complaint ‘is a patient’s self-reported primary reason for presenting for medical care’
(Mowafi et al., 2013) and is also referred to as ‘reason for visit’ (RFV). Analysis of primary
medical care should take into account the aspect of the chief complaint. Collecting a data on
patients’ chief complaints would help as primary data to analyse, quantify and plan for medical
care system development (Begier et al., 2003).
A patient’s chief complaint can be considered as a good resource to identify the need for
service improvement (Shah et al., 2008). Unfortunately, there is a lack of research that takes
the prevalence of the chief complaint into account to improve the standards of the services
delivered to the patient. Patient complaints are usually used to address the patient’s issue
individually (Hsieh et al., 2005). However, the communication between the practitioners about
the prevalence of the most common chief complaints and how to handle them can be used as
a good source of learning and research that could help to improve the quality of care.

2.1 Categorization of the visual complaints among the optometric
practices
Some practitioners would ask the patient about his or her chief complaints before questioning
on his or her ocular history and some of them after. Some of the common chief complaints in
optometric practice are discussed below.
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2.1.1 Complaint of blurred vision
Blurred vision is one of the common symptoms related to the eye and it has a wide variety of
causes. Sufficient history information and essential eye examinations can lead to accurate
diagnosis of the cause of the blurred vision. The causes of blurred vision can be divided into
two main categories, non-pathological and pathological causes (Shingleton and O'Donoghue,
2000).

2.1.1.1 Blurred vision non-pathological causes
2.1.1.1.1 Refractive error
One of the most common causes of blurred vision is refractive errors, which include hyperopia
(farsightedness),

myopia

(nearsightedness),

presbyopia

(age-related

decrease

in

accommodative response) and astigmatism.
Refractive errors have been confirmed globally as one of the most common causes of visual
impairment (Resnikoff et al., 2008). Low vision resulted from uncorrected refractive errors can
lead to very bad consequences for individuals in a population. For example, reduce quality of
life, lost education, lost economic gain and employment opportunities. Some reasons why
refractive errors remain uncorrected include lack of awareness about the importance of routine
examination at public health level and family and personal level. Another reason is insufficient
refractive services available (Resnikoff et al., 2008).
Usually, in many cases, the practitioner’s diagnoses of the cause of the blurred vision must
await the refractive examination results. After that, different possibilities could be considered
as the cause of the blurred vision complaint (Grosvenor and Grosvenor, 2007).

2.1.1.1.2 Functional vision loss
Another cause of non-pathological blurred vision is the blurred vision that results from
psychological or perceptual malfunction and this is called functional vision loss (Shingleton
and O'Donoghue, 2000). Griffiths and Eddyshaw (2004) suggested to use the term “medically
unexplained visual loss” as a diagnostic label of functional vision loss. Constricted visual field
and reduced visual acuity are the most common symptoms of functional vision loss. These
symptoms are real, but usually transient. Treatment of functional vision loss needs an
evaluation of the underlying psychopathology (Pula, 2012).
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2.1.1.2 Blurred vision pathological causes
Blurred vision that results from pathological causes is less common than blurred vision that
results from non-pathological causes, but is more urgent. Blurred vision complaint that is
confirmed by decreased visual acuity and not caused by change in refractive errors usually
needs additional testing and diagnostic procedure (Grosvenor and Grosvenor, 2007).
Symptoms that help in the diagnoses of varied causes of pathological blurred vision include
the presence of the pain, bilateral or unilateral, and the onset of the blurred vision, whether
suddenly or gradual. The structures of the eye that are sensitive to the pain are the ciliary
body, the iris and the interior ocular surface as well as the optic nerve and periorbital areas.
Therefore, the inflammation of these areas can cause blurred vision and pain. The pathological
diseases of the vitreous and retinal can cause blurred vision, but are relatively insensitive to
the pain (Shingleton and O'Donoghue, 2000).

2.1.2 Complaint of headaches
Headache in general and migraine in specific is one of the common reasons for visiting
optometric practices. Analysis of the data collected from the patients for more than 15 years
in a large sample of UK general practices found that 9% of the patients presented to general
practices with a complaint of headache every year (Latinovic et al., 2006). In a study by
Gutteridge and Cole (2000) conducted in 1000 consecutively presenting patients of optometric
practice, the prevalence of migraine complaint was 11% of male and 23% of female.
Headache visual symptoms should be carefully diagnosed and differentiated from other ocular
or neurological diseases. The optometrists need to be aware about the different types of
migraine presentation. In many cases the optometrist may not find the reason for a headache
and onward referral to a medical practitioner may be warranted.

2.1.3 Complaint of asthenopia
The definition of asthenopia is a visual sensation of eye strain or eye weakness and fatigue.
Eye strain is a synonym of asthenopia, and it is a more common eye complaint in adults
(Nakazawa et al., 2002) and children (Vilela et al., 2015), particularly among people who have
jobs that need extended near vision, for example, computer users, accountants and
secretaries (Nakazawa et al., 2002). Asthenopia can result from many different causes, such
as convergence and accommodative anomalies, binocular vision anomalies, and uncorrected
refractive errors including presbyopia and insufficient lightning. Asthenopia can be revealed
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through different eye symptoms such as double vision, watery eye, headache, blurred vision,
headache, itching and dry eye (Neugebauer et al., 1992).
Because asthenopia results from different causes, the treatment involves the treatment of the
work environment, such as the lighting and prolonged near vision work, as well as the
treatment of the visual condition (Aarås et al., 1998).
Vilela et al. (2015) estimated the prevalence of asthenopia in children up to age 18 years
through a systemic review and found that 19.7% of children complained from asthenopia while
the majority of the frequency was found in children aged over 7 years. Previous studies in
adults found that the frequency of asthenopia was more in those who used a video display
unit (VDU) for a long period (Neugebauer et al., 1992, Bergqvist and Knave, 1994). Therefore,
it is worth to note that children nowadays are heavy users of videogames, computers and
smartphones, which may increase asthenopia prevalence. Asthenopia can cause additional
consequences in school performance and learning.

2.1.4 Routine eye examinations
The need for regular eye examination is the key element to improving eye care. Many eye
diseases, such as glaucoma and diabetic retinopathy, can progress and exist without the
patient being aware of the problem until the vision is deteriorated or lost (Wensor et al., 1998).
Recommendation for a routine eye examination usually targets the people with eye diseases
and who notice a change in vision. However, Taylor et al. (2004) found evidence that people
over 40 years old who had normal baseline eye examination developed a symptomatic vision
loss over a five-year period. In addition, a modest reduction in visual acuity (<0.3 logMAR)
may cause visual impairment and this could impact the quality of life and independent ageing
(Weih et al., 2002). Therefore, the public health message about the importance of routine eye
examination should target people with eye diseases as well as asymptomatic people.
Routine eye examination includes patients visiting the optometric practice for spectacles
change or contact lens aftercare. Frequency of the routine eye examinations depends on the
patient age and condition. The Collage of Optometrists in the UK recommended a two-year
interval for people aged 16 years and older and a one-year interval for children up to 16 years
old. According to the condition, the recommended minimum re-examination interval for
diabetic people is one year and six months for children with binocular vision anomaly (The
Collage of Optometrists, 2019). In general, more frequent routine eye examination is
recommended for older adults and children than young adults (Irving et al., 2016).
Routine eye examination plays an important role to reduce the economic cost of vision loss
by screening for symptomatic and asymptomatic eye diseases (Wittenborn et al., 2013).
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2.1.5 Complaint of reading difficulty
Reading is an essential part of many daily activities and an important skill. Reading difficulty
is the primary complaint in the elderly and individuals with eye disease (Mangione et al., 1998).
It has been found that 60% of patients referred to low vision services complained about
reading difficulty (Rubin, 2013).
Evaluation of the reading performance is an essential and important clinical test to maintain a
good quality of life, especially for ageing population. As it has been found that reading difficulty
can reduce and affect the quality of life (Alio et al., 2011).
The ageing and growth of the world’s population is leading to an increase in the number of
people with presbyopia who have complained about blurred near vision. It has been globally
estimated that, of the 7.33 billion people alive in 2015, presbyopia affected 1094.7 million of
people older than 35 (Bourne et al., 2017). Reading difficulty complaint may be accompanied
with other visual complaints, such as eye strain and headache (Patel and West, 2007).
The need for adequate near vision is not only for reading and writing, many other tasks in daily
lives also require good near vision. such as cooking food, sorting rice or grain, threading
needles, weeding and dressing children. Thus, it demonstrates the impact of blurred near
vision on quality of life in the developing countries (Patel et al., 2006).
The presence of reading difficulty complaint may associate with different variables. It has been
reported that level of education, age, gender and social functioning are significantly associated
with reporting reading difficulty complaint. However, reduced distance visual acuity was not
associated with near vision task difficulty (Patel et al., 2006).
A valuable predictor for measuring the visual ability to perform daily tasks (McClure et al.,
2000) and assessing the vision-related quality of life is a reading performance test (Hazel et
al., 2000).
Therefore, if the information collected at the beginning of an eye examination and the reason
of visit the optometric practices are investigated properly this may allow the optometrists to
use the eye examination adapted to the patient’s needs and in avoiding any irrelevant tests
(Shah et al., 2008). In agreement with Anderson et al. (2001), such results and analysis of the
most common chief complaints should be shared with healthcare professionals to facilitate the
service improvement and development. The goal of this chapter is to identify the frequency
and the type of the most common reasons for patients visiting an optometric practice in the
UK and Australia. The secondary aim is to determine the relevance of age, gender, refractive
errors and occupation to the presence of the visual complaints.
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2.2 Methods
This study presents an audit of data collected at two optometric practices; a single practice in
Adelaide, Australia; and a single practice in Nottingham, United Kingdom (UK). The two
locations were both in suburban areas, not in the city centre, and were small group practices.
The style of the practices was very similar, and both had high street locations in busy shopping
areas. The data was collected in Adelaide in March/ April (autumn time in Australia); and in
the same calendar year the data was collected in Nottingham but in September/October
(autumn time in the UK). Adelaide has a larger population than Nottingham and is a bigger
city, but the suburbs where the data were collected are of similar size and demographics
(Highgate area of Adelaide and West Bridgford area of Nottingham).
The data were collected from consecutively presenting patients by means of an audit of the
patient records. Records were selected from patients who had appointments at each practice.
Importantly, data were collated from consecutively presenting patients so that no operator bias
was involved in selection. The information recorded was gender, age, date of last eye
examination, occupation, reasons of visit and refractive errors state. Reason for the visit of
each participant were under the following complaints (routine eye examination, reading
difficulty, distance vision blur, change in spectacles prescription, family history of the eye
disease, pathology, headache and contact lenses). The initial visual complaint was considered
as the reason for the visit.
The number of participants was 130 from Australia with mean age (mean± SD) 44.8± 20.4
years, 43% male and 57% female, and 110 participants from the UK with mean age (mean±
SD) 40.5± 13.7 years, 43% male and 57% female. Data were entered and analysed using
Microsoft Excel statistical software and Statistical Package for Social Sciences (SPSS)
version 25. Chi-square analysis was used to compare the results across the two countries.
Logistic regression was used to assess the relevance of the age, gender, refractive errors and
occupation to the likelihood of presence of visual complaints.

2.3 Results
The results in Figure 2.1 indicate that the most common reasons for visiting an optometric
practice in Australia were change in spectacles prescription (24%) and near vision difficulty
(23%) followed by distance vision blur (19%). In the UK, the most frequent reason for visit was
routine eye examination (35%), and near vision difficulty (23%) and change in spectacles
prescription (19%) were the next most common complaints. Fewer than 10% of patients in
Australia and the UK visited the optometric clinic with complaints that included pathology
(Australia 5%; UK 2%), family history of eye disease (Australia 2%; UK 3%), headache
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(Australia 9%; UK 10%) and contact lens prescription (Australia 2%; UK 5%). Overall, the
complaint shared equally frequently and significantly in both countries was reading difficulty.
Australian patients are more likely to have distance vision complaints compared to UK patients
(19% vs. 2%; p = 0.02). The results showed that the awareness of UK patients about the
importance of routine eye examinations was significantly higher than in Australian patients
(35% vs. 17%; p = 0.03). The prevalence of change in spectacle prescription complaint was
not statistically significant between Australia and the UK (24% vs. 19%; p > 0.05).
In these consecutively presenting patients, no statistically significant differences were found
between the distribution of categorical age groups in Australia and the UK. The frequency of
older age patients above 45 years was Australia 52% and UK 42%, for the younger patients
whose ages were between 17 and 44 years old it was Australia 40% and UK 32%, and for
children up to 16 years old, Australia 8% and UK 10%.

Reasons for visit (RFV)
45%
40%
35%
30%
25%
20%
15%
10%
5%
0%
-5%

Family
history

Routine eye
examination

Pathology

Reading
difficulty

RFV in Australia

Distance
vision blur

Spectacles

Headaches

Contact
lenses

RFV in UK

Figure 2.1: Chief complaints of patients seeking an optometric practice in Australia and UK

Although the older age (45-86 years old) was associated with greater frequency of the reading
complaints, younger age participants (17- 44 years old) showed a higher percentage in
presenting with near vision difficulties in Australia and the UK at 33% and 12%, respectively
(Figure 2.2). In logistic regression analysis, no significant association was found between the
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age and the presence of reading complaints in Australia (odds ratio [OR], 1; 95% CI 0.991.03) and UK (OR, 1; 95% CI 0.98 -1.03). In Australia, older age was significantly associated
with greater odds of visiting the optometric practice for routine eye examinations (OR, 1.109;
95% CI 1.013- 1.213), while, in the UK, no significant relevance was found between age and
likelihood for visiting the clinic for routine eye examinations (OR, 1.040, 95% CI 0.986- 1.097).
In both countries, older age was significantly associated with presence of eye pathology
complaint, UK (OR, 1.396; 95% CI 1.031- 1.891), Australia (odds ratio [OR], 1.107; 95% 1.006
– 1.219). The frequency of change in spectacles prescription complaint increased with
increasing age in Australia (OR, 1.090; 95% CI 0.998- 1.190) and the UK (OR, 1.057; 95% CI
0.998- 1.119). No significant association was found between gender, refractive errors or
occupation and the presence of all visual complaints in Australia and the UK.
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Figure 2.2: Age group complaint about near difficulty in Australia and the UK

The data obtained from the date of last eye examination for the patients revealed that the
majority of the patients had an eye examination every two years (30% in Australia, 27% UK),
three years (22% Australia, 17% UK) and one year (15% Australia, 13% UK).
For the Australian patients, the mean value of the spherical equivalent was (0.22 ± 2.50) and
the frequency of myopia was 23%, hyperopia 27% and presbyopia 23%. The mean value of
the spherical equivalent in the UK was (0.55 ± 2.12) and the frequency of the refractive errors
myopia, hyperopia and presbyopia was 16%, 19% and 32%, respectively.
Figure 2.3 shows the frequency of patients’ occupation in the two countries. The most
interesting aspect of this graph is that the number of retired people visiting the optometric
practice in Australia was significantly higher than those in the UK (30% vs. 7%; p = 0.0001).
Also, the number of students in Australia (14%) was higher than those in the UK (3%).
However, this difference was not statistically significant, p= 0.05.
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Figure 2.3: Comparison between the occupations of patients visiting an optometric practice in Australia
and the UK.

2.4

Discussion

This study established the prevalence of different visual concerns in patients seeking
optometric practices. Recognition of the most common reasons for visiting an optometric
practice will provide clinicians and researchers direction in planning and development of the
examination strategies needed to address the growing demand of vision problems. In this
study, Australia and the UK were selected according to the progressive and advanced eye
health services in these two countries (Hashemi et al., 2018).
This study was the first to assess the frequency of the main complaints of two groups of
patients in seeking optometric practices in Australia and the UK. This study found that the
frequency of the reading difficulty complaint was seen in both groups with an equally high
percentage (23%). One possible explanation of the reading complaint prevalence is the term
“reading”, which covers a wide range of activities in daily life and with different degrees of
difficulty, such as sustained continuous reading of magazines, books or a computer versus
spot reading of bills, medication bottles or food labels. Furthermore, advanced technology,
such as Smartphones, tablets and e-readers, have increased the number of formats in which
reading takes place. In the developed societies, reading is fundamental skill to access
information anywhere.
Understanding the importance of the reading tasks for patients is essential for evaluating and
standardising the measures of the reading tests to address the whole spectrum of the reading
performance. The results provide further support for the argument that reading tests should
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be standardised in all optometric clinics and fields, as the reading difficulty complaint is not
associated only with older age group as a result of presbyopia and other aging ocular
diseases, but also a percentage of children and students complained about reading difficulty.
The presence of refractive errors or uncorrected refractive errors in this younger age group
could be considered as a cause of reading difficulty. A population based study conducted to
document the refractive error in a population of children in Australia found that the burden of
refractive visual impairment was 10.4% (Robaei et al., 2006), and this was comparable with
some East Asian countries where the prevalence of myopia is high, especially at school entry
(Zhao et al., 2000). McCullough et al. (2016) found that the proportion of myopes among the
children and teenagers in the UK has doubled in the last 50 years and the hyperopia above
+3.50D tend to be stable and persistent. In spite of this growing demand of vision problems,
the literature review suggests the lack of standard methods and reading test chart for
measuring the reading performance in clinical practice within optometry.
Although this study was conducted routinely presenting patients for eye examination
appointments, rather than for a specialist clinic, the results are in agreement with Brown et al.
(2014) who found reading difficulty to be the most common reason for visiting low vision
services in the United States. With respect to reading difficulty complaint, it is worth noting that
the most common vision assessment questionnaires include one or more questions regarding
reading difficulty.
In multivariate regression analysis, gender was not associated with likelihood of reading
difficulty complaint. This outcome is similar to previous studies (Hazel et al., 2000, Brown et
al., 2014).
Optometrists often advise patients that they must present for routine eye examination every
two years. Some patients will follow this advice, whereas others may wait until they have a
problem with their eyes or vision. Interestingly, the incidence of UK patients (35%) seeking an
optometric clinic for routine eye examination was more frequent than Australian patients
(17%). The awareness of UK patients about the importance of routine eye examinations was
significantly higher than in Australian patients. It has been found that the percentage of fiveyear incidence of vision loss and complication in patients with a normal baseline examination
is higher in people who have not had routine eye examination compared to people with
frequent eye examination (Taylor et al., 2004). Even a modest visual reduction and
uncorrected refractive errors may cause half of the presenting visual impairments (Dandona
et al., 2002). These findings underlined the very clear importance that public health messages
should target people who are asymptomatic and those who notice a change in vision or are at
higher risk of family history eye disease.
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The prevalence of patients visiting optometric practice for routine eye examination in Australia
was higher with increasing age. Although the prevalence of leading causes of some eye
diseases and vision loss significantly increased among the elderly (Perruccio et al., 2007), the
public awareness of the importance of routine eye examination should build among people in
all age groups to encourage protecting their eyes. In contrast to the Australian finding, no
significant association was found between the age and visiting the optometric practice for
annual routine eye examination in the UK. It seems possible that this result may be due to
increased awareness of eye care, recommendations given by optometrists and the good
delivery of the eye care services in the UK, including reminding patients regularly by phone,
text message or email when the next eye test is due.
Prior study has shown that lack of government-funded annual eye examination was correlated
to 50% higher vision problems in low-income population compared to high-income population
(Jin et al., 2013). Many residents in Australia and the UK are eligible for free eye examination
(provided they meet certain criteria). Tylor (2004) suggested that there were many issues in
the Australian community about delivery of eye care services. One of these issues was looking
at how to increase public awareness of eye care and the importance of routine eye
examination to reduce the impact of eye diseases.
Despite people being entitled for free regular eye examination, it has been found that some
people are worried about having a regular eye test because they think they will be pressured
into buying high cost spectacles (Shickle and Griffin, 2014). Therefore, it is important to
change the public understanding of routine eye examinations in terms of detecting the early
causes of preventable vision loss rather than only tests for refractive errors and sales of
spectacles. Cost-saving is led by earlier treatment and detection of eye diseases rather than
presenting with symptoms (Shickle et al., 2015).
The result showed that the second most common complaint after reading difficulty in Australia
and the UK was change in spectacles prescription, which means patients returning to the
optometrist with complaints about their glasses (Australia 24%, UK 19%). There are several
possible causes for spectacle non-tolerance, including reasons related to spectacle
dispensing, spectacle prescription, data entry error, pathology and binocular vision anomalies
(Freeman and Evans, 2010). Age appears to be a factor in spectacles non-tolerance as the
regression analysis revealed that the frequency of change in spectacles prescription complaint
increased in the older age group. These results are in agreement with the findings Atchison et
al. (2001) and Freeman and Evans (2010) that presbyopic people return to the optometric
practice for non-tolerance complaint more than younger people. This result may be explained
by the fact that people above 40 years old experience a gradual loss of accommodation over
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a period of approximately twenty years (Bennett and Rabbetts, 1998). Therefore,
understanding the reasons of spectacles non-tolerance can help to improve both the practice
and patient satisfactorily.
Regarding the interval of annual routine eye examination, the results found that most patients
visited the optometrist every two years (30% in Australia, 27% UK). As mentioned earlier the
frequency of routine eye examination depends on patient age and condition. However, one
study found that having a routine eye examination every year was associated with better
vision, especially for patients aged between 40 to 65 years (Li et al., 2013).

2.5 Conclusion
To answer the question of ‘why do we need to address the most common reasons for visiting
optometric practices?’ This is because eye health information and data gathering about the
most common vision problems are two of the most important aspects to provide efficient eye
healthcare and identify eye health priorities. Reading difficulty was the most commonly
reported complaint in Australia and the UK. In view of this finding it would be interesting to
investigate the methods used in routine optometry practice for assessing near vision.
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Study 2: Types of near vision charts used in optometric
practice
The previous study findings confirmed that reading difficulty is one of the most common
reasons for patients presenting for eye examination to an optometrist, and these results raise
the importance of evaluating and standardising the near vision charts used in optometric
practices. A reliable reading test provides results that help evaluate the treatment outcome of
eye diseases (Stifter et al., 2005c). This study investigates which near vision charts are
commonly used in optometry practice.
There are several types of reading charts used in research for scientific purposes, or in clinical
practice, such as unrelated words reading test, continuous text (meaningful) reading tests,
mixed contrast sensitivity tests, and computer-based reading tests. In addition, a variety of
other different charts is currently used in daily clinical practice for reading performance
measurements. The purpose of this survey was to establish what type of reading charts the
optometrists routinely use in their clinics, and the outcome of this survey will be the first step
towards preparing an inventory of all reading charts available in routine clinical practice and
to compare their validity and repeatability, in order to obtain standardised and effective reading
test measurements in daily clinical practice.

2.6 Methods
The data was collected through the distribution of an electronic (online) link to the optometrists.
The link to a questionnaire was distributed using social media (Twitter, LinkedIn and
Facebook) see Appendix 1. Ethical approval was obtained from Aston University Ethical
Committee and the study adhered to the Declaration of Helsinki. Since the participants of
optometrists for electronic questionnaire were recruited via social media it was difficult to know
the response rate. Response rate cannot be determined because the number of participants
who received and view the information is not clear (Schleyer and Forrest, 2000).
The practitioners were requested to indicate the type of practice they worked in and years of
experience. The optometrists were asked to indicate the percentage of the patients usually
seen in their clinic according to the patient age groups, which were categorised as pre-school
children, school age children (5-16 years), pre-presbyopic age (16-44 years), presbyopic age
(45-60 years) and over 60 years old.

50

In order to allow a comparison to the results obtained from the previous study the practitioners
were asked to give their opinion on the most common chief complaints of patients seeking
their clinic. For the main purpose of the questionnaire, the optometrists were asked to indicate
the type of reading test charts and distance test chart they routinely used or that were available
in their clinics. To analyse the data, descriptive statistics used (average, mean and
percentage).

2.7 Results
Over a five-month period, 102 optometrists returned the questionnaires. The majority of the
respondents worked in hospitals (47%), single independent clinics (23%) and (13%) large
multiple chain stores (more than 30 sores). Less than 10% of the respondents were working
in laser clinics, chain stores, or franchises. The practitioners’ years of experience was (mean,
10 ± 9) years.
The respondents answered that the most common reasons for patients visiting their clinic were
routine eye examination (65%) followed by reading difficulty complaint (51%). Figure 2.4
shows the percentages of the patients visiting optometrists for other reasons. From the chart
in Figure 2.5, it can be seen that by far the greatest percentage of people visiting the
optometric practices were pre-presbyopic (31%) and presbyopic (30%), followed by people
aged over 60 years old (24%).
The results of this survey showed that the majority of the optometrists (65%) measure the
distance visual acuity using Snellen chart (printed, backlit, projector or on a screen) while only
19% of them were using the logMAR chart.
The main question asked of the respondents was about the types of reading test charts they
routinely used or were available in their clinics. The answers showed a wide range of charts
being used; 65% of these charts were Times New Roman charts but of many different styles
and often supplied by ophthalmic companies or by sponsors of eye conferences. The
responses to this question reported by most of the optometrists stated answers such as “one
chart provided by Spec Savers”, “one chart provided by Nidek”, “one chart provided by
Precision Vision” and so on. Twenty-four per cent of reading charts reported were near Snellen
reading chart while only 7% mentioned Jaeger reading chart. Of the 102 optometrists who
completed the questionnaire, just two optometrists used Radner reading chart and one
optometrist used the unrelated word Baily-Lovie reading chart.
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Figure 2.4: the optometrists’ answers about the most common reasons for patients visiting their clinic
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2.8 Discussion
From the point of view of optometrists, the results of this survey confirmed that one of the most
common reasons for visiting an eye clinic is a reading difficulty. This finding is in agreement
with the previous study conducted in Australia and the UK. In spite of this finding, the use of
the non-standardised reading charts is very common in clinical practice. A high percentage of
the optometrists use reading charts that are created and printed by the eye care companies
for advertising purposes.
The question about the type of distance test chart the optometrists used was included to
establish and compare the extent of using the distance and near vision charts in terms of
agreements between the optometrists. The results showed that the commonly used distance
test chart was Snellen chart (65%). Although criticisms of the Snellen chart are widespread, it
still seems to be the most favoured and agreed among optometrists. Limitations for using
Snellen chart to measure distance visual acuity include the crowding effect, the effect of
contour interaction, the number of the letters varies from line to line and the ratio of the letter
size from one line to another is not constant (Jackson and Bailey, 2004). In addition, 24% of
optometrists evaluated the reading performance by using Snellen reading chart and this type
of chart also has not been developed in accordance to the recommendation of a standardised
reading test chart.
The survey results reflected the real situation among the optometrists regarding the variety of
reading test charts used in clinical practices today for measurement of reading performance.
In contrast to distance visual acuity, there is no consensus regarding the charts or tests that
should be used for measuring reading performance. In addition, the use of non-standardised
reading charts (Times New Roman) is very common in clinical practice. These charts have
not been developed according to recommendations for the standardised reading acuity charts
(Colenbrander and Committee, 1988) and their repeatability and reliability are unknown. It is
somewhat surprising that only three optometrists were using a reading chart developed
according to reading chart recommendations, namely, the Radner and Bailey-Lovie reading
chart. Standardised reading chart recommendation includes the use of logarithmic
progression from one sentence to the next (Bailey and Lovie, 1976), same number of words
in each sentence and the spaces between the letters and lines are proportional to the letter
size. These results show the importance for the need of standardised reading tests.
Another important finding, as shown in Figure 2.5, was that a relatively high percentage of
presbyopic people (30%) and people over 60 years old (24%) usually presented to the
optometry clinic. As mentioned in the earlier, the ageing and growth of the world’s population
is leading to increase the number of people with presbyopia (Bourne et al., 2017). Therefore,
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appropriate eye care and relevant eye examinations should be delivered to the people with
presbyopia and this includes the use of reliable and repeatable reading performance test
charts.

2.9 Conclusion
The consensus that reading difficulty is the most common complaint gives the standardised
reading tests for reading performance measurements a significant value in clinical practice or
research. The variety of reading test charts used today in clinical practices is strong evidence
that there is no agreement regarding which reading chart should be used. Therefore, the next
step of this project is to evaluate the available reading charts with regard to reliable and
repeatable measurements in clinical practice.
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Chapter 3
Reliability and repeatability of the reading performance metrics
in different reading charts with young healthy subjects

3 Introduction
Reading is a highly complex task involving the integration of accurate eye movements, visual
sensory input and higher cognitive aspects of comprehension (Latham and Whitaker, 1996).
Reading ability has the largest influence on a person’s daily life and functioning (Fujita et al.,
2008). It is therefore becoming increasingly important to use standard clinical test to assess
the impact of the vision on patient’s quality of life. Reading performance measurement
including an evaluation of the reading acuity and reading speed is a useful tool because it is
simple to perform and provides a large amount of information.
The previous chapter findings concluded, there is no agreement regarding the charts or tests
that should be used for measuring near reading acuity and function, resulting in unstructured
development of reading charts. Many types of texts, charts or even newspapers are currently
used in daily clinical practice for measuring reading performance and near visual acuity.
However, to obtain a comparable outcome in daily clinical practice and research, evaluation
and standardization should be undertaken on every clinical test that assesses reading
performance.
The use of non-standardized reading charts is very common in clinical practice; these are
created and printed by practitioners or distributed by eye care companies for the purpose of
advertising their services. These charts have not been developed according to
recommendations for the standardized reading acuity charts and their repeatability and
reliability have also not been evaluated (Colenbrander and Committee, 1988).
The standardized reading tests used in clinical practice or in research studies can increase
the validity of prediction of the real-world performance. There are several types of reading
tests used in research, and in clinical practice. However, the majority of previous studies have
described and evaluated only three charts of continuous text reading tests: IReST in one print
size, the Radner, and the MNread. No studies have made a direct comparison between these
55

continuous text reading charts (Brussee et al., 2014). Number of studies available regarding
the validity of the existing reading tests, however, the methodology, the content of the study
design and the language used varied. On the other hand, some of the design aspects of some
studies are missing or are not clear, which makes the comparison between the outcomes
difficult.
The purpose of this study is to statistically analyze and compare the inter-chart reliability and
test-retest repeatability of the reading charts (MNread, Radner, Colenbrander and IReST) for
measuring reading performance metrics in normally sighted subjects. In addition, to compare
the available continuous text reading tests properties with unrelated words on the Bailey-Lovie
reading chart. Times New Roman (TNR) chart which is distributed to clinical practices by Ciba
Vision (Alcon, Fort Worth, Texas, USA) was included in the analysis due to the previous
findings of frequent use of this type of chart in the UK.
In the evaluation of the reading performance, the testing parameters of various reading tests
should provide minimal variability and differences in the outcomes to indicate equality for
clinical examination. Therefore, one aim of this study is to investigate whether the clinical
results of the reading performance metrics with different reading test charts are affected by
the choice of the charts.

3.1 Materials and methods
In the present study at two testing sessions (two to three weeks apart), 29 normally sighted
participants were recruited. Exclusion criteria include subjects for whom English was not their
first language, those with ocular diseases, use of medication that may influence cognitive
ability, presence of binocular vision anomalies and reading disorders. Subjects with best
corrected visual acuity at distance and near worse than 0.1 logMAR were excluded. Older
patients who already had presbyopia or had signs of early presbyopia were excluded. Ethical
approval was obtained from Aston University Ethical Committee (see Appendix 3) in
accordance with Helsinki Declaration and all the subjects gave their consent to participate in
the study. All tests were performed monocularly with the dominant eye wearing the optimal
refractive correction.
Corrected distance visual acuity was measured using the Early Treatment Diabetic
Retinopathy Study (ETDRS) chart displayed by software CSO vision chart v2.6.0 on an LCD
screen at distance of 4m. Near visual acuity was measured using ETDRS near vision chart
(Precision Vision) at 40cm. Refraction was performed for all participants. To ensure the
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subjects had no accommodation anomalies, amplitude of accommodation was measured
using the Royal Air Force (RAF) rule.

3.1.1 Materials
Reading performance test charts available in the English language and used in this study
were: MNread, Radner, Colenbrander, IReST, Times New Roman and the Bailey-Lovie word
reading chart.
The Times New Roman chart type included in this analysis was distributed to clinical practices
by Ciba Vision. The Ciba Vision reading chart contains seven paragraphs with the number of
words ranging from 5 to 80. The smallest print size in the Ciba Vision reading chart is N6 (Fig
3.1).

Figure 3.1: Ciba Vision Times New Roman reading chart

For all the reading charts, except for the Times New Roman and IReST, print sizes adopt a
logarithmic progression for simultaneous determination of the reading speed as well as
reading acuity and critical print size.
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Figure 3.2: IReST reading test (text number 1)

The IReST reading test measures reading performance under natural conditions as the texts
are provided in a size of 1.7mm (newspaper print size) and use one print size (Fig 3.2). IReST
contains 10 long paragraphs of text that are equal in difficulty, length and linguistic complexity.
The number of words in each paragraph ranges from 136 to 165 (in the English version), see
section 1.5.5.
The MNread acuity card consists of 19 sentences with 10 to 14 words per sentence displayed
in three rows with controlled spatial layout and word frequency. For measuring the reading
speed, each sentence should consist of 10 words assuming an average English word length
of six characters (Legge, 2006). The MNread chart print sizes range from +1.3 to -0.5 logMAR
(Fig 3.3), see section 1.5.2.
The Radner reading chart consists of 14 sentences with 14 words per sentence presented in
three lines with controlled position of the words and equal number of characters (Fig 3.4). The
print sizes in the Radner chart range from +1.1 to -0.2 logMAR, see section 1.5.3.
The Colenbrander reading chart is a type of continuous text reading test with high contrast
continuous text print sizes (Fig 3.5). The Colenbrander chart uses 14 pairs of sentences with
equal length and spacing and with print sizes, see section 1.5.4.
The Bailey-Lovie unrelated words reading chart evaluates the reading performance with
unrelated words rather than meaningful sentences. It is viewed at 25cm with print size ranging
from 0.0 to 1.6 logMAR in 0.1 log unit steps with logarithmic progression (Fig 3.6). However,
in this study, the Bailey-Lovie reading chart was presented on a reading stand with a reading
distance of 40cm and the correction distance factor was used. In the Bailey-Lovie reading
chart, each step represents 0.1 log units (Bailey and Lovie, 1980). The correction factor was
determined by the number of steps between 40cm and 25cm; reading distance 40cm is two
steps further than 25cm. In the current study, participants read the logMAR row at 40cm and
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then a correction factor of 0.2 log units was subtracted to achieve the reading acuity score at
40cm, see section 1.5.1.

Figure 3.3: MNread acuity chart.

Figure 3.5: Colenbrander reading chart
Figure 3.4: Radner reading chart
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3.1.2 Measurements procedure
All the reading tests use Times New Roman font, which is a serif font, except the Radner,
which uses the sans serif Arial font. All reading tests were presented on a reading stand at a
distance of 40cm determined by using a centimeter ruler. To ensure constant viewing distance,
a headrest for the forehead was used. The luminance from all the reading test charts was
between 120- 135 cd/m². The luminance was measured by photometer (AP-881D Digital LUX
Meter).
To enhance and achieve comfortable reading performance, a daylight lamp was used during
the test sessions. The lamp was positioned in front of the reading test chart instead of placing
it over the participant’s shoulder to avoid the possibility of body shadow that could affect the
chart illumination (Fig 3.7).
The number of the paragraphs or sentences per reading chart varies: IReST (10), Ciba Vision
Times New Roman (7), Colenbrander (14) sentences, Radner (14), MNread (19) and BaileyLovie (17). All the reading tests were performed monocularly with the dominant eye. The
dominant eye was identified as the eye used for sighting when the participant looked at a
distant object through a ring while both eyes were open (Shneor and Hochstein, 2008).
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Each reading chart was covered by a piece of paper and the participants were asked to read
the sentences as soon as the examiner removed the cover. The participants were instructed
to read the sentences one after the other, loudly and accurately, as quickly as possible without
correcting themselves if they made errors and without repeating the words or stopping in
between. Reading errors were counted using the following criteria: 1- the word read
incorrectly, 2- an added word, 3- an omitted word, 4- a repeated word.
During the session, a short break of around three minutes was taken before starting the next
reading test to eliminate any possible fatigue effect. The presentation sequence of the six
reading tests was randomized to avoid learning effects. For the IReST reading tests, the
participants were asked to read all 10 paragraphs. Testing procedures were monitored with
audio recording to measure the reading time for each sentence and reading errors. Reading
performance metrics measurements were carried out after the testing session, from the audio
recordings. GoldWave Inc (St. John’s, Newfoundland, Canada) software was used for playing
the audio recordings. All the test procedures and measurements were performed by one
examiner. The second examinations were performed two to three weeks later. For subjects
wearing spectacles, the same spectacles were used in both testing sessions.

Figure 3.7: Experiment’s setting procedure. Reading test charts were placed on holder parallel to the
participant’s face. The non-dominant eye was occluded (Baashen, 2020).
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3.1.3 Calculation of reading performance metrics
Following two testing sessions, the reading performance metrics outcomes were described as
follows: reading acuity (RA), maximum reading speed (MRS), critical print size (CPS) and
logRAD/logMAR ratio.
For the IReST reading test, just one metric was measured, which was the average reading
speed, because the IReST is a one print size chart.
Reading acuity was determined as the smallest print size that could be read, taking the reading
errors into account. The test end point for reading acuity was defined as reading more than
80% of the words in the sentences accurately (Stifter et al., 2005). Reading acuity is expressed
in terms of logRAD, which is the reading equivalent of the distance logMAR. For the five
reading tests (IReST, Times New Roman, Colenbrander, MNread and Bailey- Lovie chart),
the number of errors for each sentence was counted in number of words read incorrectly. For
the Radner test, to calculate reading acuity, the number of errors was counted in number of
syllables of incorrectly read words, as recommended by the company. Each syllable in a
Radner chart has a value of 0.005, while for calculating MNread test reading acuity, each word
in the chart has a value of 0.01 logMAR. Unfortunately, in Colenbrander and Bailey-Lovie
reading charts, the value of each word was not clearly mentioned by the developers.
Therefore, the reading acuity was measured as the smallest print size attempted without taking
reading errors into account.
Radner reading acuity (logRAD) = smallest print size attempted + (total number of syllables of
incorrectly read words X 0.005)
MNread reading acuity (logRAD) = smallest print size attempted + (total number of incorrectly
read words X 0.01)
Reading speed (RS) is measured in words per minutes (wpm) and calculated, for each
sentence, as the number of words read correctly divided by the exposure time taken to read
that sentence.
RS (wpm) =

Number of the words read correctly in a sentence
time in second need to read the sentence

X 60

Critical print size was determined as the steepest decline slope on the graph of plotted reading
time in wpm per sentence for each chart and each subject was used (Burggraaff et al., 2010b).
Maximum reading speed was the average reading speed of the sentences corresponding to
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and larger than CPS. To compare the near and the distance visual acuities, logRAD/logMAR
ratio was calculated in a percentage as follows:
logRAD/logMAR ratio (%) =

1−logRAD
1−logMAR

X 100

3.1.4 Statistical analysis
The required sample size for this study was calculated with a statistical power analyzer
(G*power 3.0.10) and the following parameters used: 1-β = 0.80, α = 0.05, paired t-test. The
calculation resulted in a requirement of sample size of at least n = 27 subjects. Thus, this study
required 30 subjects (allow 10% for drop out for repeat testing)
The statistical analysis was performed using Statistical Package for Social Sciences (SPSS)
version 23 and Microsoft Excel 2013 for Windows. The data was normally distributed (ShapiroWilks test p > 0.05). The differences of the reading performance metrics measurements
between the two testing sessions, as well as the number of reading errors, were analyzed for
significance by means of t-test. The cut-off level for statistical significance was p<0.05, twotailed t test.
To measure the agreements of the reading performance metrics between the two testing
sessions, Bland-Altman analysis was used (Bland and Altman, 1986). In addition to BlandAltman analysis, Pearson correlation coefficient was calculated to assess the test-retest
reliability between the first and second visits. Reliability of the reading charts was determined
by calculating the Cronbach’s alpha coefficient.

3.2 Results
Reading performance data of 29 participants were included in the analysis, after excluding
three subjects, one subject with reading problem (dyslexia), the second subject having a
binocular vision problem and the third subject having some difficulty in pronunciation of the
English words. The participants in this study were recruited from among Aston University
students. Subjects’ age ranges from 18 to 31 years (mean, 20.4 ± 3.7). There were 20 with
right eye dominance and nine with left eye dominance. Distance visual acuities were (mean,
-0.11± 0.08) logMAR and near visual acuities were (mean, -0.06 ± 0.08) logMAR. The mean
value of the spherical equivalent of the refractive error was (-1.00 ± 1.50) D. The amplitude of
accommodation for all the participants was within a normal range for their age (8.9D ± 2.4D).
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3.2.1 Repeatability
3.2.1.1 Continuous-text reading tests (Radner, MNread and Colenbrander)
In the current study, repeatability of a test refers to a test-retest reliability which measures the
variability of the measurements obtained by one examiner on the same participants and same
methods repeatedly with time interval two to three weeks under the same condition.
Colenbrander, Radner and MNread are types of short sentences continuous text reading tests
arranged in logarithmic progression.
Table 3.1: Test-retest reliability between the first and the second testing session. Pearson correlation
coefficients n =29
Reading metrics

Colenbrander

Radner

MNread

(r value, p value)

(r value, p value)

(r value, p value)

Reading acuity (logRAD)

r = 0.772, p< 0.0001

r = 0.630, p= 0.0002

r = 0.816, p< 0.0001

Maximum reading speed
(wpm)

r =0.550, p= 0.001

r = 0.895, p< 0.0001

r = 0.856, p<0.0001

Critical print size
(logMAR)

r = 0.297, p= 0.12

r = 0.424, p= 0.02

r = 0.509, p= 0.005

LogRAD/LogMAR ratio
(%)

r = 0.755, p< 0.001

r = 0.582, P= 0.001

r = 0.701, p< 0.0001

The test-retest correlation for the three reading tests was high for reading acuity. However,
this correlation was higher with the MNread chart (r = 0.816) followed by Colenbrander (r
=0.772) and then Radner (r = 0.630). For maximum reading speed, the correlation between
the two testing sessions in the Colenbrander chart (r = 0.550) was lower than the MNread and
Radner charts (r = 0.895, r = 0.856). For critical print size, no correlation was found in the
Colenbrander chart while, for the Radner and MNread charts, moderate correlation was found
(r = 0.509, r = 0.424). For LogRAD/LogMAR ratio, the correlations were higher for
Colenbrander and MNread (r =0.755, r = 0.701) but low for the Radner chart (r = 0.582). As
shown in Table 3.1, all the correlations were tested for statistical significant P value < 0.05. In
overall, the MNread chart showed a good test-retest correlation for all reading performance
metrics compared to Radner and Colenbrander.
In the Radner reading chart, statistically significant difference between the two testing
sessions was found with respect to the reading acuity (p = 0.008) and maximum reading speed
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(p = 0.01). These differences were: LogRAD: -0.045 ± 0.085, 95% confidence interval CI: (0.077; -0.013); MRS (wpm): 7.931± 16.981, 95% confidence interval CI: (1.472; 14.390). For
the Colenbrander and MNread charts, no significant differences between the two testing
sessions were found for all the reading performance metrics.
As the Pearson correlation measured only the strength of the relation between the testing
sessions, Bland-Altman analysis (Bland and Altman, 1986) was also performed to evaluate
the agreement between the testing sessions for the three reading charts with respect to all
reading performance metrics. In the Colenbrander and Radner charts, Bland-Altman analyses
evaluated a good repeatability between the two testing sessions for MRS, CPS and
LogRAD/LogMAR ratio. However, low level of agreement was resulted for reading acuity. In
MNread, Bland-Altman analysis showed a good agreement for all the reading performance
metrics except for CPS where the level of agreement was low (Fig 3.8).
a)

Differenc in maximum reading
speed (wpm)

Differences in reading acuity
(logRAD)
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reading acuity (logRAD)
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Mean reading acuity (logRAD)
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0.5
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Figure 3.8: Test-retest reliability: Bland-Altman plot of the differences between the two testing sessions
(second minus first). In (a) Bland-Altman plots for reading performance metrics in the Colenbrander Chart
showed high agreement between the two testing sessions for MRS, CPS and LogRAD/LogMAR ratio,
but not for RA; (b) Bland-Altman plots for reading performance metrics in the Radner chart showed a low
agreement in reading acuity; (c) Bland-Altman plots for the MNread chart showed a low agreement in
CPS, but high agreement for RA, MRS and logRAD/logMAR ratio (n = 29).
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3.2.1.2 Repeatability of Bailey-Lovie unrelated words reading chart
In the Bailey-Lovie word chart, Pearson correlation coefficients showed that MRS (r = 0.572),
CPS (r = 0.580) and LogRAD/LogMAR ratio (r = 0.608) were moderately correlated between
the two testing sessions. However, the correlation was higher for reading acuity (r = 0.795).
The differences between the two visits were statistically significant for reading acuity (p =
0.001) and LogRAD/LogMAR ratio (p = 0.003). These differences were: LogRAD: -0.045 ±
0.068, 95% confidence interval CI: (-0.071; -0.019); and LogRAD/LogMAR ratio (%): 7.931±
16.981, 95% confidence interval CI: (1.391; 6.261).
The Bland-Altman agreement in measuring critical print size was low, but higher agreements
between the two sessions were found for RA, MRS and LogRAD/LogMAR ratio (Fig 3.9)
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Reading acuity (logRAD)
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MRS (wpm)
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0
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-0.2
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Mean reading acuity (logRAD)
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0.3
0.1
-0.1
-0.3
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0
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Difference in LogRAD/LogMAR
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LogRAD/LogMAR ratio (%)
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0
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Mean CPS (logMAR)

Mean LogRAD/LogMAR ratio (%)

Figure 3.9: Test-retest reliability Bailey-Lovie words chart: Bland-Altman plots of the differences
between the two testing sessions (second minus first) for RA, MRS, CPS and LogRAD/LogMAR ratio.
Higher agreements were found for all reading performance metrics, except for CPS where the
agreement was low
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3.2.1.3 Repeatability of Times New Roman chart (Ciba Vision reading card)
In the Times New Roman chart, all the participants could easily read the smallest print size,
N6, in the two testing sessions. Therefore, the reading acuity was exactly the same in the two
visits (N6). The test-retest measurements of MRS were moderately correlated (r = 0.687) but
the Bland-Altman agreements between them were low. Very weak correlation and agreement
between the two testing sessions were found for measuring CPS (r =0.272).
3.2.1.4 Repeatability of International Reading Speed test (IReST)
The only reading performance parameter tested for the IReST chart was the average reading
speed, as the chart has only one print size. The measurements of the average reading speed
of the 10 long IReST paragraphs were strongly correlated between the two testing sessions (r
= 0.918). However, the difference in average reading speed was statistically significant (p=
0.0002). This difference was wpm: 11 ± 15, 95% confidence interval CI: (6.0; 17.722). BlandAltman evaluated a good agreement in the repeatability of average reading speed
measurements. Table (3.2) summarizes the repeatability results of the reading performance
metrics for the six reading charts.
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Table 3.2: Summary of the repeatability results of the reading performance metrics for the six reading
charts.
Reading chart

Reading
performance
metrics

Correlation
coefficient (r
value)

Differences in
measurements
(t test) p value

Bland-Altman
agreement

RA (logRAD)

0.772

0.572

[0.06; -0.07]

MRS (wpm)

0.550

0.920

[98; -96]

CPS (logMAR)

0.297

0.206

[0.29; -0.37]

LogRAD/LogMAR
ratio (%)

0.755

0.239

[10.4; -8.3]

RA (logRAD)

0.630

0.008

[-0.01; -0.07]

MRS (wpm)

0.895

0.01

[41; -25]

CPS (logMAR)

0.424

0.687

[0.25; -0.27]

LogRAD/LogMAR
ratio (%)

0.582

0.022

[14.5; -9.1]

RA (logRAD)

0.816

0.593

[0.10; -0.12]

MRS (wpm)

0.856

0.291

[48; -39]

CPS (logMAR)

0.509

0.148

[0.25; -0.33]

LogRAD/LogMAR
ratio (%)

0.701

0.257

[12.2; -9.8]

RA (logRAD)

0.795

0.001

[0.08; -0.17]

MRS (wpm)

0.572

0.172

[58; -44]

CPS (logMAR)

0.580

0.244

[0.21; -0.27]

LogRAD/LogMAR
ratio (%)

0.608

0.003

[6.2; 1.4]

Colenbrander

Radner

MNread

Bailey-Lovie
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MRS (wpm)

0.687

0.094

[80; -0.58]

CPS (N notation)

0.272

0.169

[5.09; -5.23]

Average reading
speed (wpm)

0.918

0.0002

[42; -18]

Times New
Roman

IReST

3.2.2 Reliability
In the current study, the terms reliability or inter-chart reliability refer to the internal consistency
of the reading performance metrics measurements obtained from each reading chart at the
two testing sessions. In the Colenbrander reading chart, the reliability analysis for RA, MRS
and LogRAD/LogMAR ratio resulted in good Cronbach’s alpha coefficients, while in measuring
for the CPS the reliability was very poor (α = 0.456). In the Radner reading chart, higher
reliability results were found for measuring MRS (α = 0.939) followed by RA (α = 0.764) and
LogRAD/LogMAR ratio (α = 0.735). Poor reliability result was found for measuring CPS in the
Radner reading chart (α = 0.581). In the MNread reading chart, the reliability for CPS
measurements was lower than those for RA, MRS and LogRAD/LogMAR ratio. Interestingly,
the Bailey-Lovie word reading chart show good reliability results for all reading performance
metrics measurements. The reliability in reading speed measurements by IReST was very
high (α = 0.951). Measuring the reliability analysis for the Times New Roman chart with respect
to reading acuity measurements was difficult, because all the participants could read the
smallest print size, N6. Therefore, the variables had zero variance. However, for CPS
measurements, Times New Roman revealed a very poor reliability (α = 0.429). Table (3.3)
summarizes the reliability results of the reading charts.
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Table 3.3: The Cronbach’s alpha coefficient results for evaluating the reliability of the reading chart
Reading
chart

Reading
performance
metrics

Cronbach’s
Alpha

Reading
chart

Reading
performance
metrics

Cronbach’s
Alpha

RA (logRAD)

0.881

MRS (wpm)

0.722

RA (logRAD)

0.860

MRS (wpm)

0.697

CPS (logMAR)

0.456

CPS (logMAR)

0.717

LogRAD/LogMAR
ratio (%)

0.857

LogRAD/LogMAR
ratio (%)

0.750

RA (logRAD)

0.764

MRS (wpm)

0.764

MRS (wpm)

0.939

CPS (N notation)

0.429

CPS (logMAR)

0.581

LogRAD/LogMAR
ratio (%)

0.735

Average reading
speed (wpm)

0.951

RA (logRAD)

0.894

MRS (wpm)

0.921

CPS (logMAR)

0.646

LogRAD/LogMAR
ratio (%)

0.811

BaileyLovie

Colenbrander

TNR

Radner

IReST

MNread
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3.2.3 Comparison of the reading errors between the charts
The average of the total reading errors between the different reading charts in the two testing
sessions is given in Table (3.4). For the IReST, the total number of errors made in all ten long
paragraphs was counted. That resulted in a greater number of errors in the IReST chart
compared to the other short sentences reading charts. The participants made fewer reading
errors in the second testing session compared to the first testing session, because of the much
greater reading practice effect. In the first testing session, the participants made significantly
more reading errors in the Radner reading chart compared to Colenbrander (p = 0.02), BaileyLovie (p= 0.0001) and Times New Roman charts (p = 0.001). No significant differences in the
number of reading errors were found between Radner and MNread. In addition, the number
of errors in the MNread chart was significantly higher than the Bailey-Lovie (p < 0.05) and
Times New Roman (p = 0.01) charts.

Table 3.4: Number of reading errors per reading chart

Test
session

Colenbrander

Radner

MNread

BaileyLovie

Times
New
Roman

IReST

First
(mean±
SD)

3.62 ± 2.79

6.21± 4.58

4.68± 3.46

2.20± 2.23

2.48± 2.42

13.20±
7.97

Second
(mean±
SD)

4.07 ± 3.27

3.72± 2.87

3.44± 3.51

2.58± 2.24

3.21± 2.45

10.41±
6.85

3.2.4 Comparison of reading performance outcomes between reading test
charts
To test whether the reading performance metrics were equal between the reading test charts
with respect to the normally distributed data (Shapiro-Wilks test p >0.05), Pearson correlation
coefficient and Bland-Altman analysis by determining 95% limit of agreement were performed
to evaluate the agreement between the test chart outcomes in the first testing session. Also,
t- test was used to compare the mean differences of the reading performance outcomes
between the reading charts. P < 0.05 was considered statistically significant. Since the TNR
chart is not arranged in a logarithmic progression, the maximum reading speed was the only
parameter compared with the other reading test charts.
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Table 3.5: The correlation and differences together with Bland-Altman limit of agreement between the
reading charts within the same test session. The differences in the reading performance metrics
between the charts showed a variation of the results.

Reading
charts

Reading
performance
metrics

RA (logRAD)

Correlation
coefficient (r
value)

Differences in
measurements
t- test p value
(mean ± SD)

BlandAltman
limits of
agreement

0.0509

P= 0.028

[0.14; -0.2]

(-0.04± 0.01)

Colenbrander

MRS (wpm)

0.818

P= 0.000

[121; 23]

(73± 26)

+ Radner
CPS (logMAR)

0.290

P= 0.141

[0.69; 0.106]

(0.045± 0.159)

LogRAD/LogMAR

0.467

ratio (%)

RA (logRAD)

P= 0.112

[15.3; -11.2]

(2.10± 6.87)

0.292

P= 0.791

[0.2; -0.2]

(-0.0027± 0.055)

Colenbrander+

MRS (wpm)

0.438

P= 0.000

[188; 32]

(110± 40)

MNread
CPS (logMAR)

0.444

P= 0.550

[0.37; -0.3]

(0.02±0.18)

LogRAD/LogMAR

0.628

ratio (%)

P= 0.609
(-0.53± 5.54)
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[10.3; -11.3]

Table 3.5: (continued)
Reading
charts

Reading
performance
metrics

RA (logRAD)

Correlation
coefficient (r
value)

Differences in
measurements
t- test p value
(mean ± SD)

BlandAltman
limits of
agreement

0.704

P= 0.000

[0.06; -0.26]

(0.1± 0.84)

Colenbrander

MRS (wpm)

0.614

P= 0.000

[210; 96]

(140± 36)

+ Bailey-Lovie
CPS (logMAR)

0.272

P= 0.115

[0.30; -0.41]

(-0.05± 0.24)

LogRAD/LogMAR

0.364

ratio (%)

RA (logRAD)

P= 0.000

[23.4; -8.2]

(7.70± 8.03)

0.702

P= 0.00

[0.4; -0.09]

(0.065± 0.08)

Radner+

MRS (wpm)

0.891

P= 0.001

[23; -51]

(-14± 19)

MNread
CPS (logMAR)

0.321

P= 0.914

[0.33; -0.33]

(0.003±0.17)

LogRAD/LogMAR

0.658

ratio (%)

P= 0.000
(4.25± 5.39)

75

[6.3; -14.8]

Table 3.5: (continued)
Reading
charts

Reading
performance
metrics

RA (logRAD)

Correlation
coefficient (r
value)

Differences in
measurements
t- test p value
(mean ± SD)

BlandAltman
limits of
agreement

0.647

P= 0.001

[0.12; -0.24]

(-0.06± 0.92)

Radner+

MRS (wpm)

0.767

P= 0.000

[115; 19]

(67± 24)

Bailey-Lovie
CPS (logMAR)

0.373

P= 0.001

[0.19; -0.39]

(-0.1± 0.15)

LogRAD/LogMAR

0.524

ratio (%)

RA (logRAD)

P= 0.000

[19.5; -8.2]

(5.64± 7.11)

0.420

P= 0.000

[0.09; -0.29]

(-0.09± 0.10)

Bailey-Lovie+

MRS (wpm)

0.632

P= 0.000

[70; -12]

(29± 21)

MNread
CPS (logMAR)

0.510

P= 0.025

[0.27; -0.39]

(-0.06±0.17)

LogRAD/LogMAR

0.324

ratio (%)

P= 0.000
(8.24± 10.66)
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[29.1; -10.0]

Table 3.5: (continued)
Reading
charts

Reading
performance
metrics

Correlation
coefficient (r
value)

Differences in
measurements
t- test p value
(mean ± SD)

BlandAltman
limits of
agreement

Colenbrander+

MRS (wpm)

0.763

P= 0.000

[113; -84]

TNR

Radner + TNR

(56± 29)

MRS (wpm)

0.796

P= 0.000

[27; -62]

(17± 23)

MNread+ TNR

MRS (wpm)

0.751

P= 545

[27; -59]

(3± 29)

Bailey-Lovie+

MRS (wpm)

0.590

TNR

P= 0.000

[-35; -133]

(-84± 25)

Table (3.5) shows there is a statistically significant effect of the chart type on RA, MRS, CPS
and logRAD/logMAR ratio. For measuring RA, statistically significant differences were found
between all the charts, except between Colenbrander and MNread the difference was not
statistically significant, but the correlation was poor (r = 0.292). The correlation coefficients for
reading acuity ranged from poor to moderate correlation between the charts. Low BlandAltman agreement for RA results was found between Colenbrander and Radner,
Colenbrander and Bailey-Lovie and MNread and Bailey- Lovie. On the other hand, high
agreements were found between Colenbrander and Bailey-Lovie, Radner and MNread and
Radner and Bailey-Lovie (Figure 3.10 ).The Colenbrander chart usually resulted in better
reading acuity compared to the other charts, while Bailey-Lovie resulted in worse reading
acuity.
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Figure 3.10: Bland-Altman agreement plots of the reading acuity between the charts. The differences
of the mean between the charts is plotted against the mean reading acuity of both charts

Similarly, statistically significant differences between the charts were revealed for measuring
MRS (p<0.05). Although high correlation and agreement were found between Colenbrander
and Radner (r = 0.818) and Radner and MNread (r = 891), the difference in average maximum
reading speed was statistically significant (p = 0.00). This difference was wpm: 37 ± 26, 95%
confidence interval CI: (63; 83) and wpm: -14 ± 19, 95% CI: (-21; -7), respectively. In the
Bailey-Lovie chart, the MRS result was significantly slower than continuous text reading charts
(Figure 3.11). Poor correlation (r = 0.438) and agreement were found between Colenbrander
and MNread. The difference was statistically significant wpm: 110 ± 40, 95% CI: (95; 126).
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Colenbrander charts revealed significantly faster reading speed compared to the other charts
(Figure 3.11). Bland-Altman plots (Figure 3.12) showed a wide data spread for MRS between
TNR and the other charts, except for the comparison between Bailey-Lovie and TNR the
agreement was high. However, statistical significant difference was found (p = 0.000).
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Figure 3.11: Mean reading speed in wpm for 29 normally sighted participants plotted as a function of
print size for Colenbrander, Radner, MNread and Bailey-Lovie

For measuring CPS, poor Pearson correlations coefficients were found between all the charts,
ranging from r = 0.272 to r = 0.444. No significant differences were found for CPS between
Colenbrander and Radner, Colenbrander and Bailey-Lovie, Colenbrander and MNread and
Radner and MNread. However, the differences were significant between MNread and BaileyLovie and Radner and Bailey-Lovie. See the Appendix 2.1 for Bland-Altman agreement plots
between the charts for measuring CPS.
As shown in table (3.5), good Bland-Altman agreements were found for measuring
logRAD/logMAR ratio between the reading charts. The correlations between the charts range
from low (r = 0.324) to moderate correlation (r = 0.658) for logRAD/logMAR ratio results. No
strong correlation was found. Statistical significant differences were found between Radner
and Bailey-Lovie, Radner and MNread, MNread and Bailey-Lovie and Colenbrander and
Bailey-Lovie. However, no significant differences were found between Colenbrander and
Radner and Colenbrander and MNread. The logRAD/logMAR ratio for Bailey-Lovie charts
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significantly reported lower ratio compared to the other charts. See the Appendix 2.2 for BlandAltman agreement plots between the charts for measuring logRAD/logMAR ratio.
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Figure 3.12: Bland-Altman agreement plots of the reading speed between the charts. The differences
of the mean between the charts is plotted against the mean reading speed of both charts

3.2.5 Correlation of the mean reading speed between the short sentences
charts and long paragraph chart (IReST)
To assess the validity of the reading speed results, this study compared the reading speed
results obtained from a short sentences paragraph (Radner, MNread, Colenbrander and
Bailey-Lovie) with the long paragraph reading test (IReST). A Times New Roman chart can
be considered as a long paragraph test because the number of the words in each sentence
ranges from 5 to 80 words. The correlation of reading speed results was also calculated
between IReST and TNR. Because the only parameter that can be calculated from IReST is
the average reading speed of the ten paragraphs, average reading speed parameter was
compared between the charts.
The averages of the reading speed were normally distributed in IReST, TNR and
Colenbrander (Shapiro-Wilks test p >0.05), whilst with the Radner, MNread and Bailey-Lovie
they were not normally distributed (Shapiro-Wilks test p <0.05). Therefore, non-parametric
Spearman correlation was used in the analysis. The correlation between IReST and the other
charts was significantly high p <0.05. The correlation between IReST and Colenbrander was
rs = 0.765; IReST and MNread, rs = 0.779; IReST and Radner, rs = 0.864; IReST and Bailey81

Lovie, rs = 0.762; and IReST and TNR, rs = 0.764. Although, the correlation between IReST
and Bailey-Lovie was high, Figure (3.16) shows that the distribution of reading speed of 29
participants was relatively widely spread between the two tests. Figure (3.14) and (3.15) show
that the strongest correlations were for Radner and MNread.
A Wilcoxon signed-rank test was conducted to determine if the median differences of the
reading speed between the long paragraph test (IReST) and short sentences tests are
statistically significant. The 29 young normally sighted participants read the IReST significantly
faster than MNread (median difference = 19 wpm, p<0.05), Radner (median difference= 32
wpm, p<0.05), and Bailey-Lovie (median difference = 90 wpm). This is opposite of what was
found between IReST and Colenbrander. The participants read the IReST significantly slower
than Colenbrander (median difference= 39 wpm) (Fig 3.13). No statistically significant
difference was found between IReST and TNR (Fig 3.17).
Since the IReST reading chart designed to measure the reading speed in one print size which
is the newspaper print size (0.4 logMAR), this study compared the reading speed of single
sentences of the same print size in Colenbrander, Radner, MNread and Bailey-Lovie versus
the IReST text paragraph. Figure 3.18 shows that the participants read the IReST paragraph
significantly faster than 0.4 logMAR single sentence in MNread (median difference = 19 wpm,
p= 0.011), Radner (median difference= 36 wpm, p= 0.003), and Bailey-Lovie (median
difference = 100 wpm, p< 0.001). However, the participants read the IReST significantly slower
than 0.4 logMAR single sentence in Colenbrander chart (median difference= 47 wpm, p<
0.001). This findings is consistent with that observed in the previous paragraph which
compares the reading speed of IReST to the average reading speed of all print sizes in other
reading charts.
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Figure 3.13: Reading speed distribution of the 29 participants. Long paragraph (IReST) vs. short
sentences (Colenbrander)
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Figure 3.14: Reading speed distribution of the 29 participants. Long paragraph (IReST) vs. short
sentences (MNread)
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Figure 3.15: Reading speed distribution of the 29 participants. Long paragraph (IReST) vs. short
sentences (Radner)
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Figure 3.16: Reading speed distribution of the 29 participants. Long paragraph (IReST) vs. short
sentences (Bailey-Lovie)
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Figure 3.17: Reading speed distribution of the 29 participants. Long paragraph (IReST) vs. TNR
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Figure 3.18: Reading speed of the IReST reading chart compared to 0.4 logMAR single sentence in
MNread, Radner, Colenbrander and Bailey-Lovie
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3.2.6 Comparison of each IReST text paragraph repeatability and reliability
Statistical analysis was performed with respect to the normally distributed data of the reading
speed of each text in IReST.
The results of the repeatability analysis of the IReST 10 paragraphs are shown in Table (3.6).
The test-retest correlations for measuring reading speed for all the paragraphs were high (r ≥
0.7) except for three paragraphs (text No.5, r = 0.515; text No.6 r = 0.686; text No.10 r =
0.683). From text number 1 to text number 5, statistically significant differences were found
between the two testing session p < 0.05. The differences between the two testing session in
the first five texts in the IReST are highlighted in Figure (3.19). The Bland-Altman agreement
was low in text No. 1, text No.2 and text No.4 (Fig 3.20). Low correlation and Bland-Altman
agreement with statistically significant difference was found between the two testing sessions
in text number 5. From the table it can be seen that from text number 6 to text number 10,
resulted in high agreements without any statistically significant differences between the two
testing sessions for measuring reading speed. In general, the reading speed results in the
second session were faster than the first session. The Bland-Altman plots of the remaining
text paragraphs are given in the Appendix 2.3
The reliability analysis of the ten text paragraphs resulted in a good Cronbach’s alpha ranging

Mean reading speed (wpm)

from 0.935 to 0.807 except for text number 5 where the reliability was lowest (α = 0.675).
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Figure 3.19: Mean reading speed of each text in IReST reading test in the two testing sessions
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Table 3.6: Repeatability of reading speed results of each text in the IReST reading chart. Pearson
correlation coefficient and Bland-Altman agreement were undertaken between the two testing sessions.
The differences of the reading speed measurements between the two testing sessions were analyzed
for significance by means of t-test. The cut-off level for statistical significance was p <0.05, one-tailed t
test (second visit- first visit).
Number of text

Person correlation (r)

t test (mean±SD), p value

1

0.868

(20±19), p = 0.000

[57; -17]

2

0.821

(19±26), p = 0.000

[73; -25]

3

0.867

(12±20), p = 0.004

[35; -27]

4

0.892

(10±19), p =0.005

[47; -27]

5

0.515

(18±46), p = 0.049

[108; -72]

6

0.686

(1±25), p = 0.753

[50; -48]

7

0.685

(8±33), p = 0.204

[72; -56]

8

0.733

(4±29), p = 0.419

[60; -52]

9

0.714

(3±29), p = 0.445

[55; -50]

10

0.683

(5±29), p = 0.350

[61; -51]

87

Limits of agreement

Figure 3.20: Bland-Altman agreement shows a low agreement between the two testing session in IReST
text No. 1, 2 and 4 and 5.

3.3 Discussion

3.3.1 Repeatability and reliability of the reading charts for measuring the
reading performance metrics
The use of a standardized reading test for measuring the reading performance metrics is of
significant scientific and clinical value. An overview of the history and development of reading
tests has been well established and described by Rubin (2013). His review was in agreement
with Brussee et al. (2014) and they confirmed that studies describing the reliability and
repeatability of the available reading tests are lacking.
This study assessed the test-retest repeatability and inter-chart reliability in the reading test
charts for all reading performance metrics in normally sighted participants by using same study
design and same algorithm for scoring reading performance metrics in each chart. This study
found that the test-retest and the inter-chart reliability for different reading tests were varied,
with most of the variance being attributed to the charts themselves and not to inter-individual
variability. In our point of view, evaluation of the reading test charts should be first calibrated
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among the normally sighted people to eliminate any factors that may affect the reading
performance measurements. To standardize the reading tests, the print size should be the
only parameter affecting the reading performance measurements throughout the chart.
The present study is the first study to evaluate the inter-chart and test-retest reliability of a
reading charts (in English language) under the same clinical conditions for all reading
performance metrics.
For the Radner chart it should be noted that although the correlations between the two testing
sessions for measuring RA and MRS were high, a low Bland-Altman agreement was found
with statistical significant differences between the measurements. These findings are contrary
to that of Stifter et al. (2004a) who found a high test-retest reliability for all reading performance
metrics. However, they assessed the Radner chart in (German language) and on a low vision
subjects. It is well known that different languages have a different word length. Another
possible explanation of that higher repeatability is that on all Radner reading charts there has
been a sentence repetition which may reduce the variance and lead to higher repeatability
(Maaijwee et al., 2008a). In this study the reliability of Radner chart was high, and this is in
agreement with previous studies (Radner et al., 2002, Maaijwee et al., 2007, Alió et al., 2008).
It is interestingly that the CPS showed a lower repeatability and reliability in all reading charts.
This is in agreement with other studies in which the largest part of the variability in CPS
measurements was explained by unidentified sources (Stifter et al., 2004a, Subramanian and
Pardhan, 2006, Mataftsi et al., 2013). One explanation is the examiner’s subjective decision
as CPS has to be set as smallest print size the participants can read with optimal reading
speed.
MNread chart showed a very high reliability and repeatability for measuring RA, MRS and
LogRAD/LogMAR ratio without any significant differences between the two testing sessions.
As mentioned earlier lower repeatability result for CPS was found in MNread chart. However,
the study of Subramanian and Pardhan (2006) showed a better repeatability result for
measuring CPS and this might be explained by analysis of repeatability was evaluated by
testing twice on the same day. It has been recommended that the minimal interval between
test-retest should be about 10 days to eliminate learning effect (McMonnies, 2001).
Although the inter-chart reliability and repeatability of the Colenbrander reading charts have
not been investigated, a number of studies have developed new continuous text reading charts
in different languages based on the Colenbrander chart criteria. Examples include the study
by Abdulkader who developed a standardized Arabic reading chart with a layout similar to that
89

of the Colenbrander chart (Alabdulkader and Leat, 2017). This study found lower correlations
between the two testing sessions in measuring RA and MRS compared to MNread and BaileyLovie chart and Radner. For CPS all the reading test scored low in repeatability but in
Colenbrander no correlation was found between the two testing sessions.
The purpose and design of the IReST chart is different in comparison with other reading test
charts. The repeatability for IReST has not yet investigated in the previous studies. This study
found very high repeatability (r= 0.918) and also reliability (α= 0.951) for reading speed
measurements for IReST. This study analyzed the outcomes for the average of reading of all
the 10 long paragraphs in IReST which may be infeasible to apply in clinical condition, a
subsequent section of this study will assess the repeatability and reliability of each text in
IReST to obtain results that are comparable and not affected by choice of the text paragraph.
Bailey and Lovie (1980) believed that evaluating the reading performance with unrelated
words is better than meaningful sentences, because the different individual reading behavior,
which is not related to reading ability and the contextual cues, assists the guessing during a
reading test and, thus, could lead to overestimating of the near acuity. As mentioned in
Chapter 1, no studies were found in the literature that evaluate the Bailey-Lovie unrelated
words reading chart characteristics in term of reliability and repeatability. This study found that
a very high reliability for Bailey-Lovie chart for measuring reading performance metrics even
for CPS (α= 0.717). However, significant difference between the two testing sessions was
found for RA and LogRAD/LogMAR ratio. Regarding the RA this difference is not clinically
relevant, as they were below one line of reading acuity 0.1 log unit.
Although the Times New Roman reading chart has not been developed in accordance with
the recommendations for standardized reading charts (Colenbrander and Committee, 1988),
it was included in this study based on our previous findings which showed frequent use of this
type of chart by optometrists in the UK. The results revealed that Times New Roman chart is
not a good choice for measuring the reading performance.

3.3.2 Comparison of the reading errors between the charts
In this comparison, we relied on the results of reading errors made in the first session rather
than the second session to eliminate any possibility of the practice effect. The most reading
errors were made with Radner and the least reading errors were made with the Bailey-Lovie
unrelated word reading chart with exclusion of the IReST, as the reading errors were counted
for the all ten long paragraphs which resulted in more reading errors due to more text being
read. This result is contrary to that of Brussee et al. (2015) who found that the Radner chart
90

had the lowest reading mistakes compared to the Colenbrander and IReST. However, their
study was in the Dutch language and they counted the reading errors as mistakes per 100
characters. The present study counted the mean of the reading errors that were made on
whole chart and this method is more practical and may have a more clinical importance.
As mentioned earlier, the aspect of the mechanics of running Bailey-Lovie unrelated word
reading chart make the test rather more difficult than continuous text reading charts. The
combination of the unrelated words slows down the reading speed and makes the participant
concentrate more on the upcoming unexpected word while reading the sentence and this may
explain why the lowest number of reading errors was made with the Bailey-Lovie chart.
Whereas, in the continuous text reading charts, because of the uniform format of the
meaningful sentences, it may accelerate reading speed and result in more errors. It has been
found that, during the reading test, the ability to use prediction of the next word determines
the reading speed and differentiates between the non-fluent and fluent reader (MacKeben et
al., 2015). The influence of the reading material difficulty on the reading errors can be
excluded, because all the reading charts were at the ability level of the young normally sighted
participants.

3.3.3 Comparison of reading performance outcomes between reading test
charts
One aim of this study was to investigate the agreements between the five reading test charts
in normally sighted participants. For all the reading tests, the agreements of the reading
performance metrics were varied between the reading tests.
The results showed that the Bailey-Lovie reading charts resulted in lower reading acuity and
slower reading speed compared to the other charts (Fig 3.11). This result is in the line with
previous study obtained by Mackeben et al. (2015) who also found that the reading speed for
unrelated word reading chart was always slower than continuous text. There are two possible
explanations of this result. First, the contextual cues play an important role to encourage the
guessing, especially for fluent readers as all the participants in this study were university
students. Bailey and Lovie believed that reading unrelated words charts reduces the intersubject variation caused by reading skill level or educational status, which are not related to
the visual abilities. Therefore, the continuous text reading charts may lead to faster reading
speed and overestimate the reading acuity. However, the continuous text reading charts are
more representative for daily reading material compared to the Bailey-Lovie unrelated word
reading charts. Second, as mentioned earlier in the literature review the Bailey-Lovie charts
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are criticised in terms of the word length (more than 10 letters) and being difficult to read
(Rubin, 2103) which may result in slower reading speed.
One interesting finding was that the Colenbrander reading charts always scored significantly
higher maximum reading speed compared to the other reading charts (Fig 3.11). A possible
explanation for this finding might be that the Colenbrander reading chart makes use of
relatively short words compared to the other reading charts (Brussee et al., 2015).
In the previous studies, there are no direct comparisons available between MNread and
Radner charts. The results revealed that the Radner chart resulted in significantly slower MRS
than MNread (p= 0.001). This difference was wpm: -14 ± 19, 95% CI: (-21; -7). Although the
Radner chart used a sans-serif typeface and MNread used a serif typeface, it was reported
that the typeface has little or inconclusive influence on reading speed (Rubin et al., 2006).
During the experiment, it was noticeable that the majority of the participants were confused
and slowed down the reading when they read this sentence in the Radner reading chart 1:
‘our sister travelled here in his helicopter, for which he bought leather seats recently’. The
participants always made a reading mistake in this sentence and said ‘her’ instead of ‘his’ and
‘she’ instead of ‘he’ as opposed to the word ‘sister’. Another noticeable thing in Radner reading
chart 3 is that the sentence ‘big animal hunted near the old rainforest, in which we found many
impressive trees‘ is repeated two times in the same chart and this could raise the effect of
learning practice on reading speed. However, for measuring reading performance, the print
size should be the only parameter that affects reading outcomes throughout the chart. This
means that, when the reading chart is presented to the patient, all the sentences should be
equally difficult to read. This also accords with Brussee et al.’s (2015) study which showed
that, in the Radner reading chart, there was a significant deviation from the sentences’ means.
They reported that two sentences were read significantly slower and four sentences were read
significantly faster in the Radner chart, which means the sentences were not equally difficult
to read within the test.
Although the data of this study confirmed poor reliability and repeatability of TNR chart, the
findings of the low agreement for measuring MRS between the TNR and other reading charts
must be interpreted with caution because TNR consists of paragraphs while MNread, Radner,
Colenbrander and Bailey-Lovie consist of short sentences. This fact makes the comparison
between paragraphs and sentences not reasonable. Brussee et al. (2015) reported that it is
important to determine the clinically relevant differences in terms of reading speed between
paragraphs and sentences to give insight into the method of scoring reading performance
metrics. Therefore, it could not be argued that the differences and low agreements between
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TNR and other reading charts for measuring MRS were due to the poor characteristics of the
TNR chart.
Measurement of the reading acuity is important to compare treatment outcomes in clinical
practice or researches. However, the comparison between the reading charts for measuring
reading acuity demonstrated statistically significant differences (p<0.05), except between the
Colenbrander and MNread where the agreement was high without significant differences.
These results are likely to be related to the design of the reading charts in terms of the smallest
print size. The smallest print sizes are varied between the charts with the ending print sizes
being Colenbrander (-0.1 logMAR), Radner (-0.2 logMAR), MNread (-0.5 logMAR) and for
Bailey-Lovie (-0.2 logMAR at 40cm). Because the participants of this study were young,
healthy and fluent readers, it was expected to have good near visual ability. Therefore, for
example, a participant who was able to read the smallest print size in Colenbrander chart (0.1 logMAR) may have the ability to read smaller print sizes. This fact may explain the
difference in reading acuity measurement between the charts. Despite this result, a question
remains as to whether the agreement results of reading acuity between the reading charts will
be similar for a presbyopic group of subjects. This will be investigated in the next chapter.
According to this variation in near visual acuities between the charts, logRAD/logMAR ratio
also showed a significant difference between the reading charts.
A clear finding was the weak correlation between the reading charts for measuring CPS. This
result is likely to be related to the scoring rule method of CPS as the CPS is not a direct
measurement, such as reading speed or reading acuity, since it has to be determined from
the graphical plot of the reading speed against the print sizes as the smallest print size that
can be read with maximum reading speed. However, in Figure (3.11) Radner, MNread,
Colenbrander and Bailey-Lovie show a decrease in reading speed with decrease of print size
and this is a good indicator that the slowing of reading speed results are likely to be due the
change in print size rather than chart characteristics (Radner et al., 2002).
This result provides evidence for the research question as to whether the equality of the
reading performance results depends on the chart used. The correlation and the agreements
analysis of the reading performance metrics confirmed that reading chart outcomes need to
be comparable with each other and different reading charts provide a different reading
performance. Reading performance metrics measure the effectiveness of vision rehabilitation
and therapeutic intervention (Rubin, 2013). Therefore, the best way to evaluate reading
performance is using the same type of reading chart to facilitate the comparison of treatment
outcomes. These findings confirm the need to homologate and standardize reading charts to
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provide a valuable tool in analyzing the researches concerning reading performance and the
visual function in many fields of optometry.

3.3.4 Correlation of the mean reading speed between the short sentences
charts and long paragraph chart (IReST)
In the present study, we analyzed the validity of the reading speed results obtained using short
sentences test compared to long paragraph test in young healthy participants, and the results
found high correlation. This high correlation is one of the most important criteria when
developing a reading chart. Because, if the reading speed of the short sentences reading chart
correlated well with the long paragraph test, such as IReST, it indicates a high validity of the
test. The high validity of a standardized long paragraph reading test comes from the idea that,
first, it represents a real life reading performance, including the navigation issues and fatigue
effects, and, second, reading for a longer period of time decreases the variability (TrauzettelKlosinski et al., 2012). This strong correlation indicates that the validity of the reading charts
that have been chosen to be included in this thesis is high. However, the characteristics of
these charts in terms of reliability and repeatability were different for measuring the reading
performance metrics.
The reading speed distribution figures showed that the strongest correlation was between
IReST and Radner, MNread, and TNR. The least correlation was found between IReST and
Bailey-Lovie. The difference in reading speed between IReST and Bailey-Lovie was 90 wpm,
and this is again because the Bailey-Lovie reading chart consists of unrelated random words
rather than continuous text.
The results showed that the reading speed of the long paragraph test is faster than short
sentences test charts. These results are in agreement with those studies obtained by (Munch
et al., 2016) of the short text in the Danish language and by (Radner and Diendorfer, 2014) of
short text in the English language. This outcome is contrary to that of Radner et al. (2002) who
found the long test paragraphs were read slower than the short sentence reading test. The
paragraphs in IReST test were extracted from reading book materials, which represents an
integrated story. Therefore, IReST paragraphs might have higher contextual cues that result
in increased reading speed in comparison with other charts.
Although the IReST long paragraphs test provides more information that is closer to everyday
reading and has a high reliability and repeatability in measuring reading speed, the use of
short sentence tests, such as Radner and MNread, is more convenient in research and clinical
practice as, in addition to the reading speed, the reading acuity and critical print size can be
obtained relatively quickly and provide more information about the visual function.
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3.3.5 Comparison of each IReST text paragraph repeatability and reliability
The IReST reading test contains 10 unique paragraphs in one print size, and, in clinical
practice or research, it may be not feasible to calculate the average reading speed from all the
ten paragraphs, because this will consume more time. The practitioner may randomly choose
certain paragraphs to assess the reading performance. This means that all the paragraphs
should be equal in terms of reliability and repeatability. The paragraphs of the IReST reading
test were evaluated in this regard.
IReST reading test was performed in 29 young normally sighted participants. The participants
were asked to read the all IReST paragraphs in the two testing sessions, which were two to
three weeks apart. The standardization of the selection of paragraphs of the reading test
should be calibrated first among normally sighted people to eliminate any other factor that
could affect the reading performance outcomes (Maaijwee et al., 2007).
The internal consistency and the validity of the IReST paragraphs were investigated and welldescribed in previous studies (Hahn et al., 2006, Trauzettel-Klosinski et al., 2012). However,
the repeatability of each paragraph has not been described. Therefore, one aim of this study
was to investigate the IReST text paragraphs repeatability in addition to the reliability (internal
consistency).
This is the first study that has evaluated the repeatability of each paragraph in the IReST test.
The results showed that the repeatability IReST texts are not equal. This leads to
consideration of choosing specific paragraphs on the IReST reading test to measure the
reading speed in research or clinical practice. The last five paragraphs in the IReST yielded
better repeatability results than the first five paragraphs. Because it is difficult to figure out why
certain paragraphs are different from the others in term of repeatability, the repeatability testing
of each paragraph or sentence within the reading test is recommended to standardize the
reading test. IReST paragraphs had a high equality in terms of reliability and this finding was
also reported by other studies (Trauzettel-Klosinski et al., 2012, Brussee et al., 2015).

95

3.4 Conclusion
The present study confirmed that the clinical results of the reading performance metrics
obtained with different reading charts are affected by the choice of the chart. The test-retest
reliability for measuring reading performance metrics are higher in MNread chart, while the
Bailey-Lovie word chart has a higher inter-chart reliability. For measuring reading speed only,
the IReST chart provides very high repeatability and reliability results. However, repeatable
text paragraphs must be chosen. This finding has important implications for evaluating the
reading performance in clinical practice or scientific researches. The findings of the poor
agreement between the reading performance metrics obtained during the same test session
indicate that choosing the same test chart for consecutive examinations of the same patient
or for comparison in research is very important in order to minimize the variation of the results.
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Chapter 4
Reliability and repeatability of the reading performance metrics
in different reading charts with presbyopic subjects
4 Introduction
Presbyopia is an age-related condition dependent upon the ability of the ocular lens to
accommodate. Presbyopia causes inability to focus on the near objects due to the loss of the
ocular lens flexibility. It especially decreases the reading ability, and one of the most important
concerns of presbyopic sufferers is to return this to a comfortable level.
Recently, (Fricke et al., 2018) found that the global prevalence of presbyopia is one quarter of
the world’s population. The lifespan of our population is getting longer, and this increase
highlights the importance of understanding lifestyle and environmental factors of this ageing
population to ensure a high quality-of-life. The visual abilities of the older population have been
well established by the Salisbury Eye Evaluation Project (Friedman et al., 1999, Rubin et al.,
1997, West et al., 1997). Rubin et al. (1999) reported that visual functions including contrast
sensitivity, visual acuity, visual field and glare, decrease with age. Friedman et al. (1999)
demonstrated a detailed insight about reading performance of the older population wherein
reading speed was less than 80 wpm in 10.8% of 2,107 presbyopic subjects reporting minimal
difficulty in reading a newspaper, and, in fact, this is the lower limit for sustained reading
performance.
Reading is an essential skill and is involved in many aspects of an older population, such as
reading prescription bottles, food labels, mail or keeping up with current news and events.
Visual acuity is well-maintained with increased age and the visual function of the older
population is underestimated (Haegerstrom-Portnoy et al., 1999). This is supported by (Lott et
al., 2001a) who showed that reading performance significantly decreased with increasing age
even for people with good visual acuity. Therefore, ways for enhancing and measuring reading
performance should be explored.
In recent years, there has been an increasing interest in presbyopia correction. To evaluate
the efficacy of the presbyopia treatment, a reliable and repeatable reading test should be used
in order to achieve meaningful results about the efficacy of the presbyopia correction.
However, that is not yet the case as many different reading test charts are available.
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Recent evidence discussed in Chapter three, found that different reading performance metrics
were obtained when using different reading charts, in addition to which the repeatability and
reliability of the reading charts were varied with young, normally sighted subjects. Therefore,
there must be agreement on what reading test should be used to evaluate reading
performance. MNread reading test scored better repeatability results while the Baily-Lovie
unrelated words reading test scored better reliability results compared to the other charts with
young, normally sighted subjects.
As the literature review makes clear, no direct comparisons between the reading tests were
made. Furthermore, comparison between the studies using different subjects’ characteristics
and testing condition is difficult. Most previous studies evaluated the reading charts’
repeatability and reliability restricted to young, normally sighted people. Thus, an exact
comparison between the reading test charts is needed for presbyopic subjects. This chapter
seeks to obtain data which will assist in addressing this issue.
The study in this chapter compares reading test charts’ characteristics in terms of test-retest
reliability and inter-chart reliability with uniform study design in older population aiming to
provide clinicians and researchers investigating presbyopia, accommodation and presbyopia
surgery with a standard reading test.

4.1 Methods
The proposed reading test charts (Colenbrander, Radner, MNread, Bailey-Lovie, IReST and
TNR) were evaluated by performing test-retest and inter-chart reliability procedure. Two
testing sessions (two to three weeks apart) were performed in presbyopic participants.
Subjects aged over 40 years old participated in this study. The required sample size was
calculated as in the previous chapter with G power analyser and with allow 10% for drop out
for repeat testing resulted in a requirement of 30 subjects. Ethical approval was obtained from
Aston University Ethical Committee (see Appendix 3) in accordance with the Helsinki
Declaration and all the subjects gave their consent to participate in the study. All testing
procedure was performed monocularly with the dominant eye wearing the optimal refractive
correction. After performing the refraction, the participants were given an optimal presbyopic
correction matching the test distance of 40cm. For participants wearing near vision spectacles,
it was important to ensure that the glasses’ prescription was up to date and the near addition
compensated for the testing distance of 40cm. The same spectacles were used in the two
testing sessions. The inclusion criteria were native English speaker subjects, educational level
was at least A-level (secondary school qualification), best corrected distance visual acuity ≤
0.1 logMAR and healthy eye. Healthy eye data were obtained by asking each participant if
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they had any known eye disease, undergone any ocular surgery, have binocular vision
problems or experience any reading difficulty (dyslexia). Slit-lamp examination was performed
to ensure that no media opacities were present. Amplitude of accommodation was measured
using the RAF rule to ensure that the accommodation level was normal to the participant’s
age and they did not have any accommodative lag.
The material, measurement procedure, statistical analysis and the methods of calculating the
reading performance metrics were the same as in Chapter three (Fig 4.1). For measuring the
average reading speed using the IReST reading test, which contains 10 long paragraphs,
three text paragraphs were chosen in the current study to assess the reading speed in
presbyopic participants to eliminate the factor of the fatigue effect in this older age group.
These three paragraphs were paragraph number six, seven and eight and were chosen
according to the previous results in Chapter Three that showed that the last five paragraphs
in IReST revealed better repeatability results compared to the first five paragraphs.

Figure 4.1: Experiment setting procedure. A headrest for the forehead was used to ensure constant
viewing distance of 40cm. The non-dominant eye was occluded (Baashen, 2020).
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4.2 Results
Reading performance measurements of 29 presbyopic participants were included, after
exclusion of four subjects. Two subjects had an early sign of cataract, one subject had been
diagnosed with age-related macular degeneration and the fourth had binocular vision
problems. The participants age ranged from 41 to 70 years old (mean, 61.5 ± 8.8) years, 11
males and 18 females. There were 15 with right eye dominance and 14 with left eye
dominance. Distance visual acuities were (mean,-0.08± 0.08) logMAR and near visual acuities
were (mean, -0.01 ± 0.08) logMAR. The mean value of the spherical equivalent of the
refractive error was (-0.25 ± 1.00) D. The amplitude of accommodation for all the participants
was within a normal range for their age (3.3 D ± 0.9 D). The educational levels of the
participants were 68% had a bachelor degree, 21% had A-level, 8% had a master degree and
3% had a PhD. All the participants were fluent readers.

4.2.1 Repeatability
The data of the reading performance metrics (RA, MRS, CPS and logRAD/logMAR ratio) for
each reading chart were normally distributed (Shapiro-Wilks test p > 0.05). The differences of
the reading performance metrics measurements between the two testing sessions, as well as
the number of reading errors, were analysed for significance by means of t-test. The cut-off
level for statistical significance was P <0.05, two-tailed t-test. Pearson correlation coefficient
and Bland-Altman agreement were performed to assess the repeatability of the reading
performance measurements between the two testing sessions. Also, the coefficient of
repeatability (CR) was calculated as defined by Bland and Altman (Bland and Altman, 1996)
as 1.96 X √2 X standard error of mean (SEM). The differences in reading performance metrics
between the two testing sessions is expected to lie below the CR for 95% probability.
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4.2.1.1 Repeatability of continuous-text reading tests (Radner, MNread and
Colenbrander)
Table 4.1: Test-retest reliability between the first and the second testing session in presbyopic subjects.
Pearson correlation coefficients n = 29
Reading metrics

Colenbrander

Radner

MNread

(r value, P value)

(r value, P value)

(r value, P value)

Reading acuity
(logRAD)

r = 0.620, P <0.001

r = 0.805, P <0.001

r = 0.845, P <0.001

Maximum reading
speed (wpm)

r = 0.560, P <0.001

r = 0.781, P <0.001

r = 0.767, P <0.001

Critical print size
(logRAD)

r = 0.599, P = 0.001

r = 0.638, P <0.001

r = 0.551, P = 0.002

LogRAD/LogMAR ratio
(%)

r = 0.746, P <0.001

r = 0.807, P <0.001

r = 0.420, P = 0.023

It can be seen from the data in the table above that, for measuring reading acuity, strong
correlation was found between the two testing sessions in Radner (r = 0.805) and MNread (r
= 0.845) while moderate correlation was found in Colenbrander (r = 0.620). For maximum
reading speed measurements, the correlation in the Colenbrander (r = 0.560) was lower than
Radner (r = 0.781) and MNread (r = 0.767). The test-retest correlations for the three reading
test charts were moderate for measuring CPS. For logRAD/logMAR ratio, very weak
correlation was found between the sessions in MNread chart (r = 0.420) while high correlations
were found in Radner (r = 0.807) followed by Colenbrander (r = 0.746). All the correlations
were tested for statistical significance P value <0.05, as shown in Table 4.1.
No statistically significant differences between the two sessions were found in Colenbrander
and MNread for measuring all the reading performance metrics. However, in the Radner
reading chart, statistically significant differences were found in all the reading performance
metrics. These differences were in RA LogRAD: 0.03 ± 0.09, 95% confidence interval CI:
(0.01; 0.05) P = 0.007, in MRS wpm: 8 ± 19, 95% confidence interval CI: (1; 15) P = 0.028, in
CPS LogMAR: 0.05 ± 0.11, 95% confidence interval CI: (0.008; 0.09) P = 0.023 and in
LogRAD/logMAR ratio (%): 2.79 ± 5.6, 95% confidence interval CI: (-5.13; -0.82) P = 0.009.
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a)

b)

102

c)

Figure 4.2: Test-retest reliability: Bland-Altman plot of the differences between the two testing sessions
(First minus second) in presbyopic subjects. In (a) Bland-Altman plots for reading performance metrics
in the Colenbrander chart showed high agreement between the two testing sessions for MRS, CPS and
LogRAD/LogMAR ratio, but not for RA; (b) Bland-Altman plots for reading performance metrics in the
Radner chart showed high agreements in all reading performance metrics; (c) Bland-Altman plots for
the MNread chart showed a low agreement in logRAD/logMAR ratio, but high agreement for RA, MRS
and CPS (n = 29).

The results of the Bland-Altman agreement analysis are shown in Figure 4.2. In the Radner
reading chart, although the differences between the two testing sessions for all the reading
performance metrics were statistically significant, high agreements were found. In the
Colenbrander chart, low agreement was found for measuring the reading acuity while the
agreements were high for the other metrics. Also, in the MNread chart, high Bland-Altman
agreements were found for all the reading performance metrics except for the logRAD/logMAR
ratio where the agreement was low.

4.2.1.2 Repeatability of Bailey-Lovie unrelated words reading chart
The Pearson correlation coefficient showed that RA (r = 0.574), CPS (r = 0.550) and
logRAD/logMAR ratio were moderately correlated between the two testing sessions. The
correlation for measuring the MRS was higher (r = 0.713). No statistically significant
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differences were found for measuring all the reading performance metrics between both
sessions and the agreements were high (Fig. 4.3).

Figure 4.3: Test-retest reliability Bailey-Lovie words chart in presbyopic subjects: Bland-Altman plots of
the differences between the two testing sessions (first minus second) for RA, MRS, CPS and
LogRAD/LogMAR ratio. High agreements were found for all reading performance metrics.

4.2.1.3 Repeatability of Times New Roman chart (Ciba Vision reading card)
The older age participants’ ability to read the smallest print size in the reading charts was
varied. However, in TNR charts all the participants were able to read the smallest print size
(N6) in the two testing sessions. There was a strong correlation (r = 0.818) and agreement
between the first and second session for measuring MRS without significant difference. The
Bland-Altman agreement was low for measuring CPS.
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4.2.1.4 Repeatability of International Reading Speed test (IReST)
Since the only metrics that can be calculated from IReST are the average reading speed. The
average reading speed measurement for the three paragraphs selected (text number six,
seven and eight) was strongly correlated between the two testing sessions (r = 0.941). BlandAltman evaluated a good agreement in the repeatability of average reading speed
measurements (Fig. 4.4). Table 4.3 summarises the repeatability results of the reading
performance metrics for the six reading charts.

Figure 4.4: Test-retest reliability of the IReST chart in presbyopic subjects: Bland-Altman plots of the
differences between the two testing sessions (first minus second) for average reading speed showing
a high agreement.

The coefficients of repeatability of the reading performance metrics in the proposed reading
test charts are presented in Table 4.2. The Colenbrander reading chart yielded the highest
CR (less repeatable) for MRS and CPS. For the logRAD/logMAR ratio, the MNread chart
yielded the highest CR (9.70). The IReST reading chart showed the lowest CR (more
repeatable) for MRS compared to the other reading charts in this group of elderly participants.
Table 4.2: The coefficient of repeatability for the reading performance metrics between two testing
sessions using different reading charts in prespyopic subjects

(CR)
Colenbrander

(CR)
Radner

(CR)
MNread

(CR)
BaileyLovie

(CR)
TNR

(CR) IReST

0.10

0.11

0.11

0.21

-

-

56

36

40

32

37

20

CPS (logMAR)

0.30

0.22

0.26

0.34

-

-

logRAD/logMAR
ratio (%)

10.6

11.2

37.8

19.08

-

-

Reading
metrics

RA (logRAD)
MRS (wpm)
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Table 4.3: Summary of the repeatability results of the reading performance metrics for the six reading
charts in presbyopic subjects
Reading chart

Reading
performance
metrics

Correlation
coefficient (r
value)

Differences in
measurements
(t test) p value

BlandAltman
limits of
agreement

RA (logRAD)

0.620

0.096

[0.11; -0.07]

MRS (wpm)

0.560

0.673

[52; -56]

CPS (logMAR)

0.599

0.477

[0.31; -0.27]

LogRAD/LogMAR
ratio (%)

0.746

RA (logRAD)

0.805

0.007

[0.13; -0.06]

MRS (wpm)

0.781

0.028

[45; -20]

CPS (logMAR)

0.638

0.023

[0.26; -0.16]

LogRAD/LogMAR
ratio (%)

0.807

RA (logRAD)

0.845

0.551

[0.11; -0.10]

MRS (wpm)

0.767

0.441

[40; -36]

CPS (logMAR)

0.551

0.284

[0.19; -0.30]

LogRAD/LogMAR
ratio (%)

0.420

RA (logRAD)

0.574

0.489

[0.22; -0.19]

MRS (wpm)

0.713

0.621

[29; -33]

CPS (logMAR)

0.550

0.757

[0.30; -0.32]

LogRAD/LogMAR
ratio (%)

0.645

0.571

[17.5; -19.6]

Colenbrander

0.089

[8.8; -12.0]

Radner

0.009

[8.14; -14.1]

MNread

0.252

[20.0; -41.3]

Bailey-Lovie
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MRS (wpm)

0.818

0.969

[37; -35]

Times New
Roman

IReST

CPS (N notation)

0.327

0.663

[0.85; -0.79]

Average reading
speed (wpm)

0.941

0.880

[21; -20]

4.2.2 Reliability
Reliability or inter-chart reliability of the reading charts was determined by calculating the
Cronbach’s alpha coefficient of the reading performance metrics measurements obtained from
each reading chart at the two testing sessions in the elderly subjects. In the Colenbrander
reading chart, the Cronbach’s alpha resulted in higher reliability result for measuring
loRAD/logMAR ratio (α = 0.845) followed by MRS (α = 0.783), CPS (α = 0.748) and then RA
(α = 0.727). Good reliability results of all the reading performance metrics were found in the
Radner reading chart, ranging from 0.779 to 0.893. In the MNread chart, very high reliability
was found for measuring RA (α = 0.915). However, poor reliability results were found for
measuring logRAD/logMAR ratio (α = 0.492). Good Cronbach’s alpha coefficients resulted for
measuring the reading performance metrics in the Bailey-Lovie word reading chart. However,
the reliability was higher for measuring MRS (α = 0.825) compared to other reading metrics in
the Bailey-Lovie chart. Reading acuity measured by the TNR chart was identical for all the
presbyopic subjects. Therefore, the reading acuity measurements’ reliability cannot be
computed because the variable was constant. Times New Roman chart resulted in an
excellent reliability for measuring MRS (α = 0.90) and very poor reliability for measuring CPS
(α = 0.323). In the IReST reading chart, very high Cronbach’s alpha was found for measuring
the average reading speed in presbyopic subjects (α = 0.970). Table 4.4 summarises the
reliability results of the reading charts.
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Table 4.4: The Cronbach’s alpha coefficient results for evaluating the reliability of the reading chart in
presbyopic subjects.
Reading
chart

Reading
performance
metrics

Cronbach’s
alpha

Reading
chart

Reading
performance
metrics

Cronbach’s
alpha

RA (logRAD)

0.727

MRS (wpm)

0.825

RA (logRAD)

0.727

MRS (wpm)

0.783

CPS (logMAR)

0.748

CPS (logMAR)

0.709

LogRAD/LogMAR
ratio (%)

0.854

LogRAD/LogMAR
ratio (%)

0.776

RA (logRAD)

0.891

MRS (wpm)

0.90

MRS (wpm)

0.870

CPS (N notation)

0.323

CPS (logMAR)

0.779

LogRAD/LogMAR
ratio (%)

0.893

Average reading
speed (wpm)

0.970

RA (logRAD)

0.915

MRS (wpm)

0.867

CPS (logMAR)

0.710

LogRAD/LogMAR
ratio (%)

0.492

BaileyLovie

Colenbrander

TNR

Radner

IReST

MNread
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4.2.3 Comparison of the reading errors between the charts
The averages of the reading errors made in each chart in each session were calculated. No
statistically significant differences were found in the number of reading errors in all reading
test charts between the first and the second testing sessions (P <0.05). The single significant
difference between the two testing sessions was found in the TNR chart (P = 0.028), where
the presbyopic participants made fewer reading errors in the second test session compared
to the first one. This difference was 1.17 ± 2.73, 95% confidence interval CI: (0.135; 2.21).
Comparing the reading errors between the reading charts in the first visit showed that the
Bailey-Lovie word reading chart resulted in fewer reading errors compared to the all other
reading charts. The differences were as follows: between Bailey-Lovie and Colenbrander
(2.44 ± 3.01) P = 0.000, Bailey-Lovie and Radner (2.55 ± 2.78) P = 0.000, Bailey-Lovie and
MNread (2.0 ± 3.04) P = 0.001, Bailey-Lovie and TNR (2.03 ± 3.04) P = 0.004 and between
Bailey-Lovie and IReST (1.86 ± 4.61) P = 0.038. No significant differences were found in a
number of reading errors between all the other reading charts.

Table 4.5: Number of reading errors per reading chart

Test
session

Colenbrander

Radner

MNread

BaileyLovie

Times
New
Roman

IReST

First
(mean±
SD)

4.10 ± 2.73

4.21± 2.70

3.65± 3.25

1.65± 1.70

3.69± 3.85

3.51± 5.09

Second
(mean±
SD)

4.17 ± 4.31

4.24± 2.40

3.37± 2.62

2.03± 2.23

2.51± 2.96

3.17± 3.16

4.2.4 Comparison of reading performance outcomes between reading test
charts in presbyopic subjects
The data were normally distributed and Pearson correlation coefficient and Bland-Altman
agreement together with a Student t test were performed to evaluate and compare the reading
test charts (Colenbrander, MNread, Radner and Bailey-Lovie word reading chart) for
measuring the reading performance metrics in presbyopic participants during the first testing
session. P <0.05 was considered statistically significant. The IReST reading test and TNR
chart were excluded from this comparison since the IReST uses only one print size. The
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exclusion of the TNR chart was based on the results of Chapter Three which showed that
making the comparison between the paragraphs, as in the TNR, and the sentences as in the
other chart is not reasonable.
From the results in Table 4.6 below, overall it is apparent that different reading performance
outcomes were obtained when using different reading test charts in presbyopic subjects. For
measuring RA, statistically significant differences with low Bland-Altman agreements were
found between (Colenbrander and Radner), (Colenbrander and Bailey-Lovie) and (MNread
and Bailey-Lovie). These differences were more than one line of reading acuity in logMAR.
Also, statistically significant difference was found between Radner and MNread; this difference
was in RA LogRAD: 0.08 ± 0.06, 95% confidence interval CI: (0.05; 0.10) P = 0.000. However,
the correlation (r = 0.789) and the agreement were high between Radner and MNread.
Moderate correlation and low agreement were found between Colenbrander and MNread, but
t-test found no statistically significant difference. The results showed that no statistically
significant differences for measuring RA were found between Radner and Bailey-Lovie with
good correlation and agreement (Fig. 4.5).
The correlation between MRS measurements between the reading charts ranged from weak
(r = 0.280) to moderate correlation (r = 0.596) with statistically significant differences, P <0.05.
However, the correlation for measuring MRS was relatively high between Radner and MNread
(r = 0.738) with no significant difference. The Bailey-Lovie word reading chart always resulted
in slower reading speed compared to Colenbrander, Radner and MNread, while the
Colenbrander chart resulted in faster reading speed compared to the other charts in
presbyopic subjects (Fig. 4.6). The Bland-Altman agreements were low between Bailey-Lovie
chart and the other charts. On the other hand, the agreements were good between the
continuous text reading charts (Radner, Colenbrander and MNread) for measuring the MRS,
see Figure 4.7.
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Table 4.6: The correlation and differences together with Bland-Altman limit of agreement between the
reading charts within the same test session in presbyopic subjects. The differences in the reading
performance metrics between the charts showed a variation of the results.

Reading
charts

Reading
performance
metrics

RA (logRAD)

Correlation
coefficient (r
value)

Differences in
measurements
t- test p value
(mean ± SD)

0.627

P = 0.000
(-0.06± 0.07)

Colenbrander

MRS (wpm)

0.560

P = 0.000
(47± 28)

+ Radner
CPS (logMAR)

0.212

P = 0.095
(-0.06± 0.20)

LogRAD/LogMAR

0.678

ratio (%)

RA (logRAD)

P = 0.000
(6.51± 6.78)

0.620

P = 0.414
(-0.011± 0.076)

Colenbrander

MRS (wpm)

0.509

P = 0.000
(40± 30)

+ MNread
CPS (logMAR)

0.401

P = 0.045
(0.06±0.16)

LogRAD/LogMAR

0.320

ratio (%)

P = 0.497
(2.52± 19.72)
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BlandAltman
agreement

[0.20; -0.07]

[101; -8]

[0.33; -0.40]

[19.7; -5.0]

[0.15; -0.14]

[98; -18]

[0.37; -0.2]

[41.1; -20.0]

Table 4.6: (continued)
Reading
charts

Reading
performance
metrics

RA (logRAD)

Correlation
coefficient (r
value)

Differences in
measurements
t- test p value
(mean ± SD)

BlandAltman
agreement

0.498

P = 0.000

[0.1; -0.27]

(-0.08± 0.10)

Colenbrander

MRS (wpm)

0.280

P = 0.000

[166; 45]

(106± 31)

+ Bailey-Lovie
CPS (logMAR)

0.251

P = 0.011

[0.31; -0.51]

(-0.10± 0.21)

LogRAD/LogMAR

0.630

ratio (%)

RA (logRAD)

P = 0.000

[26.5; -10.0]

(8.23± 9.33)

0.789

P = 0.00

[0.19; -0.03]

(0.08± 0.06)

Radner+

MRS (wpm)

0.738

P = 0.101

[40; -36]

(7± 22)

MNread
CPS (logMAR)

0.697

P = 0.000

[0.30; -0.07]

(0.012±0.10)

LogRAD/LogMAR

0.522

ratio (%)

P = 0.240
(3.99± 17.88)
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[31.0; -20.0]

Table 4.6: (continued)
Reading
charts

Reading
performance
metrics

RA (logRAD)

Correlation
coefficient (r
value)

Differences in
measurements
t- test p value
(mean ± SD)

BlandAltman
agreement

0.661

P = 0.252

[0.18; -0.16]

(-0.10± 0.09)

Radner

+

MRS (wpm)

0.661

P = 0.000

[102; 20]

(59± 22)

Bailey-Lovie
CPS (logMAR)

0.415

P = 0.217

[0.29; -0.37]

(-0.04± 0.17)

LogRAD/LogMAR

0.722

ratio (%)

RA (logRAD)

P = 0.276

[17.4; -15.2]

(1.17± 8.32)

0.744

P = 0.000

[0.05; -0.25]

(-0.10± 0.08)

Bailey-Lovie +

MRS (wpm)

0.596

P = 0.000

[113; 18]

(66± 24)

MNread
CPS (logMAR)

0.571

P = 0.000

[0.10; -0.45]

(-0.16±0.15)

LogRAD/LogMAR

0.247

ratio (%)

P = 0.161
(5.70± 12.35)

113

[25.0; -36.0]

Figure 4.5: Bland-Altman agreement plots of the reading acuity between the charts in presbyopic
subjects. The differences of the mean between the charts is plotted against the mean reading acuity of
both charts
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Figure 4.6: Mean reading speed in wpm for 29 presbyopic participants plotted as a function of print size
for Colenbrander, Radner, MNread and Bailey-Lovie

A comparison of the CPS between the reading charts revealed poor Pearson correlations
coefficients, ranging from r = 0.212 to r = 0.571 except between the Radner and MNread
where the correlation was stronger (r = 0.697). However, the agreement between Radner and
MNread was low, with statistically significant differences. Although the Bland-Altman
agreements were high for measuring CPS between Colenbrander and MNread and
Colenbrander and Bailey-Lovie, statistically significant differences were found P <0.05. The
correlation and agreement were very weak between MNread and Bailey for measuring CPS
(Fig. 4.8).
As shown in Table 4.6, the Bland-Altman agreements for measuring the logRAD/logMAR ratio
in same testing session were low and varied between all the charts except between
Colenbarander and Rdaner where the agreement was high (Fig 4.9). Although the agreement
was high between Colenbrander and Radner, t-test found a statistically sginificant difference.
This difference was in LogRAD/LogMAR ratio (%): 6.51± 6.78, 95% confidence interval CI:
(3.39; 9.06).
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Figure 4.7: Bland-Altman agreement plots of the reading speed between the charts in presbyopic
subjects. The differences of the mean between the charts is plotted against the mean reading speed of
both charts
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Figure 4.8: Bland-Altman agreement plots of the CPS between the charts in presbyopic subjects. The
differences of the mean between the charts are plotted against the mean CPS of both charts.
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Figure 4.9: Bland-Altman agreement plots of the logRAD/logMAR ratio between the charts in presbyopic
subjects. The differences of the mean between the charts are plotted against the mean logRAD/logMAR
ratio of both charts.
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4.3 Discussion

4.3.1 Repeatability and inter-chart reliability of the reading test charts for
measuring the reading performance metrics in people with presbyopia
Evaluation of the reading test charts has a clinical importance for people with presbyopia as a
pre- or post-operative measure and for optical correction using spectacles or multifocal contact
lenses. For research and clinical examination, reading performance analysis should provide
reliable and repeatable results.
Because, in reviewing the literature, no data were found on direct association and differences
between the available reading test charts in the English language on people with presbyopia
tested under the same clinical condition, the goal of this chapter was to analyse and compare
the repeatability and inter-chart reliability of the reading performance metrics measured with
different reading test charts in older participants.
In this study, one of the criteria for selecting the presbyopic subjects was having at least Alevel education. (Munch et al., 2016) confirmed that the educational background of the patients
had an influence on the reading performance measurements. They reported that the reading
speed measurements for medical student participants were significantly faster than that for
blue-collar factory workers. Therefore, avoiding varying educational background of the
participants should be considered when making the comparison between the reading test
charts.
The findings showed that the MNread test chart had good repeatability and reliability for
measuring the reading performance metrics (RA, MRS and CPS). The reading acuity
measurements had the highest repeatability (r = 0.845) and reliability (α = 0.915). These
findings are consistent with that of (Virgili et al., 2004a). Another study by (Mataftsi et al., 2013)
reported high repeatability results for the MNread chart with adults age range 25 to 59 years
and children aged eight years. However, their results were not applicable to the real World
because the time interval between the two sessions was only 30 minutes. Evaluation of the
repeated measurements taken in this short period of time could increase the learning and
practice effect and lead to higher repeatability results. In addition, taking the reading
performance measurements twice on the same day may not apply to clinical practice setting
as the patients are followed up longitudinally. In the present study, time interval of two to three
weeks was used to evaluate the repeatability of the reading charts. However, poor correlation
(r = 0.420) and Bland-Altman agreement between the two testing sessions were found for
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measuring logRAD/logMAR ratio and this result was confirmed by the higher CR (37.8). Also,
the Cronbach’s alpha yielded poor reliability (α = 0.492) in the MNread chart for measuring
logRAD/logMAR ratio in presbyopic subjects.
The results of the MNread test chart estimated 95% coefficient of repeatability of 0.11 logRAD
for RA, 0.26 logMAR for CPS and 40 wpm for MRS at the two visits. These values are
comparable with those reported in (Subramanian and Pardhan, 2009, Patel et al., 2011)
studies except for MRS the CR was much higher. The reason of this discrepancy is attributed
to the patient-related factors since Subrmanian and Pardhan (2009) investigated the
repeatability of the MNread chart in subjects with impaired vision, while Patel et al. (2011)
investigated age-related macular degeneration. The possible interference of the disease
progression could increase the variability reported in the repeated measurements.
Prior studies that have evaluated the IReST reading charts were performed in young, healthy
population. The IReST reading chart was developed for measuring the reading speed not CPS
or reading acuity using 1M print size. The results showed that the IReST reading chart has
very good characteristics in terms of repeatability (r = 0.941) and inter-chart reliability (α =
0.970) with older age population. The IReST paragraphs contain multiple sentences equal in
linguistics, which influences the predictability of the text and result in less noise and variability
for measuring the reading speed. In addition to that, the reading time for paragraphs is longer
than for a sentence and this could contribute to lower the variance between the reading speed
measurements (Altpeter et al., 2015). Reading the longer text paragraphs represents the reallife reading performance as the reading task occurs over a long period of time (StanglerZuschrott, 1990).
In this presbyopic group of subjects, the test-retest repeatability for the Colenbrander reading
chart resulted in a low Bland-Altman agreement for measuring reading acuity and lower
Pearson correlation for measuring MRS compared to the other reading charts. This also
accords with our earlier observations with a younger age group of subjects. As was pointed
out in the methods section in the previous chapter, the method of calculating the reading errors
in the Colenbrander chart in terms of the word value is not as clear as in the Radner (0.005
logRAD per incorrect read syllable) and MNread (0.1 logRAD per incorrect read word) charts.
This result of the poor agreement for measuring RA in the Colenbrander chart may be
explained by the fact that the scoring “weight” of the incorrect read word is lower compared to
MNread and Radner and this may significantly influence the total reading acuity score.
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In the Radner reading chart, the outcomes of the CR are higher compared to Maaijwee et al.
(2008b) study; however, they tested older age group with age 50 years or older affected by
a macular disease. Their coefficients of repeatability were 8.2 wpm for reading speed, 0.036
logRAD for reading acuity and 0.06 logMAR for CPS compared to this study’s results of 36
wpm, 0.11 logRAD and 0.22 logMAR for CPS. However, one criticism of their study is that
they measured the reading speed two consecutive times and then extra measurement was
made if there was a difference more than 0.2s, which was found to decrease the variability of
the results. Although the Bland-Altman agreements were high in the Radner chart, the t-test
showed a statistically significant difference (P <0.05) between the two sessions for measuring
all the reading performance metrics.
Turning now to the Bailey-Lovie word reading chart, as indicated earlier, this chart has never
been investigated in terms of test-retest and inter-chart reliability. The findings have
demonstrated that the Bailey-Lovie reading chart could provide a highly repeatable and
reliable measure of the reading performance. Bland-Altman agreements were high for
measuring all the reading performance metrics without any statistically significant differences.
In addition, the Cronbach’s alpha ranged from 0.709 to 0.825. Bailey and Lovie (1980)
designed the word reading chart taking care to avoid syntactic association between the words
so that the reading performance can be measured with greater reliability. Based on the
principle of the Bailey-Lovie reading chart, some modern reading charts have been developed
to exclude the linguistic aspect, such as the SKread vision test (MacKeben et al., 2015). The
SKread vision test combines the format of the MNread chart with a sequence of random letters
and words.

4.3.2 Comparison of the reading errors between the charts
Although in most reading test charts around four reading errors were counted, the number of
errors in the Bailey-Lovie word chart was significantly fewer. The features of the Bailey-Lovie
unrelated word chart must be responsible for that. This also accords in the young participants
as explained earlier in Chapter Three. The young and the older participants in both studies
were normally sighted. However, this outcome is contrary to that of (Nair et al., 2006) who
found that people with eye disease made more reading errors with an unrelated word chart
compared to the continuous text reading charts. To develop a full picture, this comparison of
the reading errors between random word and continuous text charts will be investigated in the
next chapter for people with cataracts to address whether the status of the eye disease could
change the results.
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Another significant aspect, in the TNR chart only, is that the presbyopic participants made
fewer reading errors in the second testing session compared to the first session. It seems that
the learning and the practice effect plays an important role on the result of the TNR chart. This
result is likely to be related to the complexity and the reading level of the text. The TNR chart
uses some difficult words like “astigmatism”, “varifocal glasses” and “bifocals”, and this seems
to affect the level of the test sentences in terms of difficulty and the amount of the time needed
to read the sentence. Although, the participants’ level of education was good, using words that
are not familiar to the public could affect the result of the reading performance.

4.3.3 Comparison of reading performance outcomes between reading test
charts in presbyopic subjects
The outcomes of reading performance metrics between the reading test at the same testing
session charts were varied in older age participants.
The Radner and MNread charts have similar design in the way that they provide for measuring
the reading performance metrics. However, the direct comparison between them in this old
age group of subjects revealed statistically significant differences for measuring reading
acuity, CPS and low agreement for measuring the logRAD/logMAR/ratio. According to the
comparison of MRS between Radner and MNread, what is striking in Figure 4.6 is the high
discrepancy of MRS measurement in 0.6 logMAR letter size. The 0.6 logMAR letter size
sentence in the MNread chart’s “My mother loves to hear the young girl sing in the morning”
noticeably read faster than 0.6 logMAR letter size in the Radner chart’s “Old Stephen wanted
to repair his snowmobile which was older than everyone thought”. This finding was also
noticed with young subjects in the previous chapter. The discrepancy could be attributed to
the number of syllables of the word used in both charts. In this exact letter size, the Radner
chart used two words with three syllables and four words with two syllables, while the MNread
chart used two words with two syllables (mother and morning) and the other words have only
one syllable. The use of the short words makes the MNread chart score faster reading speed
compared to the Radner.
As shown in Figure 4.6 and Table 4.6, the Bailey-Lovie word reading chart resulted in
significantly slower MRS compared to the Radner, MNread and Colenbrander with low BlandAltman agreements. On the other hand, the Colenbrander reading chart revealed faster
reading speed compared to the other charts. The use of unrelated syntactic between the words
made the reading more difficult and slowed down compared to the continuous test reading
chart (SASS et al., 2006). SASS et al. (2006) confirmed that the removal of the sentence
context had a greater impact on reducing the reading speed irrespective of the age. This
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finding is similar to that reported for the younger age group in the previous chapter. Also, the
approach used in this investigation is similar to that found by other researchers. Legge et al.
(2002) exhibited a 25% increase in reading speed related to context while Morton (1964) found
33% increase in reading speed. Another study by Bullimore and Bailey (1995) reported similar
context advantages for increasing the reading speed for normally sighted people. The
prediction of the next word is an important factor in enhancing faster reading speed, as in the
continuous text reading charts.
In the assessment of the reading abilities, reading acuity is the most important indicator of the
visual capacity of reading. One question in the previous study sought to determine if the
variability of the reading acuity measurements are influenced by age. In this group of subjects,
again the reading acuity measurements are not well correlated between the reading charts
(Colenbrander, Radner, MNread and Bailey-Lovie) with differences of more than one line in
logMAR. It has been demonstrated earlier that the smallest print sizes are varied between the
charts. The smallest print size in the Colenbrander reading chart is (-0.1 logMAR) while 12
presbyopic participants were able to read (-0.2 logMAR) letter size. These differences could
be a possible source of the variation on reading acuity outcomes. In this study, the same
scoring rule was used for all the reading charts regarding the end point for reading acuity as
reading more than 80% of the words in the sentences accurately (Stifter et al., 2005c).
In summary, this study was designed to determine the repeatability and reliability of reading
performance metrics using different reading charts in addition to comparing the reading
performance outcomes in people with presbyopia. The values obtained from the result of this
study may be used to give insight into future clinical trial design and may be used to guide
optometrists to use uniform and standardized reading test charts in clinical practice. Since
some ocular diseases, such as cataract, decrease reading ability, the feasibility of reading
charts for patients with cataract is of interest and will be investigated in the next chapter.
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4.4 Conclusion
To conclude this chapter, the simultaneous determination of the RA, MRS, CPS and
LogRAD/LogMAR ratio in the same examination using a standardised reading test chart is
important in the diagnosis of reading performance in people with presbyopia. One of the
principle findings of this research was that the difference in reading performance
measurements depends on the used reading test material. In the present study of an older
group, taking into account the variation between and within the subjects and the study setting,
it considered the strength of the reading charts that provide reliable reading performance
results. The Bailey-Lovie word reading chart showed higher inter-chart and test-retest
reliability for measuring the reading performance metrics. Although, the MNread chart has low
reliability and agreement for measuring logRAD/logMAR ratio, it has a strong reliability and
repeatability for measuring the other reading performance metrics, especially the reading
acuity.
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Chapter 5
Reliability and repeatability of the reading performance metrics
in different reading charts for subjects with cataract
5 Introduction
As a result of the rapid increase in the mean age of the population, the number of people with
presbyopia will grow, along with the number of patients with age-related ocular diseases, such
as cataract. The use of reading test in patients with cataract will become even more important.
This is problematic as there is no consensus regarding which reading test provides the best
results in terms of test-retest and inter-chart reliability.
Previous studies suggest that using an optimal reading test has a value in patients with
cataract to assess vision before and after surgery (Fine and Rubin, 1999, Elliott et al., 2001).
It has been proven that there is a strong influence of the morphological type of cataract on
reading performance. Patients with posterior subcapsular cataract had a significant reduction
in MRS while those with nuclear cataract achieved normal MRS preoperatively (Stifter et al.,
2004b). Therefore, including a standardized and calibrated reading test in clinical examination
may facilitate the management. Also, it has been found that the use of standardized reading
test has the ability to discriminate the visual impairment caused by cataract, maculopathy or
ARMD while distance visual acuities were comparable between these ocular diseases and
underestimated the patient’s functional impairment (Stifter et al., 2005c).
The present study evaluated the test-retest and inter-chart reliability of the reading test charts,
Colenbrander, Radner, MNread, Bailey-Lovie, IReST and TNR, for measuring the reading
performance metrics, including RA, MRS, CPS and logRAD/logMAR ratio for patients with
cataract.
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5.1 Methods
Cataract patients were recruited from the Aston University Eye Clinic. Ethical approval was
obtained from Aston University Ethical Committee (see Appendix 3) in accordance with the
Helsinki Declaration and all the subjects gave their consent to participate in the study.
The specific exclusion criteria were as follows:
•

Previous ocular surgery

•

Presence of diabetes mellitus

•

Presence of abnormality or ocular disease other than cataract

•

Presence of binocular vision problems

•

Use of any medications that could affect the reading ability

The specific inclusion criteria were as follows:
•

Presence of cataract, as defined below

•

Native English speakers

•

Level of education at or above A-level (secondary school year 13)

The Lens Opacities Classification System (LOCS) III was used to categorise and grade
cataract using the slit-lamp (Chylack et al., 1993). This grading system has been widely used
in clinical research (Davison and Chylack, 2003). The presence of cataract was defined as
more than grade two nuclear colour or opalescence, more than grade one cortical opacity,
and any sign of subcapsular opacity (Elliott et al., 2001).
Reading performance measurements were performed monocularly in the eye with cataract
with optimal refractive correction that compensated for a testing distance of 40cm. The testretest and inter-chart reliability of the proposed reading charts (Colenbrander, Radner,
MNread, Bailey-Lovie, IReST and TNR) were evaluated in cataract patients at two testing
sessions with a time interval of two to three weeks. The same refractive correction was used
in the two testing sessions. Although, the time interval was short for cataract progression, it
was important to ensure that the status of cataract was stable by performing a slit-lamp
examination at the second visit.
The material, measurement procedure, statistical analysis and the methods of calculating the
reading performance metrics were the same as in Chapter Three and Four. In this chapter,
further analysis, using multiple regression analysis expressed as coefficient of determination
𝑟 2 was conducted to determine to what degree the variability of the type and grade of cataract
accounted for the reading performance metrics for each reading chart.
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5.1.1 Results
Twenty-six subjects with cataract were recruited and their age ranged from 61 to 87 years old
(mean age, 73.5 ± 7.8 years), 20 females and 6 males. There were 13 with posterior
subcapsular cataract (PSC), eight with nuclear cataract (NC) and four with cortical cataract
(CC). The mean (±SD) LOS III grades for all the patients were (2.5 ± 0.8). Distance visual
acuities were (mean, 0.11± 0.14) logMAR and near visual acuities were (mean, 0.23 ± 0.14)
logMAR. The mean value of the spherical equivalent of the refractive error was (0.35 ± 2.30)
D. The educational levels of the participants were 54% had a bachelor degree, 31% had Alevel, 8% had a master degree and 8% had a PhD. All the participants were able to read
English fluently.

5.1.1.1 Repeatability
The data of the reading performance metrics (RA, MRS, CPS and logRAD/logMAR ratio) for
each reading chart were normally distributed (Shapiro-Wilks test p > 0.05). The differences of
the reading performance metrics measurements between the two testing sessions were
analysed for significance by means of t-test. The cut-off level for statistical significance was P
<0.05, two-tailed t-test. Pearson correlation coefficient and Bland-Altman agreement were
performed to assess the repeatability of the reading performance measurements between the
two testing sessions. Also, the coefficient of repeatability (CR) was calculated.
Table 5.1: Test-retest reliability between the first and the second testing session in cataract subjects.
Pearson correlation coefficients n = 26
Reading metrics

Colenbrander

Radner

MNread

(r value, p value)

(r value, p value)

(r value, p value)

Reading acuity (logRAD)

r = 0.790, p = 0.000

r = 0.712, p = 0.000

r = 0.790, p = 0 .000

Maximum reading speed
(wpm)

r = 0.703, p = 0.000

r = 0.765, p = 0.001

r = 0.860, p = 0.000

Critical print size (logRAD)

r = 0.812, p = 0.000

r = 0.694, p = 0.000

r = 0.532, p = 0.005

LogRAD/LogMAR ratio (%)

r = 0.877, p = 0.000

r = 0.882, p = 0.001

r = 0.854, p = 0.000
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5.1.1.2 Repeatability of continuous-text reading tests (Radner, MNread and
Colenbrander)
The results of the Pearson correlation coefficients analysis are shown in Table 6.1 above. As
can be seen, a strong correlation was found between the two testing sessions in the three
reading test charts for measuring the RA and the MRS. However, MRS results show stronger
correlation in the MNread chart (r = 0.860) than Colenbrander (r = 0.703) and Radner (r =
0.765). For measuring CPS, moderate test-retest correlations were found in the Radner (r =
0.694) and MNread (r = 0.532) while the correlation was very strong in the Colenbrander
reading chart (r = 0.812). The r values were above 0.8 for measuring the logRAD/logMAR ratio
in the three reading charts. All the correlations were tested for statistical significance p value
<0.05, as shown in Table 5.1.
No statistically significant differences between the two sessions were found in Colenbrander
and MNread for measuring all the reading performance metrics. However, in the Radner
reading chart, statistically significant difference was found for measuring the logRAD/logMAR
ratio. This difference was in LogRAD/logMAR ratio (%): -4.13 ± 8.83, 95% confidence interval
CI: (-7.69; -0.56) p = 0.025. No statistically significant differences were found in the Radner
charts for measuring RA, MRS and CPS.
The results of the Bland-Altman agreement analysis are shown in Figure 5.1. In the Radner
and MNread reading charts, although there were differences between the two testing sessions
for measuring the CPS, these were not statistically significant and low agreements were found.
In the Colenbrander chart, low agreement was found for measuring the reading acuity while
the agreements were high for the other metrics.
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a)

b)
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c)

Figure 5.1: Test-retest reliability: Bland-Altman plot of the differences between the two testing sessions
(first minus second) in cataract subjects. In (a) Bland-Altman plots for reading performance metrics in
the Colenbrander chart showed high agreement between the two testing sessions for MRS, CPS and
LogRAD/LogMAR ratio, but not for RA; (b) Bland-Altman plots for reading performance metrics in the
Radner chart showed high agreements in all reading performance metrics except for CPS where the
agreement was low ; (c) Bland-Altman plots for the MNread chart showed a low agreement for CPS,
but high agreement for RA, MRS and logRAD/logMAR ratio (n = 26).

5.1.1.3 Repeatability of Bailey-Lovie unrelated words reading chart
The MRS (r = 0.499) and CPS (r = 0.461) measurements showed weak to moderate
correlation between the testing sessions, but no statistically significant differences were found
and the Bland-Altman agreements were high. Interestingly, the mean values of the CPS
measurements in the two testing sessions were exactly the same and equal to 0.0477
logMAR. Strong correlations and agreements were found for measuring RA (r = 0.719) and
logRAD/logMAR ratio (r = 0.840) without significant differences (Fig 5.2).
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Figure 5.2: Test-retest reliability Bailey-Lovie words chart in cataract subjects: Bland-Altman plots of
the differences between the two testing sessions (first minus second) for RA, MRS, CPS and
LogRAD/LogMAR ratio. High agreements were found for all reading performance metrics.

5.1.1.4 Repeatability of Times New Roman chart (Ciba Vision reading card)
Again, as shown in the previous chapters with young and older age participants, the standard
error of the difference for measuring the reading acuity with TNR chart was zero. Therefore,
the correlation between the two testing sessions cannot be computed in people with cataract.
Regarding the CPS, low Bland-Altman agreement was found. Weak correlation (r = 0.587)
and agreement was found for measuring the MRS with statistically significant differences
between the two sessions p <0.05.

5.1.1.5 Repeatability of International Reading Speed test (IReST)
The average reading speed measurement for the three paragraphs selected (text number six,
seven and eight) showed a good correlation between the two testing sessions (r = 0.795).
Bland-Altman evaluated a high agreement in the repeatability of average reading speed
measurements (Fig. 5.3). No statistically significant difference was found between the
repeated measurements. Table 5.3 summarises the repeatability results of the reading
performance metrics for the six reading charts in subjects with cataract.
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Figure 5.3: Test-retest reliability of the IReST chart in subjects with cataract: Bland-Altman plots of the
differences between the two testing sessions (first minus second) for average reading speed showing
a good agreement.

The coefficients of repeatability for the reading performance metrics in different reading charts
are presented in Table 5.2. For MRS, Colenbrander, TNR and IReST yield more CR (less
repeatable) than the other charts. MNread reading chart resulted in the lowest CR for
measuring the MRS (most repeatable). TNR provided the least repeatable chart to calculate
CPS in this group of patients with cataract.

Table 5.2: The coefficient of repeatability for the reading performance metrics between two testing
sessions using different reading charts subjects with cataract

(CR)
Colenbrander

(CR)
Radner

(CR)
MNread

(CR)
BaileyLovie

(CR)
TNR

(CR) IReST

0.16

0.20

0.18

0.20

-

-

44

30

20

28

38

42

CPS (logMAR)

0.24

0.24

0.30

0.36

-

-

logRAD/logMAR
ratio (%)

18.4

17.6

21.1

22.1

-

-

Reading
metrics

RA (logRAD)
MRS (wpm)
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Table 5.3: Summary of the repeatability results of the reading performance metrics for the six reading
charts in subjects with cataract
Reading chart

Reading
performance
metrics

Correlation
coefficient (r
value)

Differences in
measurements
(t test) p value

BlandAltman
agreement

RA (logRAD)

0.790

0.814

[0.16; -0.10]

MRS (wpm)

0.703

0.846

[40; -40]

CPS (logMAR)

0.812

0.365

[0.25; -0.21]

LogRAD/LogMAR
ratio (%)

0.877

0.978

[18.0; -18.0]

RA (logRAD)

0.712

0.282

[0.21; -0.17]

MRS (wpm)

0.765

0.949

[29; -29]

CPS (logMAR)

0.694

0.876

[0.23; -0.20]

LogRAD/LogMAR
ratio (%)

0.882

0.025

[13.12; -21.0]

RA (logRAD)

0.790

0.111

[0.20; -0.14]

MRS (wpm)

0.860

0.176

[0.22; -0.16]

CPS (logMAR)

0.532

0.704

[0.20; -0.28]

LogRAD/LogMAR
ratio (%)

0.854

0.117

[17.3; -24.0]

RA (logRAD)

0.719

0.147

[0.22; -0.10]

MRS (wpm)

0.499

0.626

[28; -26]

CPS (logMAR)

0.461

1.00

[0.35; -0.35]

LogRAD/LogMAR
ratio (%)

0.840

0.173

[18.0; -24.0]

0.041

[30; -44]

Colenbrander

Radner

MNread

Bailey-Lovie

MRS (wpm)

0.587
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Times New
Roman
IReST

CPS (N notation)

0.717

0.346

[4; -6]

Average reading
speed (wpm)

0.795

0.114

[35; -47]

5.1.2 Reliability
To assess the reliability of the reading charts in cataract subjects, Cronbach’s alpha was
calculated for all the reading performance metrics in each chart at the two testing sessions.
For measuring the logRAD/logMAR ratio, Cronbach’s alpha yielded an excellent reliability in
Colenbrander, Radner, MNread and Bailey-Lovie (α > 0.9). In Colenbrander and Radner
reading charts, high reliability results were found for measuring the RA, MRS and CPS (α >
0.8). MNread chart noticeably revealed higher reliability result for measuring the MRS (α =
0.925) compared to the other charts. However, relatively weak correlation was found for
measuring the CPS (α = 0.694). In the Bailey-Lovie reading chart, high reliability result was
found for measuring the RA (α = 0.836), but not for MRS (α = 0.661) and CPS (α = 0.631). In
the TNR chart, the Cronbach’s alpha could not be computed for RA. However, good reliability
was found for measuring CPS (α = 0.835) followed by MRS (α = 0.740). In the IReST reading
chart, good Cronbach’s alpha was found for measuring the average reading speed in cataract
subjects (α = 0.886). Table 5.5 summarises the reliability results of the reading charts.

5.1.3 Comparison of the reading errors between the charts
Table 5.4: Number of reading errors per reading chart in subjects with cataract

Test
session

Colenbrander

Radner

MNread

BaileyLovie

Times
New
Roman

IReST

First
(mean±
SD)

6.15± 3.81

4.92± 4.00

2.31± 2.68

2.96± 2.42

6.08± 5.16

4.77± 4.34

Second
(mean±
SD)

5.15± 3.17

4.08± 3.21

2.15± 1.84

2.62± 2.11

4.73± 4.33

5.38± 5.81
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Table 5.5: The Cronbach’s alpha coefficient results for evaluating the reliability of the reading chart in
presbyopic subjects.
Reading
chart

Reading
performance
metrics

Cronbach’s
alpha

Reading
chart

Reading
performance
metrics

Cronbach’s
alpha

RA (logRAD)

0.836

MRS (wpm)

0.666

RA (logRAD)

0.883

MRS (wpm)

0.826

CPS (logMAR)

0.897

CPS (logMAR)

0.631

LogRAD/LogMAR
ratio (%)

0.934

LogRAD/LogMAR
ratio (%)

0.913

RA (logRAD)

0.832

MRS (wpm)

0.740

MRS (wpm)

0.867

CPS (N notation)

0.835

CPS (logMAR)

0.819

LogRAD/LogMAR
ratio (%)

0.937

Average reading
speed (wpm)

0.886

RA (logRAD)

0.883

MRS (wpm)

0.925

CPS (logMAR)

0.694

LogRAD/LogMAR
ratio (%)

0.921

BaileyLovie

Colenbrander

TNR

Radner

IReST

MNread

The data of the reading errors were not normally distributed (Shapiro-Wilks <0.05). A Wilcoxon
signed-rank test was conducted to determine the median differences in each reading chart
between the first and second sessions as well as the differences of the number of reading
errors between the charts in the first testing session. No statistically significant differences
were found in the number of reading errors in all reading test charts between the first and the
second testing sessions (p <0.05). Comparing the reading errors between the reading charts
in the first visit showed that the Bailey-Lovie word reading chart resulted in fewer reading
errors compared to all other reading charts except for the MNread chart, the differences
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between them were not statistically significant. These median differences were as follows:
between Bailey-Lovie and Colenbrander (2.84 words) p = 0.008, Bailey-Lovie and Radner
(2.42 words) p = 0.015, Bailey-Lovie and TNR (2.93 words) p = 0.003 and between BaileyLovie and IReST (2.08 words) p = 0.038. On the other hand, the Colenbrander reading chart
resulted in significantly more reading errors in cataract participants compared to MNread and
IReST and these differences were 2.84 words and 2.00 words, respectively p <0.05. No
significant differences were found in a number of reading errors between all the other reading
charts.

The coefficient of determination 𝒓𝟐
A multiple regression analysis was run to determine to what extent in percentage the types
and grades of the cataract could influence the reading performance results in each reading
chart. Table 6.6 shows that the Bailey-Lovie reading chart shows the minimal dependence on
the cataract type and grade, as the coefficient of determination was small and less than 6%.
In this analysis, small coefficient of determination 𝑟 2 means that a high percentage of the data
variance is accounted by the reading test itself. For the variable RA, MRS, CPS and
logRAD/logMAR ratio, the cataract type and grades accounted for 5.5-10.8% of the variance
in the Colenbrander reading chart, while 𝑟 2 was higher in Radner and MNread and accounted
for 2.9- 24% and 0.9- 30% of the variability, respectively (Table 5.5). The different cataract
types markedly influenced the results of the MRS in the IReST (28.6%) and TNR charts
(35.9%).

Table 5.6: The coefficient of determination 𝑟 2 in percentage: the influence of the cataract type and grade
on the variance of the reading performance metrics (a lower percentage suggests less influence from
the cataract).
Variables

Colenbrander

Radner

MNread

Bailey-Lovie

RA (logRAD)

10.8%

20.7%

23.3%

5.4%

MRS (wpm)

8.6%

10.9%

15.2%

5.2%

CPS (logMAR)

2.4%

24%

30.2%

2.4%

logRAD/logMAR

5.5%

2.9%

0.9%

0.9%

ratio
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IReST

TNR

28.6%

35.9%

5.2 Discussion

5.2.1 Repeatability and inter-chart reliability of the reading test charts for
measuring the reading performance metrics in people with cataract
The inclusion of a reading test in clinical examination of patients with cataract is necessary to
facilitate the clinical diagnoses or planning a surgical intervention. As shown in previous
chapters the reading performance of healthy individuals varies with the test type and this may
be exaggerated with ocular pathology such as cataract.
The results of the reliability and repeatability of the logRAD/logMAR ratio are more important
to considerable in cataract subjects than normally sighted subjects. This is because the
reading acuity and distance visual acuity can differ significantly in some eye diseases,
including cataract (Stifter et al., 2005c). Colenbrander, Radner, MNread and Bailey-Lovie
reading charts revealed a good test-retest and inter-chart reliability for measuring
logRAD/logMAR ratio.
IReST reading chart provides good repeatability and reliability results in patients with cataract.
However, the coefficient of repeatability for measuring the reading speed was higher than that
in the Bailey-Lovie, MNread and Radner. In addition, the Cronbach’s alpha value was less
than that found in the previous chapters with young and older participants. The most likely
cause is that the IReST reading test consists of one print size 1.0 M (newspaper-size text) and
it has been proven that the reading speed of the small text is significantly reduced by cataract.
However, when the text is enlarged enough, the reading speed of cataract patients may not
be affected and match the normal level (Elliott et al., 2000). It has been suggested that longer
text paragraphs, such as in the IReST chart, are more reliable and represent the real-life
reading performance (Trauzettel-Klosinski et al., 2012). However, for subjects with cataract, it
is important to evaluate the spot reading for daily activities, such as reading email or price
tags. Therefore, the short sentences reading test may work best in this case. These findings
corroborate the finding of the high coefficient of determination 𝑟 2 (28.6%), which indicates that
the variation of the MRS measurements in the IReST reading chart depend on the cataract
type and grades rather than the chart itself. This result matches those observed in the TNR
chart.
Reading acuity is one of the most important metrics for evaluating the reading performance in
subjects with cataract. In this study, the TNR chart resulted in unreliable results for measuring
the reading acuity. The CPS measurements in the TNR chart showed low Bland-Altman
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agreement. These results further support the idea that the TNR chart is not a good choice to
measure the reading performance. Although there is no statistically significant difference for
measuring the RA in Colenbrander reading chart, the agreement between the two visits was
low.
The results show that the MNread chart had a good repeatability for RA, MRS,
logRAD/logMAR ratio and scored highest reliability results for measuring these reading
metrics compared to the other reading charts. However, the CPS had lower reliability and
agreement between the two testing sessions. These findings are in agreement with those of
Virgili et al. (2004a) and Subramanian and Pardhan (2009). In addition to the factors that
explained the poorer repeatability of CPS results in the previous chapters, another reason is
that the CPS measures in much larger steps than the RA, (0.1 logMAR vs. 0.01 logMAR) for
the MNread chart and (0.1 logMAR vs. 0.005 logMAR) Radner chart. This outcome is contrary
to that found in the Colenbrander reading chart as the CPS showed a good repeatability and
reliability results. As previously stated that the word value in the Colenbrander chart is not as
clear as in the Radner and MNread charts, it seems possible that the same steps used to
calculate the CPS and RA (0.1 logMAR vs. 0.1 logMAR) contributed to reduce the variance
for measuring the CPS in the Colenbrander chart for this group of subjects.
The coefficient of the repeatability of the Radner reading chart in this study is in markedly
higher than that found in the study of Maaijwee et al. (2008b) which assessed the repeatability
of the Radner reading chart in Dutch languages in older subjects affected by macular disease.
Their coefficients of repeatability were 0.036 logRAD for RA, 8.2 wpm for MRS and 0.06
logMAR for CPS compared with our results of 0.20 logRAD for RA, 30 wpm for MRS and 0.24
logMAR for CPS. The difference in the repeatability of the RA might be due to including
different stages of macular diseases in their study, which may have influenced the reading
variables. Also, they performed the reading test at distance of 28cm rather than 40cm.
The Bailey-Lovie unrelated word reading chart is highly standardised and resulted in high
Bland-Altman agreements for all the reading performance metrics between the two sessions
without any statistically significant differences. Also, the Bailey-Lovie chart showed only a
minimal dependence on the subject’s type of cataract or grades on the results of the reading
performance metrics as the coefficients of determination were small. As stated earlier, the
print size should be the only parameter that affects the reading performance measurements
throughout the chart. It can, therefore, be assumed that prediction of the next word in the
reading sentence is an important element enabling high test-retest and inter-chart reliability of
the reading test. These findings have been justified for subjects with maculopathy; however,
they used unrelated word SKread test (MacKeben et al., 2015).
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5.2.2 Comparison of the reading errors between the charts
It was questioned in Chapter Four whether the presence of the eye disease contributes to
more reading errors with an unrelated word reading chart compared to the continuous text
reading charts, as found in the study of Nair et al. (2006). The results showed that the cataract
subjects made significantly fewer reading errors with the Bailey-Lovie word chart compared to
the other reading charts. This result is similar to those reported in the previous chapters with
young and older normally sighted participants. Thus, the current study does not support the
results of Nair et al. (2006) , because the serious weakness of their study was that not all the
participants were native English speakers, just 79% of them were fluent in English, and this
probably would affect the result of the reading errors made. The study presented in this
chapter and the study by Nair et al. (2006) both had used subjects with similar levels of
education, as it has been shown that the educational level had an important influence on the
reading performance results (Munch et al., 2016).

5.3 Conclusion
In the optometric practice , it is becoming necessary to use reading tests that reproducibly
measure the impact of the ocular disease, such as cataract, on the patient’s quality-of -life and
to assist practitioners with patient management . The results of this study suggest that the
Bailey-Lovie word reading chart and MNread chart provide reliable and reproducible results of
the reading performance metrics for individuals with cataract. The findings of this investigation
complement those of earlier studies (Chapter 3 and 4) for young and older normally sighted
individuals.
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Chapter 6
Comparing the Reading Metrics in Presbyopia Correction with
Constriction of the Pupil
6 Introduction
The traditional methods to help people with presbyopia are spectacles and contact lenses,
,monovision or multifocal. In addition, there are surgical corrections of the crystalline lens, the
cornea (lasers or inlays) and the sclera. Surgical approaches include intraocular lenses, laser
ablation and scleral surgery.
One of the surgical techniques that employs the use of a corneal inlay, commercially known
as Kamra (Corneal Inlay ACI7000, AcuFocus,Inc), is based on the principle of increased depth
of focus by introducing an artificial reduced diameter pupil, thus improving the near visual
acuity (Naroo and Bilkhu, 2016). Several approaches have been attempted with ophthalmic
drops that induce pupil miosis to achieve an increase in depth of focus without surgery. Such
an approach is not new and carbachol with brimonidine (Abdelkader, 2015), pilocarpine
hydrochloride (Gwon and WoldeMussie, 2002) , echothiophate (Nolan, 2001), and brimonidine
(Kesler et al., 2004) are amongst the ophthalmic drops that have been studied. The major
problem is that studies to date have tended to focus on near visual acuity outcomes (single
letter optotype) rather than reading performance outcomes. However, a standardized
measurement of the reading performance by using a valid reading chart is quite important to
allow accurately and efficiently evaluating the efficacy of presbyopic correction. The previous
chapters evaluated the reliability and repeatability of different reading charts in three groups
of subjects (young normally sighted, presbyopia and cataract). In this chapter another small
group of presbyopic people added to see to which extent using a reliable reading chart and
performing the full reading assessment would help in the clinical decision in the treatment of
presbyopia.
Pilocarpine, a parasympathomimetic, is known to induce miosis and to decrease the
intraocular pressure (Krill and Newell, 1964). Pilocarpine eye drops are commercially available
in concentrations of 1%, 2% and 4%. The advantage of using the low dosage is to minimize
any adverse effect such as headache, as it is well known from glaucoma patient experience
that pilocarpine causes a dull headache on instillation of the drop (Bartlett and Jaanus, 2007).
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The aim of this study was to perform standardized measurement of near visual ability to allow
evaluating the efficacy of using low concentration pilocarpine drops (0.5%) to create optical
miosis.

6.1 Subjects and methods
In the present study 10 presbyopic participants were recruited. The age range of subjects was
from 49 to 69 years (mean, 60.2 ± 6.5). A small sample was chosen in this pilot study to
address the effect of pilocarpine drops on reading performance metrics. Exclusion criteria
include those with ocular diseases or those who have undergone intraocular surgery, use of
medication which may influence cognitive ability and the presence of binocular vision
anomalies and reading disorder (dyslexia). Subjects with best corrected visual acuity at
distance and near of worse than 0.1 logMAR were excluded. Also, the exclusion criteria
included subjects with iritis or pupillary block glaucoma, diabetes or hypertension with clinical
evidence of retinal pathology, and those with age-related macular degeneration. Ethical
approval was obtained from Aston University Ethical Committee and all the subjects gave their
consent to participate in the study (see Appendix 4).
General health history and ocular history were recorded. Ocular surface slit lamp examinations
were performed on all participants to ensure the absence of any inflammation before
pilocarpine drop instillation. Distance visual acuity was measured monocularly for each eye
and binocularly with and without distance correction using a standardised Early Treatment
Diabetic Retinopathy Study (ETDRS) chart displayed by software CSO vision chart v2.6.0 on
an LCD screen at a distance of 4m. Near visual acuity was measured monocularly for each
eye and binocularly with and without near correction using an ETDRS near vision chart
(Precision Vision) at 40cm. Refraction was performed for all participants.
The reading test chart used in this study was the Radner reading chart. To ensure fluency in
the English language, which may affect reading performance results, all the participants were
native English speakers.
Although the MNread chart resulted in better repeatability and reliability results in presbyopic
subjects (Chapter 4), the Radner chart was chosen to avoid repetitions and memorization
during the test, as it has three different versions whilst MNread chart has only one.
The Radner reading test charts were presented on a reading stand at a distance of 40cm,
determined by using a centimetre ruler. To ensure a constant viewing distance, a headrest for
the forehead was used. The luminance from all the reading test charts was 120 cd/m².
Each reading chart was covered by a piece of paper and the participants were asked to read
the sentences as soon as the examiner removed the cover. The participants were instructed
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to read the sentences one after the other, loudly and accurately, as quickly as possible without
correcting themselves when they made any errors and without repeating the words or stopping
in-between. Reading performance metrics were measured monocularly and binocularly with
and without near correction.
All testing procedures were monitored using audio recording to measure the reading time for
each sentence and to record any reading errors. Reading performance metrics measurements
were carried out after the testing session, from the participants’ audio recordings. GoldWave
Inc (St. John’s, Newfoundland, Canada) software was used for playing the audio recordings.
Following the visits, the reading performance metrics outcomes were described as follows:
reading acuity (logRAD score), average reading speed (ARS), maximum reading speed
(MRS), and critical print size (CPS).
All the subjects then received 0.5% pilocarpine eye drop in their non-dominant eye. In this
experiment, the dominant eye was determined by the eye used for sighting when the subject
looked at a distant target through a ring hole held in both hands and with both eyes open.
A NeurOptics VIP-300 pupilometer (NeurOptics, Inc.) was used to measure pupil size before
and after instillation of pilocarpine according to the company instructions. The pupilometer is
a hand-held infrared device which uses monocular occlusion and objectively measures the
maximum pupil diameter before constriction and minimum pupil diameter at peak constriction
at different background illumination. Mean and standard deviation of the maximum and
minimum pupil diameters were calculated.
Intraocular pressure (IOP) was recorded for each eye before and after instillation of pilocarpine
using a non-contact tonometer (Reichert® 7CR Auto Tonometer). This machine uses an airpuff and shows the results of three recordings and the average for each eye. The average
value was recorded. It has been found that the non-contact tonometer provides results
comparable to those of the gold standard (Goldman Applanation Tonometer) (Yilmaz et al.,
2014).
Defocus curves were evaluated binocularly and for the non-dominant eye, ranging from
+1.50D to -5.00D with randomized lenses and letter sequences to decrease the effect of
memory (Gupta et al., 2007).
The participants were completed the Near Activity Visual Questionnaire (NAVQ) before
pilocarpine instillation to assess near vison ability with their current near correction, and after
five hours of pilocarpine instillation to assess their near vision ability with the effect of
pilocarpine only and without their habitual near correction. The participants were also asked
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to report any physiological or ocular reactions that they experienced after pilocarpine
instillation (see Appendix 5).
One hour after pilocarpine instillation the participants returned. Their near and distance visual
acuities, reading performance metrics, pupil size, IOP, defocus curve and NAVQ
questionnaire were evaluated before and after pilocarpine instillation, at the same room
illumination.

6.1.1 Statistical analysis
The data were normally distributed as assessed by Shapiro-Wilk’s test (p > 0.05). A paired
samples t-test was used to determine whether there was a statistically significant mean
difference in the measurements before and after pilocarpine instillation. The cut-off level for
statistical significance was p<0.05. The statistical analysis was performed using Statistical
Package for Social Sciences (SPSS) version 23.

6.2 Results
Presbyopic subjects (one male and nine females) with an age range of 49 to 69 years (mean,
60.2 ± 6.5) were recruited in this study. There were four with right eye dominance and six with
left eye dominance.

6.2.1 Non-dominant eye ocular measurements (the eye received 0.5%
pilocarpine drop)
In the non-dominant eye which received 0.5% pilocarpine drops, the maximum pupil size
(before constriction) decreased significantly from 3.9 ± 0.34 mm before pilocarpine instillation
to 2.6 ± 0.42 mm at 1 hour after pilocarpine instillation (p < 0.0001). Maximum pupil diameter
had a significant decrease of 1.4 mm (95% CI, 0.99 to 1.7) mm. Also, the minimum pupil size
(peak of constriction) showed a statistically significant decrease from 2.3 ± 0.35mm to 1.9 ±
0.21 mm at 1hr after pilocarpine instillation (p < 0.001). Minimum pupil size decreased by 0.38
mm (95% CI, 0.19 to 0.57) mm.
No statistically significant differences were found in the IOP measurement in the non-dominant
eye before and after 1hr of pilocarpine instillation (p > 0.05).
The mean value of the spherical equivalent of the refractive error was (-0.21± 1.89) in the nondominant eye. This spherical equivalent was exactly the same after 1hr of instillation and no
statistically significant difference was found (p =0.36).
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Mean change in Distance Uncorrected Visual Acuity (DUCVA) and Distance Best Corrected
Visual Acuity (DBCVA) measured with ETDRS at 4 m have been compared before and after
pilocarpine instillation. Also, Near Uncorrected Visual Acuity (NUCVA) and Near Best
Corrected Visual Acuity (NBCVA) measured with 40 cm ETDRS determined whether there
was a statistically significant mean difference before and after 1 hour of pilocarpine instillation.
Statistically significant improvements were found in DUCVA (p =0.007) and NUCVA (p=
0.018). DUCVA improved significantly from 0.19 ± 0.24 logMAR before pilocarpine instillation
to 0.08 ± 0.19 logMAR after 1 hour instillation. While NUCVA improved significantly from 0.36
± 0.14 logMAR to 0.24 ± 0.11 logMAR. No statistically significant differences were found in
the best corrected visual acuities before and after pilocarpine instillation for distance or near.
No statistically significant differences or improvements were found in the reading performance
metrics (logRAD score, ARS, MRS and CPS) measured with near correction before and after
pilocarpine instillation. logRAD score measured without near correction statistically improved
from 0.4±0.14 logRAD to 0.3 ± 0.11 logRAD at 1 hour of pilocarpine instillation(p = 0.021).
Although the logRAD score measurements without near correction significantly improved after
instillation, this improvement was less than one line on the chart, which may be clinically
insignificant. The other reading performance metrics measured without near correction (ARS,
MRS, and CPS) were not statistically significantly improved after pilocarpine instillation. Table
6.1 summarizes the mean change in the reading performance metrics measurements in the
non-dominant eye.
Table 6.1: Mean change in reading performance metrics measurements in the non-dominant eye before
and after one hour of pilocarpine instillation
Reading performance
metrics

Mean before
pilocarpine instillation

Mean after 1 hour of
pilocarpine instillation

t-test (p- value)

logRAD score

0.4

0.3

0.021

ARS (wpm)

144

138

0.279

MRS (wpm)

174

174

0.952

CPS (logMAR)

0.6

0.5

0.061

logRAD sore

0.01

-0.01

0.364

ARS (wpm)

165

161

0.454

MRS (wpm)

181

176

0.354

CPS (logMAR)

0.2

0.2

0.591

Without near
correction

With near correction

144

Figure 6.1 shows the mean monocular defocus curve difference before and after pilocarpine
instillation. The monocular defocus curve showed a significant improvement in visual acuities
at the vengeance corresponding to the very far distance vision (+1.50D, +1.00D, +0.5D; P <
0.05) and for the very near distance vision (lens power from -3.50D to -5.00D; p < 0.05). No
statistically significant differences were found for the distance, intermediate and near vision
(lens power from 0D to -3.00 D; P > 0.05).
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Figure 6.1: Mean monocular defocus curve before and after pilocarpine instillation

Pupil size returned to normal after 8 hours instillation there was no statistical difference
between pupil size before pilocarpine instillation and after 8 hours instillation.

6.2.2 Binocular measurements
Binocular visual acuities and reading performance were performed to assess the improvement
in vision ability before and after 1 hour of pilocarpine instillation. No statistically significant
differences were found in the BDUVA (p =1.77). A very slight improvement in the binocular
distance DBCVA -0.1±0.08 logMAR before pilocarpine instillation to -0.14±0.05 logMAR at 1
hour of instillation (p= 0.03). However, this improvement was very small, at 0.04 logMAR.
Although, for the binocular uncorrected near visual acuity no statistical differences was found
(p=0.056), the difference in the mean was around 0.1 logMAR which represents one line of
improvement (mean difference, 0.09 ± 0.12). No statistical difference in the binocular near
best corrected visual acuity before and after pilocarpine instillation (p =0.11).
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Table 6.2 shows the mean change in reading performance metrics measured binocularly with
and without near correction before and after 1 hour of pilocarpine instillation. The results
showed no effect of pilocarpine drop on reading performance metrics measured binocularly
with and without near correction.

Table 6.2: Mean change in reading performance metrics measured binocularly in the eye before and
after one hour of pilocarpine instillation
Reading performance
metrics

Mean before
pilocarpine instillation

Mean after 1 hour of
pilocarpine instillation

t-test (p- value)

logRAD score

0.42

0.25

0.780

ARS (wpm)

159

156

0.625

MRS (wpm)

181

186

0.452

CPS (logMAR)

0.56

0.48

0.053

logRAD sore

-0.05

-0.02

0.083

ARS (wpm)

165

168

0.977

MRS (wpm)

182

184

0.704

CPS (logMAR)

0.2

0.2

1.00

Without near
correction

With near correction

Figure 6.2 shows the mean binocular defocus curve difference before and after pilocarpine
instillation. No statistically significant differences were found in visual acuity in all lens powers
from +1.5D to -5.0 D after pilocarpine drop instillation (p >0.05).
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Figure 6.2: Mean binocular defocus curve before and after pilocarpine instillation

The participants’ subjective perception of their near vision ability was determined by
administering the Near Activity Visual Questionnaire (NAVQ) which was scaled to the Rach
score (100 = extreme difficulty, 0 = no difficulty). The mean subjective perception of the
participants with their habitual near correction before pilocarpine drop instillation was 27.55 ±
10.79 log-odd units. However, the participants’ satisfaction about their near vision ability after
5 hours of pilocarpine instillation was slightly worse (32 ± 27.43 log-odd units). This differences
in NAVQ scores before and after pilocarpine instillation were not statistically significant (p =
0.570).

6.3 Discussion
This study assessed the efficacy of low concentration pilocarpine drops for the improvement
of near vision in presbyopia by comparing the reading performance metrics in addition to the
visual acuities before and after 1 hour of instillation using standardized type of reading chart
(Radner). The treatment of only one eye using the low dosage of pilocarpine has several
advantages; reduced symptoms of headache and, no ocular complications were observed in
any subjects during or after the examination and it does not blur the distance vision.
Regarding the amount of pupil size reduction, 0.5% pilocarpine reduced the pupil size
statistically significant from 3.9 ± 0.34mm before pilocarpine instillation to 2.6 ± 0.42mm at 1
hour after pilocarpine instillation. Comparing to other methods of presbyopia correction that
used the same principle of small pupil size, 0.5% pilocarpine reduced the pupil size to a lesser
extent. Intracorneal inlay and pinhole contact lens resulted in reduced the pupil size to 1.6mm
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(Yilmaz et al., 2008, García-Lázaro et al., 2012). Also, 4% pilocarpine reduced pupil size to
1.8mm (Zaczek and Zetterström, 1998). It has been suggested that 1.6mm pupil size provides
good depth of field and decreases the effect of diffraction on the visual acuity (Yilmaz et al.,
2008). This is because reducing the pupil size will also influence the amount of light
transmitted to the eye.
Defocus curve test is an effective way to assess the clear range of vision (Gupta et al., 2009a).
In the non-dominant eye, the mean visual acuity measurement as a function of defocus curve
showed significantly better visual acuities after pilocarpine instillation for very far distances
between 200cm to 67cm and for very near distances between 33cm to 20cm. No improvement
was found in the near and intermediate distances. For binocular vision, no improvement was
found in all distances. Therefore, pilocarpine does not seem to improve the functional
intermediate vision. Intermediate vision can be demanded in presbyopic people because of
current lifestyles, for example using a computer. Therefore, any presbyopia solution should
provide a wide range of vision.
In the present study, binocular DBVA and the monocular DUVA were improved, which gives
an advantage of pilocarpine drops to maintain good distance visual acuities. After pilocarpine
instillation, binocular and monocular uncorrected near visual acuities results measured with
ETDRS showed an improvement for about one line. However, the near VA disagreed with
reading acuity and cannot predict the reading performance in presbyopic subjects. The full
reading assessment was performed using the Radner reading chart. The findings provide
further support and showed that, despite the improvement of the near VA, the reading
performance metrics (RA, MRS and CPS) showed no statistically significant differences after
pilocarpine drops administration. The importance of using a standardized reading chart can
be further explained by the NAVQ results as the subjects’ satisfaction about reading different
material was worse despite the improvement in the near VA.
A number of studies, such as Nolan (2001), Gwon and WoldeMussie (2002), Kesler et al.
(2004) and Abdelkader (2015), which evaluated the effect of the ophthalmic drops to treat
presbyopia used the near ETDRS chart or Jaeger chart to assess the near vision and failed
to assess the reading ability. The Jaeger chart has been criticized for the lack of consistency
and failure to follow the meaningful size progression (Rubin, 2013).
There are possible limitations of this study, including the small sample size and the study
would be better performed over a longer follow-up to properly address the effect.
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6.4 Conclusion
Improving depth of focus by reducing pupil diameter using 0.5% pilocarpine in the nondominant eye showed an improvement in near vision acuity measured with EDRS chart
(isolated letters) in presbyopic subjects while keeping good distance visual acuity. However,
an improvement of the reading performance metrics with decreasing pupil diameter was not
found. There is, therefore, a definite need for using a standardized reading test chart to
evaluate the effectiveness of presbyopia treatment and to help for accurate clinical decision.
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Chapter 7
The accuracy and the validity of the mobile app tablet-based
reading tests
7 Introduction
The increased use of personal electronic devices is creating novel ways to improve health
practices. The mobile phone technology applications, ‘apps’, in tablet-based approaches, in
particular the iPad tablet, have been evaluated as alternative to original paper-based charts
for testing the visual functions, such as visual acuity and contrast sensitivity measurements
tablet apps (Livingstone et al., 2016, Kingsnorth et al., 2016). However, only two apps are
available to measure the reading performance metrics in a way similar to traditional paperbased reading performance charts. These reading test apps are the Radner app, developed
by Kingsnorth and Wolffsohn (2015), and the MNread app, developed by (Calabrese et al.,
2014). Only one study for each app was available in the literature and was conducted by the
developers of the reading apps and never evaluated for test-retest reliability. Therefore, these
reading apps are in need of further robust independent evaluation.
With paper-based reading charts the examiner often uses a stopwatch to measure the reading
time and record the reading errors manually at the same time, and this is a time-consuming
process. In addition, the CPS is determined subjectively by the examiners by plotting the
reading performance data graphically and this could increase the variability, as it has been
shown in the previous chapters that there is presence of some noisy data around the CPS
when comparing it to other studies. Turning to automated estimation of the reading metrics
may overcome these issues and standardise the results and this becomes possible with the
use of new technology to assess reading performance.
This chapter has investigated the accuracy of the MNread and Radner tablet-based
applications with the data obtained from young normally sighted, presbyopic and cataract
participants. Firstly, this study evaluated the test-retest and inter-chart reliability of the MNread
and Radner apps. Secondly, this study compared the outcome of the reading performance
metrics between the two tablet-based applications. Finally, it compared the reading
performance of the participants on the MNread and Radner tablet-based apps with the paperbased charts of both.
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7.1 Methods
The participants performed two tablet-based reading tests (MNread and Radner) in the two
testing sessions, which were two to three weeks apart. Twenty-nine young normally sighted
participants (mean age, 20.4 ± 3.7 years), 29 presbyopic participants (mean age, 61.5 ± 8.8
years) and 26 participants affected with cataract (mean age, 73.5 ± 7.8 years) were recruited.
Exclusion criteria include subjects for whom English is not their first language, those with
ocular diseases other than the cataract in cataract group of subjects, educational level less
than A-level, use of medication that may influence the cognitive ability and presence of
binocular vision anomalies and reading disorder (dyslexia). All the tests were performed
monocularly with the most up-to-date near corrections, if needed. Data were collected with
informed consent and the study was conducted in accordance with the Helsinki declarations.

7.1.1 Procedure
Four charts were used for this study, Radner and MNread paper-based charts and Radner
and MNread tablet-based applications. The Radner reading speed test app was created by
Kingsnorth and Wolffsohn (2015) and licenced to Aston University EyeTech. It was created
for iPad 3 using Apple’s X-code Starkit Developer eXtension in the Objective-C programming
language.
As in the Radner paper-based chart, each sentence in the app consists of 14 words and are
arranged in a logarithmic progression. The range of the text sizes in the Radner app was from
0.9 to -0.2 logMAR, while in the Radner paper chart the range was from 1.1 to -0.2 logMAR.
Once the test started, the Radner app would present the reading sentences in 0.1 logMAR
steps once at a time (Fig.7.1). Two buttons appeared at the bottom of the screen “Read” and
“Cannot Read”. When the participant reaches the smallest text size that can be read, he/she
has to press “Cannot Read” button to end the test and after that reading acuity is recorded
simultaneously. For young and older subjects, the test was managed by themselves after
being instructed and doing one trial test before the actual test began. The self-administration
was employed to help the participant to engage and motivate during testing. On the other
hand, for the cataract group of subjects, the test was managed by the examiner to avoid any
delay in the response time. The Radner app simultaneously recorded the voice of the subject
and used the stopwatch to measure the reading time for each sentence from when the
sentence was presented until the “Read” button had been pressed.
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The developed version of the MNread app was purchased from Apple iTunes store and
implemented on the iPad 3 tablet. The app was developed by Calabrese et al. (2014) in the
University of Minnesota with retinal display, resolution 264 pixels per inch. Like the MNread
paper-based chart, the sentences are presented in three lines and arranged in a logarithmic
progression. However, the number of the sentences and the range of print sizes are reduced
in the app version (14 sentences compared to 19 sentences in the paper chart). In the MNread
app the print sizes range from 1.2 to -0.1 logMAR, while in the paper chart they range from
1.3 to -0.5 logMAR. The MNread app is available in different languages (English, French,
Greek, Italian, Portuguese, Spanish and Turkish). Since the MNread app is not suitable for
self-administration and should be conducted by the examiner, an external keyboard was
connected to the iPad via Bluetooth to manage the MNread app test by the examiner and to
avoid subject’s distraction during the test by the finger tab on the screen (Fig 7.1). Each
sentence was presented once at a time; once the sentence appeared on the screen it was
accompanied by a beep and the subjects were instructed to read the sentences as fast as
they could directly after they heard the beep . After each sentence was read, a score screen
for the reading errors was displayed to the examiner to enter the number of errors made by
using the external keyboard, see Figure 7.2. The test stopped when the participants could no
longer read any words. The MNread app then displayed the corresponding graphical plot of
the reading speed as a function of the print size. Figure 7.2 shows the testing sequence in the
MNread app.

The Radner app contains two versions of charts while the MNread app contains five versions;
different charts were used in the two testing sessions to avoid memorisation.

For both iPad apps, the screen luminance was set to 200cd/m2. The participants were
positioned at 40cm from the iPad screen or the paper chart. To ensure constant viewing
distance, a headrest for the forehead was used.
For the paper-based charts the procedure was performed as described in Chapter 3 using the
audio recording to measure the reading performance metrics. Returning briefly to the scoring
methods used to calculate the reading performance metrics in the paper-based charts, these
were as follows:
•

RA in logRAD was determined as the smallest print size that could be read, taking the
reading errors into account (0.005 logMAR for incorrectly read syllables in Radner and
0.01 for incorrectly read word in MNread)

•

CPS in logMAR was determined as the steepest decline slope on the graph of plotted
reading time in wpm per print size
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•

MRS in wpm was the average reading speed of the sentences corresponding to and
larger than CPS.

Figure 7.1: Experiments’ setting procedure of the Radner reading test app (right) and MNread reading
test app (left) (Baashen, 2020).

Figure 7.2: MNread app testing procedure. (A) preparation screen appeared before each sentence; (B)
After clicking the ‘Go’ buttons by the examiner using the wireless keyboard, the sentence presented in
the screen centre and the reading time was recorded simultaneously; (C) A score screen to enter the
number of reading errors before launching the next sentence; (D) MNread data graphical plot appeared
when the test was stopped. Image reproduced by (Calabrèse et al., 2018)
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7.1.2 Radner app reading performance metrics estimation
In the Radner app, at the end of the test, the examiner can play back and listen to the
sentences read by the subjects, tapping on the incorrectly read words to be accounted in the
calculation of the reading acuity as the smallest print size that can be read + (0.005 X syllables
of incorrectly read words). The Radner output was then simultaneously created for each
participant and contained a table that represented the reading speed in wpm for each print
size in addition to the graph which plotted the reading speed (wpm) against the print size
(logRAD), see Figure 7.3. From this output, the examiner determined manually the CPS as
the steepest decline slope and the MRS as the mean reading speed up to CPS. After tapping
on the incorrectly read words, the number of the reading errors do not appear in the final
output, but are used to calculate the reading acuity automatically.

Figure 7.3: Radner reading speed test app output (Baashen, 2020).

7.1.3 MNread app reading performance metrics estimation
The MNread app has two modes of parameter estimation, automatic and manual. However,
in this study, automatic estimation mode has been chosen for all the subjects; therefore, all
the reading performance metrics were analysed by the app software. Once the test was
complete, the MNread app created two files of output for each subject. The first file was the
image of the graphical plot of reading speed in wpm against the print size (Fig.7.4), while the
second was an Excel spreadsheet and contained the results of reading acuity, taking into
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account the number of reading errors, MRS, CPS and total number of reading errors. In
addition, a detailed information about the reading time for each sentence was presented
(Fig.7.5). The MNread app automatically measures the CPS as the print size at which the
smaller print size is read at 1.96 SD slower than the mean of the preceding larger print sizes.
The MRS is calculated as the mean reading speed of the sentences corresponding to CPS
(Calabrese et al., 2014).

Figure 7.4: The MNread app curve output.

Figure 7.5: The MNread app Excel spread sheet output.
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7.1.4 Statistical analysis
The data were not normally distributed (Shapiro-Wilks test <0.05). Hence, the Spearman’s
correlation coefficient (rs) was used to test the correlation between the two testing sessions
for the reading performance metrics (RA, MRS and CPS) in the Radner and MNread tabletbased apps. Wilcoxon rank-signed test was conducted to determine if the repeated
measurements differed significantly; the cut-off level for statistical significance was p <0.05.
In addition, the Bland-Altman analysis was used to determine the agreement between the two
sessions for each reading metric in the two apps. Similar statistical tests were used to compare
the reading outcomes between the two iPad apps and to compare the tabled-based app with
paper-based charts. Reliability of the reading apps was determined by calculating the
Cronbach’s alpha coefficient.

7.2 Results

7.2.1 Test-retest and inter-chart reliability of the Radner tablet-based app
As shown in Table 7.1, the repeated measurements of the reading acuity using Radner app
resulted in a good correlation (rs = 0.767) and agreement in the young group of subjects. In
presbyopic subjects, although the Spearman’s correlation was good (rs = 0.727) between the
repeated RA, the Bland-Altman agreement was low with 95% confidence interval CI: (-0.03;
0.10) logRAD. The repeated RA measurements showed mild correlation (rs = 0.590) in cataract
subjects and the agreement was low (Fig. 7.6a).
For the repeated MRS measurements, the Radner app resulted in good correlation and
agreement in young and presbyopic subjects. However, the correlation for prespyopic subjects
(rs = 0.870) was higher than that in young subjects (rs = 0.722). From Figure 7.6b, it can be
seen the low Bland-Altman agreement in cataract subjects with 95% confidence interval CI: (11.89; 2.35) wpm. Also, the correlation for measuring MRS was weaker in cataract subjects
(rs = 0.669) than normally sighted subjects.
For the repeated CPS measurements, the Radner app revealed good repeatability results in
the young group of subjects. Although, the CPS results was moderately correlated (rs = 0.540)
in presbyopic subjects, the Bland-Altman agreement was high (Fig. 7.6c). Very weak
correlation and poor agreement were found between the two sessions for CPS results in
cataract subjects.
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In the young group of subjects, the reliability of the Radner app yielded a good Cronbach’s
alpha for RA (α = 0.891), MRS (α = 0.881) and CPS (α = 0.799). Excellent reliability analysis
was found for MRS results (α = 0.930) in presbyopic subjects, but not for RA (α = 0.637) and
CPS (α = 0.609). In the cataract group of subjects, the reliability of the Radner app was very
poor for measuring CPS (α = 0.448) while it was higher for RA (α = 0.820) and MRS (α =
0.809).

Table 7.1: Test-retest repeatability between the two testing sessions for measuring reading
performance metrics using Radner app in three groups of subjects. (rs) Spearman’s correlation
coefficient, p-value of Wilcoxon signed-rank test and Bland-Altman agreement between first and second
visits.
RA (logRAD)

MRS (wpm)

CPS (logMAR)

rs

pvalue

Agreement

rs

p-value

Agreement

rs

pvalue

Agreement

Young

0.767

0.218

High

0.722

0.179

High

0.711

0.210

High

Presbyopic

0.727

0.428

Low

0.870

0.289

High

0.540

0.402

High

Cataract

0.590

0.390

Low

0.669

0.288

Low

0.273

0.193

Low

Subjects
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a)

b)

c)

Figure 7.6: : Bland-Altman agreements in reading performance metrics, which are (a) reading acuity,
(b) maximum reading speed and (c) critical print size between two testing sessions in Radner app in
three groups of subjects: young n=29, presbyopic n=29 and cataract n=26. Agreements were low for
all metrics in cataract subjects while high for all metrics in young subjects. There was high agreement
for MRS and CPS in presbyopic subjects, but not for RA.
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7.2.2 Test-retest and inter-chart reliability of the MNread tablet-based app
The results of the repeatability analysis for the MNread app are shown in Table 7.2. The
repeated measurements of the reading acuity showed very poor correlation (rs = 0.267) and
low Bland-Altman agreement with 95% confidence interval CI: (-0.034; 0.015) logRAD in the
young group of subjects. However, the RA repeatability results were good in presbyopic group
of subjects. In cataract subjects, although high correlation was found for RA between the two
sessions (rs = 0.851), the agreement was low with 95% confidence interval CI: (-0.019; 0.047)
logRAD (Fig. 7.7a).
MNread app showed good repeatability results (Fig.7.7b) for measuring the MRS in all groups
of subjects. The highest correlation was in the presbyopic group (rs = 0.819) followed by
cataract group of subjects (rs = 0.736) and younger subjects (rs = 0.706). The MNread app
results in very poor repeatability results for measuring CPS. The correlation between the two
visits was (rs = 0.548) in young, (rs = 0.262) in presbyopic and (rs = 0.352) in cataract subjects.
Statistically significant differences p <0.05 were found in the young and cataract group of
subjects. Figure 7.7c shows the Bland-Altman agreements for measuring CPS using MNread
app. The agreement analysis appeared to be unaffected and resulted in a good agreement of
the repeated CPS measurements in young and presbyopic subjects, but not for cataract
subjects. Turning now to the reliability results of the MNread app. In the young group of
subjects, the Cronbach’s alpha was unacceptable for measuring RA (α = 0.289) and poor for
measuring CPS (α =0.551). However, for MRS results, the reliability was good (α= 0.884). In
presbyopic and cataract subjects, the reliability were good and above 0.8 for measuring RA
and MRS. For measuring CPS reliability, the result was unacceptable in the presbyopic group
(α = 0.121) and poor in cataract subjects (α = 0.528). The number of the reading errors in the
MNread app did not differ significantly between the first and second testing sessions in all
groups of subjects p >0.05.
Table 7.2: Test-retest repeatability between the two testing sessions for measuring reading
performance metrics using MNread app in three groups of subjects. (rs) Spearman’s correlation
coefficient, p-value of Wilcoxon signed-rank test and Bland-Altman agreement between first and second
visits.
RA (logRAD)

MRS (wpm)

CPS (logMAR)

rs

pvalue

Agreement

rs

pvalue

Agreement

rs

pvalue

Agreement

Young

0.267

0.359

Low

0.706

0.569

High

0.548

0.386

High

Presbyopic

0.880

0.628

High

0.819

0.206

High

0.262

0.041

High

Cataract

0.851

0.220

Low

0.736

0.770

High

0.352

0.031

Low

Subjects
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a)

b)

C)

Figure 7.7: Bland-Altman agreements in reading performance metrics, which are (a) reading acuity, (b)
maximum reading speed and (c) critical print size between two testing sessions in MNread app in three
groups of subjects: young n=29, presbyopic n=29 and cataract n=26. Agreements were high for all
metrics in young and presbyopic subjects, but not for RA in young subjects. There were low agreements
for RA and CPS in cataract subjects, but not for MRS.
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7.2.3 Comparison between Radner app and MNread app
The comparison between the two iPad app charts was used to determine the interest
difference in the reading performance outcomes. In the young group of subjects, the RA (rs
0.422) and the MRS (rs = 0.657) results showed weak to moderate correlation between the
two apps. However, for measuring CPS, the Spearman’s correlation was good (rs = 0.760).
Wilcoxon rank-signed test found no statistically significant differences in reading metrics
between the two apps in the young participants. Figure 7.8 shows the average reading speed
for each print size using Radner app and MNread app.

In prebyopic participants, statistically significant differences were found between the two iPad
apps for measuring the RA (median difference = -0.06 logRAD, p = 0.015) and MRS (median
difference = 10 wpm, p = 0.008). As shown in Figure 7.9, the remarkable difference in the
reading speed occurs in the very large (0.9 logMAR) and very small (0.0 logMAR) print sizes.
The CPS measurement showed poor correlation (rs = 0.394) between the two apps.
In the cataract group of subjects, the results were similar to that found in presbyopic subjects.
Statistically significant differences were found for measuring RA (median difference = 0.227,
p = 0.002) and MRS (median difference = 10 wpm, p = 0.004). Also, the correlation between
the two apps was poor for measuring CPS. In the cataract subjects, the MNread app resulted
in faster reading speed compared to the Radner app (Fig. 7.10). Overall, these results indicate
that different reading outcomes are revealed when using different tablet-based apps.
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Figure 7.8: Mean reading speed at each print size for the two tablet-based reading apps in young
subjects.
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Figure 7.9: Mean reading speed at each print size for the two tablet-based reading apps in presbyopic
subjects.
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Figure 7.10: Mean reading speed at each print size for the two tablet-based reading apps in cataract
subjects.

7.2.4 Comparing the reading performance on the MNread iPad app with the
MNread paper chart
To test the validity and accuracy of the iPad apps, they were compared to the paper charts in
the all group subjects. The data of the paper-based charts were normally distributed (ShapiroWilks test p >0.05), whilst, the data of the tablet-based app were not normally distributed
(Shapiro-Wilks test p <0.05). Therefore, non-parametric analysis was used for the comparison.
The results of comparing the differences in the reading performance between the MNread app
and MNread paper chart are presented in Table 7.3. The reading acuity results were
moderately correlated in all groups of subjects. The differences between the app and the paper
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were statistically significant (p = 0.018), but small in the young and presbyopic subjects. These
differences were only two letters in reading acuity. Compared to the MNread paper chart, the
iPad app showed approximately similar RA results in the cataract subjects with high BlandAltman agreement (Fig. 7.11a)
The MRS was significantly faster in paper chart (Fig.7.12) and weakly agreed with iPad app.
The differences in MRS were (median difference = -46 wpm, 95% CI [-67, -36]) in young
subjects, (median difference = -40 wpm, 95% CI [-46, -29]) in presbyopic subjects and (median
difference = -30 wpm, 95% CI [-38, -24]) in cataract subjects. See Figure 7.11b for the MRS
Bland-Altman agreement between the two types of MNread charts.
The CPS measurements showed poor Spearman’s correlation coefficients in all subjects,
ranging from 0.494 to 0.289. Statistically significant differences were found in presbyopic
subjects and this difference was big and equal to one whole line (median difference = 0.1
logMAR, 95% CI [0.065, 0.244], p <0.001). The MNread app resulted in a larger CPS
compared to the paper chart. The Bland-Altman plots of the CPS comparison between the
MNread app and MNread paper chart are shown in Figure 7.11c.

Table 7.3: Difference between MNread app and MNread paper chart for measuring reading
performance metrics in three groups of subjects. (rs) Spearman’s correlation coefficient, p-value of
Wilcoxon signed-rank test and Bland-Altman agreement between MNread iPad app and paper chart.
RA (logRAD)

MRS (wpm)

CPS (logMAR)

rs

pvalue

Agreement

rs

p-value

Agreement

rs

pvalue

Agreement

Young

0.662

0.018

Low

0.457

0.000

Low

0.494

0.335

High

Presbyopic

0.733

0.018

High

0.688

0.000

Low

0.310

0.000

Low

Cataract

0.683

0.976

High

0.728

0.000

Low

0.289

0.217

High

Subjects
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Figure 7.11: Bland-Altman agreement of difference in reading performance metrics against the mean
comparing MNread app with MNread paper chart in three groups of subjects. (a) For RA, the
agreements were high in presbyopic and cataract subjects, but low in young subjects. (b) The MRS
agreements were low for all the subjects. (c) High agreement for CPS was found in young and cataract
subjects, but not for presbyopic subjects.
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Figure 7.12: Mean reading speed at each print size for MNread app and MNread paper charts in (a)
young subjects, (b) presbyopic subjects and (c) cataract subjects. Reading speed in the paper chart
was faster than the app.
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7.2.5 Comparing the reading performance on the Radner iPad app with the
Radner paper chart

Table 7.4: Difference between Radner app and Radner paper chart for measuring reading performance
metrics in three groups of subjects. (rs) Spearman’s correlation coefficient, p-value of Wilcoxon signedrank test and Bland-Altman agreement between Radner iPad app and paper chart.
RA (logRAD)

MRS (wpm)

CPS (logMAR)

rs

pvalue

Agreement

rs

p-value

Agreement

rs

pvalue

Agreement

Young

0.674

0.002

High

0.560

0.000

Low

0.682

0.850

High

Presbyopic

0.749

0.436

High

0.741

0.000

High

0.415

0.545

High

Cataract

0.699

0.116

High

0.716

0.000

High

0.420

0.811

High

Subjects

Table 7.4 above presents the summary statistics for comparing the reading performance
metrics between Radner iPad app and Radner paper chart in young, presbyopic and cataract
subjects. For measuring the reading acuity, high Bland-Altman agreement between the
Radner app and paper was found in presbyopic and cataract subjects, with no statistically
significant difference. Also, the Spearman’s correlation for RA was relatively high (rs = 0.749)
in prespyopic and (rs = 0.699) in cataract subjects. However, in the young group of subjects,
the difference was statistically significant (median difference = 0.095 logRAD, 95% CI [-0.08,
-0.01], p = 0.002). Although, this difference was significant, the Bland-Altman plot showed a
good agreement (Fig. 7.13a).
For measuring MRS, the Radner paper chart always resulted in a faster reading speed
compared to the iPad app in all groups of subjects p <0.05. The discrepancies of the reading
speed between the two types of Radner charts are shown in Figure 7.14. The differences in
MRS were (median difference = -22 wpm, 95% CI [-44, -21]) in young subjects, (median
difference = -37 wpm, 95% CI [-45, -30]) in presbyopic subjects and (median difference = -28
wpm, 95% CI [-39, -22]) in cataract subjects. However, the correlations and agreement were
high in presbyopic and cataract subjects, but not for the young subjects (Fig. 7.13b).
The Radner app seems to match and correlate well with the paper chart for measuring the
CPS. Although, the Spearman’s correlations were low in presbyopic and cataract subjects, rs
= 0.415 and 0.420, respectively, the medians of the CPS were exactly the same in the Radner
app and Radner paper chart. The Bland-Altman analysis resulted in high agreement in all
groups of subjects without any statistically significant differences (Fig. 7.13c).
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Figure 7.13: Bland-Altman agreement of difference in reading performance metrics against the mean
comparing Radner app with Radner paper chart in three groups of subjects. (a) For RA, the agreements
were high in all subjects. (b) The MRS agreements were low in young subjects, but high in presbyopic
and cataract subjects. (c) High agreement for CPS was found in the three groups.
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Figure 7.14: Mean reading speed at each print size for Radner app and Radner paper charts in (a)
young subjects, (b) presbyopic subjects and (c) cataract subjects. Reading speed in the paper chart
was faster than the app.
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7.3 Discussion

7.3.1 Test-retest and inter-chart reliability of the Radner and MNread tabletbased apps
Using the tablet-based reading test in clinical practice has many advantages, including:
uniform background illumination, the quality of the test cannot be degraded with time as in a
traditional paper chart, automated timing and voice detection, automated reading speed graph
plotting, standardising the methods for scoring the reading performance metrics, saves more
time and is portable.
In previous chapters, the repeatability and reliability of the Radner and MNread paper-based
charts have been investigated. The tablet-based apps contain sentences that are selected
based on the traditional paper charts. The results of this study showed that, in the young group
of subjects, the Radner app resulted in high agreement between the two testing sessions for
measuring RA, MRS and CPS. Also, the reliability analysis resulted in a good Cronbach’s
alpha range from 0.799 to 0.891. With respect to the repeatability results of the Radner paper
chart in young subjects that have been evaluated in Chapter 3, it can be suggested that the
Radner app has better repeatability results than the paper chart. With regard to the
characteristics of the MNread app in the young group, the repeatability and the reliability were
very poor for measuring the RA and CPS. This contrasts with that found in the MNread paper
chart, which resulted in a better repeatability and agreements between the two testing
sessions.
In the presbyopic subjects, although the correlation (rs = 0.727) between the two testing
sessions was good with no statistically significant difference for measuring RA using the
Radner app, the Bland-Altman agreement was low and the reliability was questionable (α =
0.637). The possible explanation for this may be related to the self-administration of the
Radner app test. Even though the participants were correctly instructed about how to run the
test, some ended the test early because they felt this was the smallest print size they could
read without making an attempt to read the next print size sentence. In such cases, it can be
thus suggested that the reading test app is better administered and controlled by the examiner
to avoid any variability in the response action or response time from the participants. In
presbyopic subjects, the Radner app has better repeatability results than that found with the
paper chart (Chapter 4). On the other hand, the MNread paper chart resulted in better
repeatability results than the MNread app. In the MNread app, the CPS measurements were
poorly correlated between the two testing sessions (rs = 0.262).
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In the cataract group of subjects, the tablet-based apps revealed low agreements and bad
repeatability results for measuring all the reading performance metrics, except for the MRS
repeatability in the MNread app which was good. The most likely cause of these results may
relate to the maximum brightness of the iPad screen, that may produce a glare effect in
cataract subjects. Therefore, the use of antiglare screen protector is recommended to avoid
any reflection on the screen and help to improve the reading performance. It should be noted
that characteristics of the MNread app in terms of repeatability and reliability were strong for
measuring the MRS only in all groups of subjects. This observation may support the future
research studies that are concerned about measuring the reading speed only using the
MNread app, which provides a more automated uniform method for calculating MRS.
To conclude this section, using the tablet-based apps to measure the reading performance
metrics in the cataract patients should be interpreted with caution. The Radner app is a valid
and repeatable test of assessing the reading performance in normally sighted individuals.

7.3.2 Comparison between Radner app and MNread app
The Radner app contains two versions with repeated sentences within the chart, while the
MNread app contains five versions without any sentence repetition and this gives the MNread
app an advantage to overcome the learning effect and avoid memorisation.
The results showed that comparing the two tablet-based apps resulted in different reading
performance outcomes. The CPS measurements were weakly correlated between the two
apps in the young and presbyopic subjects, the most likely cause being that the MNread app
provided the automated calculation of the CPS, whereas it was calculated manually in the
Radner app. In normally sighted individuals, using the graphical plot of the reading speed as
a function of the print size may be sufficient to extract the CPS visually by the examiner.
However, this can be difficult to extract for individuals with visual impairment due to the
variability of the curve information (Baskaran et al., 2019). In such cases, using the automated
rater to calculate CPS, as in the MNread app, may reduce the variability, avoid subjective
decision and unify the scoring rule method.
In addition, the results of the reading acuity and MRS showed statistically significant
differences between the Radner app and MNread app. As it has been proven in the previous
chapters (3 and 4), different reading performance outcomes are revealed when using different
paper reading charts; similarly, the use of different tablet-based reading tests resulted in
different reading outcomes. This is an important issue to consider in clinical practice or
research studies that use the reading tests to assess the outcome of the treatment for the eye
disease or to evaluate the efficacy of the presbyopia correction.
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7.3.3 Comparing the reading performance on the tablet-based apps with the
paper-based charts
The paper-based charts measured a markedly faster reading speed than the equivalent tabletbased apps, presumably because of the latency to stop the timer in the apps (timing method).
In the paper charts, audio recording was used, which started when reading the first sentence
in the chart and stopped after reading the last sentence in the whole chart. The examiner then
played the recording and broke down the reading time for each sentence. In the Radner app,
the young and presbyopic participants were administered the test and pressed the ‘Read’
button after each sentence to record the reading time; thus, the slower reading speed in the
Radner app may be due to the latency in the response time. Although, the Radner app reading
test was administered by the examiner in the cataract group of subjects, the results were the
same and the Radner app resulted in significantly slower reading speed. However, this
outcome is contrary to that of Kingsnorth and Wolffsohn (2015) who found that the reading
speed of the young subjects was faster in the Radner app compared to the paper chart. This
contradictory result of their study may be due to performing the Radner app test twice in the
same period, that could enhance the practice effect and this may lead to a faster reading
speed, especially given that the Radner app has a sentence repetition and all the participants
were young.
The Radner app and Radner paper chart showed a good matching for measuring CPS and
resulted in high Bland-Altman agreement with no statistically significant differences in all
groups of subjects. This high agreement can be explained by using the same scoring method
for calculating CPS. As mentioned earlier in the methods section, the Radner app does not
calculate the CPS automatically and rather displayed the curve of the reading speed as a
function of print size and then the examiner has to visually estimate the CPS as the steepest
decline slope. The exact scoring method was used for the paper charts. On the other hand,
the correlation of CPS results between the MNread app and the MNread paper chart was very
poor. This result is again likely to be related to the different CPS scoring method used in
MNread app as it was calculated automatically as the print size at which the smaller print size
was read, at 1.96 SD, was slower than the mean of the preceding larger print sizes. This
finding has important implications for standardising the scoring rule method for calculating the
reading performance metrics between the reading charts.
The results showed a small but significant difference in the reading acuity results between
MNread app and MNread paper chart in young and presbyopic subjects. It seems possible
that the different print size ranges contributed to this difference. In the MNread app, the print
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size ranges from 1.2 to -0.1 logMAR, while in the MNread paper chart the print size ranges
from 1.3 to -0.5 logMAR. The near visual acuities measured with near ETDRS in young and
presbyopic participants were (mean, -0.06± 0.08) logMAR and (-0.01± 0.08) logMAR,
respectively, which means that they have ability to read further than the smallest print size in
the MNread app. This also explained why there is no significant difference in reading acuity
between MNread app and paper chart in cataract subjects, as their ability to read print size
smaller than -0.1 logMAR was rare and their near visual acuity was (mean, 0.23± 0.14)
logMAR. On the other hand, high agreement was found between the Radner app and Radner
paper chart for measuring the reading acuity in all subjects and this is because the smallest
print size in both charts is the same and equal to -0.2 logMAR. It has been recommended to
change the viewing distance when using the MNread app to shorter or longer to compensate
the paper chart print size range (Calabrèse et al., 2018). Longer viewing distance is
recommended to use with normally sighted subjects to extend the range of the print size at
the smaller end while shorter viewing distance is recommended to use for the individuals with
ocular disease to get larger print sizes.
The result of comparing the tablet-based apps with the paper-based charts suggests that the
Radner app matches and correlates with the paper version better than the MNread app.

7.4 Conclusion
The results of MNread and Radner tablet-based apps are not interchangeable with a paperbased chart. The comparison between the two apps found that, generally, the Radner reading
speed test app is reliable and repeatable for measuring the reading performance metrics in
normally sighted individuals. The question raised for using the reading test app for patients
with ocular diseases such as cataract is whether this would be a fruitful area for further
improvement of the digital eye test. The Radner app has several advantages over the
traditional chart, including that it is quick to perform, has accurate timing measurement, and
uniform automated methods for estimation the reading performance and this will help to
standardise the reading assessment.
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Chapter 8
Best methods for measuring the reading performance in
clinical practice
8 Introduction
This chapter has been divided into four experiments concerned with what is the best
methodology to assess reading performance accurately and effectively, either in clinical
practice or in research studies, where measuring reading performance is critical.

8.1 The accuracy of reading speed measurement by stopwatch
versus audio recording method
Important considerations regarding comparing the reliability of reading test charts between
the studies are the patient characteristics (Radner et al., 2002) and measurement-related
factors (Lovie-Kitchin and Brown, 2000), both of which may influence the variability of the
reading performance results. The measurement-related factors that need to be described
include viewing distance, illumination level and the recording method.
If reading speed is calculated by determining the time period, the person needs to read a
specific sentence. Thus, the accuracy of the time measurement method is a critical element
for analysis of the reading speed. Bailey and Lovie (1980) found that it is possible to calculate
the reading acuity and the reading speed in one simultaneous examination using a stopwatch.
Their method has also been applied to other reading charts, such as Radner and MNread.
The majority of the studies that have evaluated reading performance used the stopwatch
method for recording the reading time of each sentence in the reading chart in one
simultaneous examination, whilst digital and audiotape recordings were used to measure the
reading speed after the test in studies such as Radner et al. (2002), Maaijwee et al. (2008),
Burggraaff et al. (2010a), Subramanian and Pardhan (2009), Maaijwee et al. (2008b), Radner
et al. (2002). Also, the reading performance metrics calculation in the previous chapters of this
thesis was performed after the test session using the audio recording method. Since the
accuracy of the reading time calculation is crucial for measuring the reading performance
metrics, this study compared the traditional stopwatch measurements with audio recording
measurement of the reading speed.
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8.2 Eye gaze position and reading speed
Reading posture may affect reading effectiveness as well as accommodation demand,
convergence, retinal image quality and comfort during reading (Scheiman and Wick, 2008).
During the reading performance test, it is worth noting how the patients actually look at the
reading chart while reading. Most practitioners evaluate reading speed by one of two methods:
either putting the chart on the reading stand in front of the patient’s eyes at the recommended
chart distances and letting the patient focus straight ahead and use their central position of
gaze while reading; or when the patient holds the reading chart in an armchair setting and
using the reading position with downgaze. In both settings, patients assume a variety of gaze
angles and head postures. Some of the basic parameters, such as eye position of gaze during
the reading, have no empirical support. Therefore, one aim of this chapter is to evaluate
reading speed in these two settings to contribute knowledge about the standardized way for
measuring the reading speed in routine clinical practice or in research studies.

8.3 Correlation of measures of vision and reading performance
Contrast sensitivity test provides useful information about visual function which may not be
detected when using the high contrast visual acuity test (Hirvelä et al., 1995). However,
measuring the full contrast sensitivity function is less common to perform in clinical practice
than in research studies because it is a time-consuming procedure (Pelli and Bex, 2013).
Therefore, in clinical setting, contrast sensitivity test is usually measured at one spatial
frequency by a printed chart such as Pelli-Robson chart or near Mars Letter Contrast
Sensitivity chart (Pelli and Robson, 1988). While printed contrast sensitivity charts are still in
use, computer-based testing is becoming more popular and allows to generate a wide range
of stimuli and maintain the good quality of the test over a long period of time. An example of
this is the liquid crystal display monitor (LCD) which is commonly used in clinical practice and
includes a computer-based contrast sensitivity test measuring at distance of 4m. The present
study evaluated the agreement between the near contrast sensitivity measured with Mars test
and distance contrast sensitivity measured with LCD system. In addition, the study determines
the ability of both tests to discriminate between normally sighted subjects and the patients with
cataract.
An understanding of how the visual examinations influence the reading performance is
important and may provide useful information about how the visual functions, such as reading,
are correlated to primary vision examination outcomes. Visual acuity is the most widely used
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test to evaluate visual function. However, some visual functions, such as night driving, mobility,
reading and ability to discriminate between targets, cannot be detected by measuring visual
acuity alone (Lott et al., 2001b). Several everyday activities depend on both visual acuity and
contrast sensitivity. However, some of the visual tasks may be related more to visual acuity,
such as tasks that need high resolution, or related more to contrast sensitivity, such as face
recognition, mobility and night driving (Alexander et al., 1988). Leat and Woodhouse (1993)
suggested that the reading performance with low vision aids is better predicted by measuring
contrast sensitivity than visual acuity. However this finding is contradicted by other studies
(Legge et al., 1992, Tejeria et al., 2002).
Reading is an important skill and practitioners need to estimate how well the patients perform
the reading task. Therefore, it is useful to know some of the routine clinical data used in
predicting the reading performance, especially when it is not practical to measure the reading
performance directly due to the length of the series of eye examination tests. Therefore, one
objective of this study was to identify which measures of vision correlate well with reading
performance metrics measurements.

8.4 Repeatability of near visual acuity measurement with different
optotypes
The gold standard for VA measurements is any chart that adheres to the Bailey-Lovie chart
design principles irrespective of testing distance or the type of optotype (Bailey and Lovie,
2013). Bailey and Lovie design principles were developed to overcome the problems arising
from Snellen charts and have certain advantages, such as the logarithmic progression from
one line to the next (Bailey and Lovie, 1976), same number of letters on each line and the
spaces between the letters and lines are proportional to the letter size. The ETDRS and BaileyLovie charts were widely used in research studies or in clinical practice. Since then, a number
of new charts have been developed based on the Bailey and Lovie chart design with different
optotypes, including Landolt C, tumbling E, letters, numbers and words. These different
optotypes use a logMAR progression of 0.10 log units, five optotypes per line and proportional
spacing with letter size. It has been addressed that the logMAR progression charts have many
advantages over Snellen and other notations (Bailey and Lovie, 1976). Despite the similarities
of the logMAR charts designs, it cannot be assumed that different optotypes will give identical
VA scores. A literature review by Williams et al. (2008) found a lack of uniformity of visual
acuity testing in published studies but they were rarely described in detail, which may make it
difficult for other researchers to duplicate the study.
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For distance VA, Landolt C optotype was adopted as standard of reference by the National
Academy of Sciences-National Research Council (NAS-NRC). The advantages of the Landolt
rings are international recognition, equal difficulty of each ring and minimum artefact produced
by rotating the ring around a fixed point (Ruamviboonsuk et al., 2003). However, very little is
known about the standard optotype preference for VA measurement at near. One purpose of
this study is to assess the near visual acuity measured with different logMAR optotypes
(Landolt C, tumbling E, letters and numbers) in terms of test-retest and inter-chart reliability.
In addition, to compare the near visual acuity measured with different logMAR optotypes
between each other and between the reading acuity measured with word reading chart
(Bailey-Lovie word reading chart).

8.5 Methods

8.5.1 The accuracy of reading speed measurement by stopwatch versus audio
recording method
Young normally sighted and presbyopic subjects were chosen to participate in this comparison
with exclusion of cataract subjects because of the expected variability in the results. Therefore,
the total number of participants was 58 subjects with age ranged from 18 to 70 years old.
All the participants read the 19 sentences in the MNread reading chart aloud, sentence by
sentence. The audio recordings were made with computer and, at the same time, the examiner
measured the reading time of each sentence manually with a digital stopwatch. The examiner
started measuring the reading time at the vocal onset (premovement of the lips) as
recommended by Radner et al. (2017). Reading errors were noted by marking the wrong word
on the MNread scoring sheet in the same clinical setting. Afterwards, GoldWave Inc (St.
John’s, Newfoundland, Canada) software was used for playing the audio recordings and
measuring the reading time and the reading errors. This programme allows the examiner to
play the recordings at slow speed and display the sound waves visually. Thus, this study
contains two measurements per reader and 116 measurements for the whole study. All the
measurements were performed by one examiner.
Statistical analysis compared the maximum reading speed (wpm), reading errors and reading
time (seconds) obtained with the stopwatch with those of the audio recording method. The
data of the reading time were normally distributed (Shapiro-Wilks >0.05) and paired sample ttest was used to analyse the significant difference between the two recording methods. As the
MRS and the reading errors data were not normally distributed (Shapiro-Wilks <0.05), a nonparametric Wilcoxon signed-rank test was, therefore, used, and two-sided p value <0.05 was
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considered to be statistically significant. To measure the agreements of the reading time and
MRS between the stopwatch and audio recording methods, Bland-Altman analysis was used.

8.5.2 Eye gaze position and reading speed
Twenty-nine young normally sighted and 26 presbyopic subjects participated in this
experiment. Three presbyopic subjects were excluded because it was not possible to adjust
the straight-ahead reading position on the reading desk due to their body height. The
Colenbrander reading chart was used to measure the reading speed. The test was performed
binocularly at 40cm. The subjects read the sentences under two different reading conditions:
1- Head downward position in armchair setting without table or desk, this condition will
be referred to as “read in armchair”
2- Straight ahead position looking at the chart on the reading stand at the desk, this
condition will be referred to as “read at disk”

In each reading condition, the subjects were asked to read the sentences aloud as fast as
they could without correcting the reading mistakes. All testing procedures were monitored with
audio recording to measure the reading time for each sentence and the reading errors. In read
at disk condition, the reading distance of 40cm was controlled using a headrest for the
forehead, while, in read in armchair condition, the reading distance was measured constantly
during the test using a centimetre ruler (Fig. 8.1).
The data of the young group of subjects were not normally distributed (Shapiro-Wilks <0.05),
therefore, Spearman correlation coefficient and Wilcoxon signed-rank test were used to
analyse the statistically significant difference in the reading speed and reading errors between
read in armchair and read at disk conditions. The data of the presbyopic group of subjects
were normally distributed and parametric tests were used; a two-sided p value <0.05 was
considered to be statistically significant.
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Figure 8.1: Measurement of the reading speed in two different reading conditions (right) read at desk
condition (left) read in armchair condition

8.5.3 Correlation of measures of vision and reading performance
Three groups of subjects were recruited in this experiment (young, presbyopic and cataract
subjects). Distance visual acuity (VA), near visual acuity, distance contrast sensitivity (CS)
and near contrast sensitivity were measured in all subjects. Measurements were done
monocularly in all groups of subjects. To determine the reading performance metrics, which
were reading acuity, maximum reading speed and critical print size, the Bailey-Lovie unrelated
word reading chart was used. This reading chart was chosen in this experiment because it
revealed a good repeatability and reliability characteristics for measuring reading performance
based on the results of the previous chapters (Chapters 3, 4 and 5).
Corrected distance visual acuity was measured using a standardised Early Treatment Diabetic
Retinopathy Study (ETDRS) chart displayed by software CSO vision chart v 2.6.0 on an LCD
screen at distance of 4m. Near visual acuity was measured using ETDRS near vision chart
(Precision Vision) at 40cm with optimal near correction.
Distance contrast sensitivity was measured using the LCD system, CSO Vision Chart (Mod
CVC02, software CSO Vision Chart v 2.6.0 CSO, Florence, Italy) with distance habitual
correction. The LCD system produced a contrast sensitivity chart following the same criteria
as the Pelli-Robson chart (Pelli and Robson, 1988). The LCD CS test contains 16 groups of
178

three Sloan letters with the same contrast. The maximum contrast is 93% and the minimum
contrast is 0.04%, decreased contrast factor is 0.15 log units. Unlike the Pelli-Robson chart,
the triplets are presented one at a time in the LCD CS test due to the limited screen size.
Distance CS test was performed at testing distance of 4m. Recently, it has been found that
the LCD CS test has a good accuracy and repeatability, but is not interchangeable to the
printed Pelli-Robson chart (Zeri et al., 2018).
Near contrast sensitivity was measured using Mars Letter Contrast Sensitivity test developed
by Mars Perceptrix Corporation in 2004 (Arditi, 2005). The test was performed with optimal
near correction, if needed. The Mars CS test is a portable chart used at the test distance of
50cm. It consists of 48 letters arranged in eight rows, each having six letters. Its maximum
contrast is 91% and the minimum contrast is 1.2%, the contrast decreased by factor of 0.04
log units. The Mars Contrast Sensitivity test showed a good agreement and similar test-retest
repeatability with the Pelli-Robson test. Several advantages result from the small size of the
Mars CS test which make it suitable for near testing and portable use (Dougherty et al., 2005).
For both contrast sensitivity tests, subjects were instructed to read the letters and encourage
to guess and observe the letters for at least 20 seconds, to allow the time for perception at
threshold (Elliott et al., 1991). Letter-by-letter scoring method was used for both near and
distance CS tests where the values of 0.05 log units and 0.04 log units were given per correct
letter for LCD CS and Mars tests, respectively.
The data in this experiment were not normally distributed (Shapiro-Wilks <0.05). The strength
of the relationship between distance CS and near CS was evaluated using Spearman
correlation coefficient. Non-parametric Wilcoxon signed-rank test was applied to evaluate the
differences in CS measurements between the two tests and the agreement was assessed by
Bland-Altman analysis in all groups of subjects. Linear regression analysis was used to
evaluate the relationship between age and distance and near CS tests. Kruskal-Wallis H test
was used to evaluate the ability of each CS test to discriminate between the three groups of
subjects.
To examine the relationship between measures of vision (distance VA, near VA, distance CS
and near CS) and reading performance metrics (RA, MRS and CPS), linear regression model
was fit to investigate the prediction and association between measures of vision and reading
performance metrics.
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8.5.4 Repeatability of near visual acuity measurement with different optotypes
For all subjects (young, presbyopic and cataract), near visual acuity was measured with
logarithmic near visual acuity chart (Precision Vision) with different optotypes. These
optotypes were: Landolt-C, Tumbling-E, numbers and letters (ETDRS). Also, the reading
acuity was measured using Bailey-Lovie word reading chart. All visual acuity and reading
acuity were performed monocularly at distance of 40cm. The charts were viewed in a
randomized order and presented under the same illumination condition. The subjects were
instructed to read the near acuity chart until no more optotype was seen correctly. Each
optotype has a value of 0.02 logMAR and single letter scoring method was used to identify the
near VA. Subjects were given around a three-minute break between measures. All subjects
were examined with best near correction, if needed. Two to three weeks later, the participants
repeated the same near visual acuity tests.
The data in this experiment were normally distributed (Shapiro-Wilks >0.05). The test-retest
repeatability was assessed using Pearson correlation coefficient and the difference of near
acuity measurement between the two testing sessions was analysed for significance by mean
of the paired t-test. To assess the agreement between the two sessions, Bland-Altman
analysis was used to calculate the limit of agreements (LoA) as ± 1.96 SD of the difference,
CI at 95%. Inter-chart reliability of the near VA charts was determined by calculating the
Cronbach’s alpha coefficient. Each near VA optotype and reading acuity was compared with
each other in pair-wise manner by calculating the Pearson correlation coefficient and paired
sample t-test was applied to evaluate the difference between the two measurements in each
pairwise. Two-sided p value <0.05 was considered to be statistically significant.

8.6 Results

8.6.1 The accuracy of reading speed measurement by stopwatch versus audio
recording method
The mean reading time measured by stopwatch (4.16 ± 8.6 seconds) was statistically
significant longer than the mean reading time measured using the audio recording (3.83 ± 0.37
seconds). This difference in the reading time was in seconds: 0.33 ± 0.38, 95% confidence
interval CI: (0.23; 0.43), p < 0.001. Of the 116 measurements, 84.48% of the stopwatch
measurements were longer than the corresponding audio recording measurements, 12.06%
of the stopwatch measurement were shorter than audio recording measurements and only
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3.44% did not differ. Bland-Altman analysis found a low agreement for measuring the reading
time of the sentences between stopwatch and audio recording methods (Fig 8.2a).
Audio recording measurement revealed significantly more reading errors than that recorded
manually using the scoring sheet (median difference = 3 words, p <0.001). This difference in
number of reading errors between the two recording methods influences the MRS
measurement because the reading speed is calculated as the number of words read correctly
divided by the reading time. The Wilcoxon signed-rank test found small but statistically
significant difference in MRS measurement (median difference = 4 wpm). The stopwatch
recording method resulted in slower reading speed compared to the audio recording.
However, the Bland-Altman agreement was high for MRS measurements (Fig 8.2b).

Figure 8.2: Stopwatch measurements compared with audio recording measurements. (a) the BlandAltman analysis plot showed a low agreement between these two recording methods for measuring the
MNread sentences reading time in seconds; (b) the agreement was high for measuring MRS (wpm).

8.6.2 Eye gaze position and reading speed
The results showed a strong correlation in the reading speed measurements between reading
in an armchair and reading at a desk in young (rs = 0.865) and in older subjects (r = 0.892).
Also, no statistically significant differences were found in the reading speed results between
the two reading conditions in both groups p >0.05.
The number of reading errors appeared to be unaffected by reading the sentences in different
positions as no significant differences were found. Overall, read in armchair or read at desk
conditions did not affect the reading performance results.
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8.6.3 Correlation of measures of vision and reading performance
Table 8.1 compares the difference between distance CS measured with LCD test at 4m and
near CS measured with Mars chart at 50cm. The Spearman correlation between the two tests
revealed weak correlation in the young group of subjects (rs = 0.324), moderate correlation in
presbyopic subjects (rs = 0.508) and better correlation found in cataract subjects (rs = 0.723).
In young and presbyopic subjects, near CS measurements were significantly lower than the
distance CS test. The median differences in young and presbyopic subjects were 0.15 log
units and 0.08 log units, respectively (Wilcoxon paired test p <0.05). The Bland-Altman
analysis showed a low agreement between the distance and near CS tests in all groups of
subjects (Fig. 8.3).
Linear regression analysis showed that there was a significant reduction in CS measurement
with age in both distance [R² = 0.107, p = 0.007] and near [R²= 0.107, p = 0.012] CS tests.
This analysis was performed only in normally sighted young and older subjects to eliminate
the influence of variation that may be caused by the presence of cataract. Interestingly, both
CS tests showed that the age accounted for 10.7% of the variation in the measurements.
Distance CS predicted a decrease of 1.87 log units per decade with upper and lower prediction
interval 1.93 and 1.80 log units, respectively, while near CS test predicted a decrease of 1.74
log units per decade with upper and lower prediction interval 1.77 and 1.70 log units,
respectively. Kruskal-Wallis H test showed that the difference between groups was statistically
significant with both CS tests p <0.001.

Table 8.1: Difference between distance CS and near CS tests in the three groups of subjects. (rs)
Spearman’s correlation coefficient, p-value of Wilcoxon signed-rank test and Bland-Altman agreement
between two CS tests.
Subjects

rs

p value

Median difference

Agreement

95% CI

Young

0.324

<0.001

0.15

Low

(0.07, 0.15)

Presbyopic

0.723

0.002

0.08

Low

(0.03, 012)

Cataract

0.508

0.303

-0.03

Low

(-0.10, 0.02)
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Figure 8.3: Bland-Altman plots of the differences between distance CS and near CS plotted against the
mean of the two tests in three groups of subjects. The agreements between the two tests were low in
all subjects.

The 84 subjects tested showed a relatively wider range of distance VA, near VA, distance CS
and near CS in the cataract group of subjects compared to normally sighted subjects. The
maximum, minimum, mean and standard deviation values for each measure of vision in the
three groups of subjects are summarized below in Table 8.2.
Table 8.2: Measures of vision in the three groups of subjects
Young
Measures of
vision
Distance VA
(logMAR)
Near VA
(logMAR)
Distance CS
(log units)
Near CS (log
units)

Presbyope

Cataract

Mean (SD)

Range

Mean (SD)

Range

Mean (SD)

Range

-0.10 (0.08)

0.1,-0.2

-0.07 (0.08)

0.1,-0.2

0.11 (0.14)

0.34,-0.1

-0.06 (0.08)

0.08,-0.24

-0.01 (0.08)

0.14,-0.18

0.23 (0.14)

0.6,-0.04

1.84 (0.10)

1.95,1.65

1.75 (0.16)

1.95,1.35

1.55 (0.16)

1.80,1.20

1.72 (0.07)

1.80,1.48

1.67 (0.09)

1.80,1.48

1.58 (0.11)

1.80,1.36

The association and the ability of each measure of vision to predict the reading performance
metrics are shown in Table 8.3. The relations of the linear regression model only fit when the
significance of the coefficient of determination is at 0.05 level. Distance visual acuity
associated with CPS and reading acuity measurements in young subjects and not associated
with any of the reading performance metrics in presbyopic and cataract subjects. Near visual
acuity measured with ETDRS letter chart strongly associated with reading acuity measured
with Bailey-Lovie chart in young and cataract subjects, but not in presbyopic subjects, and
was responsible for 33.1% and 22.6% of the variation, respectively. Also, the near visual acuity
has ability to predict CPS in cataract subjects only. Distance contrast sensitivity associated
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with RA and CPS in young group of subjects. However, distance CS was not associated with
any of the reading performance metrics in presbyopic and cataract subjects. Near contrast
sensitivity has a strong relationship with reading acuity (was predicted as 25% of the variation)
and CPS measurements (was predicted as 11.8% of the variation) in cataract subjects. Also,
near contrast sensitivity significantly associated with RA in young subjects. None of the
measures of the vision had the ability to predict the reading speed in all groups of subjects.
Table 8.3: Associations between the measures of vision and reading performance metrics for the BaileyLovie word reading chart in young, presbyopic and cataract subjects. * linear regression model is
significant at 0.05 level
Subjects

Reading metrics

RA

Young

MRS

CPS

RA

Presbyope

MRS

CPS

RA

Cataract

MRS

CPS

Measures of
vision

Adjusted R²

Distance VA
Near VA
Distance CS
Near CS
Distance VA
Near VA
Distance CS
Near CS
Distance VA
Near VA
Distance CS
Near CS
Distance VA
Near VA
Distance CS
Near CS
Distance VA
Near VA
Distance CS
Near CS
Distance VA
Near VA
Distance CS
Near CS
Distance VA
Near VA
Distance CS
Near CS
Distance VA
Near VA
Distance CS
Near CS
Distance VA
Near VA
Distance CS
Near CS

0.286
0.331
0.133
0.083
-0.01
-0.035
0.001
-0.008
0.190
0.028
0.425
0.071
-0.007
0.040
0.028
-0.001
-0.030
-0.004
-0.035
-0.008
0.097
-0.020
-0.037
-0.032
-0.061
0.226
-0.039
0.250
-0.040
-0.032
-0.015
0.013
-0.027
0.114
-0.042
0.118
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Significance for
coefficient of
determination
0.002*
0.001*
0.029*
0.041*
0.401
0.808
0.322
0.388
0.010*
0.190
0.000*
0.087
0.378
0.153
0.192
0.333
0.661
0.883
0.834
0.383
0.066
0.504
0.926
0.727
0.444
0.008*
0.820
0.005*
0.829
0.644
0.431
0.262
0.560
0.041*
0.994
0.048*

8.6.4 Repeatability of near visual acuity measurement with different optotypes
The results of the repeatability of the near VA with different logMAR optotypes in the three
groups of subjects are summarized in Table 8.4. Landolt-C, Tumbling-E, numbers and ETDRS
revealed good Spearman correlation coefficients and high agreements without any statistical
significance between the two sessions in cataract subjects. Landolt-C showed a statistically
significant difference in young subjects and this difference was logMAR: 0.03 ± 0.05, 95%
confidence interval CI: (0.009; -0.054), p = 0.008. The repeatability results of the Landolt-C in
presbyopic subjects were poor and showed a statistically significant difference logMAR: 0.03
± 0.08, 95% CI (0.004; 0.07), p = 0.026 with moderate correlation (r = 0.570) and low
agreement between the two testing sessions. Although the correlation and agreement of
Tumbling-E optotype were high in young and presbyopic subjects, significant differences were
found. These differences in young and presbyopic subjects were logMAR: 0.02 ± 0.06, 95%
CI (0.003; 0.052), p = 0.028 and logMAR: 0.04 ± 0.06, 95% CI (0.02; 0.07), p = 0.002,
respectively. Numbers optotypes revealed a good correlation and agreement in young and
presbyopic subjects. However, a statistically significant difference between the two sessions
was found in young subjects. The repeatability results of the ETDRS showed a significant
difference in young and presbyopic subjects and these differences were logMAR: 0.05 ± 0.18,
95% CI (-0.01; 0.12) p = 0.004 and logMAR: 0.04 ± 0.06, 95% CI (0.018; 0.07) p = 0.001,
respectively. The 95% LoA of ETDRS was low in young subjects while it was high for
presbyopic subjects. Overall, the Bland-Altman agreements were high for all the optotypes in
all subjects except the Landolt-C in presbyopic subjects and the ETDRS in young subjects.
The Cronbach’s alpha was high for the four optotypes and was above 0.7, which indicates
good inter-chart reliability results.
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Table 8.4: Test-retest repeatability of the near VA with different optotypes in three groups of subjects.
T-test of the differences between the two testing sessions is significant at 0.05 level
Group

Correlation
coefficient (r
value)
0.756

Differences in
measurements
(t-test) p value
0.008

95% CI
(LoA)

95% CR

[0.14; -0.08]

0.29

Tumbling-E

0.708

0.028

[0.13; -0.09]

0.12

Numbers

0.809

0.018

[0.11; -0.07]

0.11

ETDRS

0.762

0.004

[0.18; -0.10]

0.19

Landolt-C

0.570

0.026

[0.18; -0.13]

0.17

Tumbling-E

0.757

0.002

[0.15; -0.07]

0.13

Numbers

0.722

0.826

[0.11; -0.11]

0.13

ETDRS

0.692

0.001

[0.15; -0.07]

0.14

Landolt-C

0.788

0.212

[-0.26; -0.20]

0.24

Tumbling-E

0.645

0.123

[0.22; -0.16]

0.21

Numbers

0.555

0.149

[0.31; -0.23]

0.28

ETDRS

0.780

0.276

[0.19; -0.15]

0.20

Near VA
optotypes
Landolt-C

Young

Presbyope

Cataract

Table 8.5: Measures of near visual acuity with different logMAR optotypes and reading acuity (RA)
measured with Bailey-Love reading chart in all subjects.
Group
Young
Presbyope
Cataract

Landolt-C
-0.05 ± 0.08
0.04 ± 0.07
0.34 ± 0.18

Tumbling-E
0.03 ± 0.08
0.04 ± 0.07
0.27 ± 0.13

Mean ± SD
Numbers
-0.07 ± 0.10
-0.02 ± 0.09
0.25 ± 0.15

ETDRS
-0.06 ± 0.08
-0.01 ± 0.08
0.23 ± 0.14

RA
-0.10 ± 0.10
-0.06 ± 0.09
0.18 ± 0.13

The mean ± SD of the reading acuity and near visual acuity measures with different logMAR
optotypes are presented in Table 8.5. From the data in Tables 8.6, 8.7 and 8.8 of pair-wise
comparison between near VA and reading acuity in the three groups of subjects, it can be
seen that no significant differences were found between Landolt-C and Tumbling-E in young
and presbyopic subjects. However, the difference was significant in cataract subjects. The
numbers optotypes resulted in significantly better near VA compared to Landolt-C and
Tumbling-E. On the other hand, numbers optotypes correlated well with ETDRS (letters)
without any significant differences in all groups of subjects. ETDRS always results in
significantly better near VA compared to Landolt-C and Tumbling-E. The most interesting
aspect in this analysis is the association between the reading acuity measured with the reading
chart and near VA measured with different optotypes. Interestingly, near VA measured with
Londolt-C, Tumbling-E, numbers and ETDRS poorly correlated with reading acuity. The
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results showed that the reading acuity always resulted in a better VA compared with other
optotypes in all groups of subjects. Also, the Bland-Altman plots (Fig 8.4. 8.5 and 8.6) showed
a low agreements between the near VA and reading acuity.

Table 8.6: Pearson correlation coefficients (r value) and t-test for significant differences (p value) for
each pair-wise comparison between near visual acuity optotypes in young normally sighted subjects *
the difference in near VA between two optotypes is significant at 0.05 level
Optotypes

Landolt-C

Tumbling-E

Numbers

ETDRS

-

-

-

-

-

-

r = 0.642
p = 0.011*

-

-

r = 0.637
p = 0.046*

r = 0.833
p = 0.216

-

r = 0.369
p = 0.003*

r = 0.607
p = 0.035

r = 0.604
p = 0.025*

Landolt-C

Tumbling-E

r = 0.572
p = 0.301

Numbers

r = 0.838
p = 0.022*

ETDRS

r = 0.712
p = 0.031*

RA

r = 0.411
p = 0.017*

Table 8.7: Pearson correlation coefficients (r value) and t-test for significant differences (p value) for
each pair-wise comparison between near visual acuity optotypes in presbyopic subjects * the difference
in near VA between two optotypes is significant at 0.05 level
Optotypes

Landolt-C

Tumbling-E

Numbers

ETDRS

-

-

-

-

-

-

r = 0.644
p <0.001*

-

-

r = 0.592
p <0.001*

r = 0.719
p = 0.263

-

r = 0.555
p <0.001*

r = 0.579
p = 0.011*

r = 0.530
p = 0.002*

Landolt-C

Tumbling-E

r = 0.603
p = 0.667

Numbers

r = 0.729
p <0.001*

ETDRS

r = 0.766
p <0.001*

RA

r = 0.452
p <0.001*
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Table 8.8: Pearson correlation coefficients (r value) and t-test for significant differences (p value) for
each pair-wise comparison between near visual acuity optotypes in cataract subjects * the difference in
near VA between two optotypes is significant at 0.05 level
Optotypes

Landolt-C

Tumbling-E

Numbers

ETDRS

-

-

-

-

-

-

r = 0.706
p = 0.332

-

-

r = 0.775
p= 0.022*

r = 0.812
p = 0.209

-

r = 0.508
p = 0.002*

r = 0.446
p = 0.034*

r = 0.455
p = 0.020*

Landolt-C

Tumbling-E

r = 0.872
p = 0.001*

Numbers

r = 0.709
p = 0.001*

ETDRS

r = 0.801
p <0.001*

RA

r = 0.648
p <0.001*

Figure 8.4: Comparison of near VA measured with Landolt-C, Tumbling-E, numbers and ETDRS
optotypes with reading acuity in young normally sighted subjects. Bland-Altman plots showed a low
agreements between near VA and reading acuity for all optotypes except for the number optotype, the
agreement was low.
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Figure 8.5: Comparison of near VA measured with Landolt-C, Tumbling-E, numbers and ETDRS
optotypes with reading acuity in presbyopic subjects. Bland-Altman plots showed a low agreements
between near VA and reading acuity for all optotypes except for the number optotype, the agreement
was high.

Figure 8.6: Comparison of near VA measured with Landolt-C, Tumbling-E, numbers and ETDRS
optotypes with reading acuity in cataract subjects. Bland-Altman plots showed a low agreements
between near VA and reading acuity for all optotypes.
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8.7 Discussion

8.7.1 The accuracy of reading speed measurement by stopwatch versus audio
recording method
The present study shows that the stopwatch measurements of reading time and reading speed
differ from those of an audio recording method. Although the reading time measured manually
with stopwatch is easy and can be calculated during the test, the measurement can be
influenced by the examiner’s reaction time. While recording the time at the end of the sentence
can be easily determined by the examiner, determining the onset of reading, however, more
depends on the examiner’s reaction time; thus, it could be a potential source of the variability
in the measurements. The results showed that the difference in the MRS measurements
between the two recording methods was found to be within acceptable limit as it was only four
words per minutes.
Reading test charts such as MNread, Radner and Bailey-Lovie use short sentences with a
reading time ranged from three to six seconds. It has been found that the variability of the
reading time measurements increased with shorter sentences compared to the longer text
paragraph (Brussee et al., 2015). Therefore, in a short sentence reading test such as usually
used in clinical practice or for research, it is important to control any obvious source of the
variability, such as examiner reaction time on manual stopping of the stopwatch.
The results showed that more reading errors were revealed when analysing the data afterward
using the audio recordings compared to stopwatch method. This result is not surprising,
because, when the stopwatch method is used, the examiner has to not only watch the score
sheet for possible reading errors, but also observe the reader to determine the onset of the
reading time and ensure that the reader is following the correct procedure. In addition, the
examiner also has to watch and control the stopwatch. These synchronized demands on the
examiner are possible reasons to miss some of the words read incorrectly and are likely to
increase the variability of the reading performance results.
Using a stopwatch to measure the reading time of each sentence in a reading chart in order
to calculate the reading speed is known as reliable and well-accepted method (Bailey and
Lovie, 1980, Mansfield et al., 1993, Ahn et al., 1995, Ahn and Ledge, 1995). The finding of
this study has important implications for comparing with studies that used different recording
methods to measure the reading time. For example, Subramanian and Pardhan (2009) and
Patel et al. (2011) both investigated the test-retest reliability of the MNread chart in visually
impaired subjects. The first study used the audio recording method and reported much better
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repeatability with 95% CR of 0.2 logMAR for CPS and 0.1 logRAD for RA, compared to the
second study which used the stopwatch method and reported 95% CR of 0.55 logMAR for
CPS and 0.3 logRAD for RA. The audiotape measurement in the study by Subramanian and
Pardhan (2009) might have reduced the variability and, therefore, led to higher repeatability
results. Therefore, this case supports the view that making comparison about the
characteristics of the reading charts is rather difficult. This thesis attempt to control all the
measurement-related factors that may contribute to the variability in order to evaluate the
repeatability and reliability of the reading test charts more precisely.
Using the stopwatch and the scoring sheet for reading errors at the same time may become a
source of variability in the reading performance measurement. Although digital audiotaping or
videotaping afford an attempt to overcome this problem, it is not usually feasible to use these
in clinical practice. The solution may be addressed by using a computerized reading speed
test that measures the reading time automatically, such as the Radner app discussed in the
previous chapter.

8.7.2 Eye gaze position and reading speed
This experiment is designed to examine the reading speed of young and older subjects under
different reading conditions (straight ahead and head downward) to establish and understand
the best methodology for measuring the reading performance in research studies or clinical
practices.
This experiment presents a simple picture of the clinical settings most frequently used during
the reading performance test. The results showed that the reading speed and reading error
measurements are not influenced by the two reading positions. However, in read in armchair
position, it is important to constantly control the reading distance because reading the smaller
print sizes may be accompanied by sharp downward head turn, which may lead to decrease
the viewing distance (Marumoto et al., 1998). It has been found that small change in the
reading distance may lead to different test results (Patel et al., 2008).
Since the reading performance measurements are not affected by reading positions, knowing
and examining the actual behaviour of the reader may be crucial in enhancing the reading
efficiency and reader’s comfort.
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8.7.3 Correlation of measures of vision and reading performance
The first aim of this section was to evaluate the differences and the agreements between
distance CS measured with LCD system and near CS measured with Mars Letter CS test in
the young, presbyopic and cataract subjects. LCD CS test and Mars chart have been
evaluated and compared to the standard Pelli-Robson test, but no published data have
compared the LCD CS test with the Mars chart.
The two CS tests have shown the ability to discriminate between the three groups of subjects.
Also, it was generally accepted that contrast sensitivity decreases with age. The age of the
normally sighted subjects was from 18 to 78 years and both distance and near CS tests
showed that age significantly predicts a decrease of contrast sensitivity. This confirms that
each CS test is reasonable to examine contrast sensitivity. However, significant differences
and low Bland-Altman agreements were found between the near and distance CS tests in all
groups of subjects. Near CS resulted in lower CS compared to the distance CS test. These
differences were 0.15 log units in young subjects, 0.08 log units in presbyopic subjects, while
the difference was smaller for cataract subjects at 0.03 log units. These results are in
agreement with those obtained by Haymes et al. (2006) who stated that the Mars chart
resulted in worse CS in individuals with good CS, and vice versa. It seems possible that these
results are because each letter in LCD CS corresponds to 0.05 log units, while corresponding
to 0.04 log units in the Mars CS test. Another possible explanation is the higher luminance of
the LCD monitor compared to the Mars printed chart. Thus, these results provide insight to
practitioners to be aware of using the same CS test for comparing the outcomes of the ocular
treatment.
The second objective of this section was to examine the association between distance VA,
near VA, distance CS and near CS and the reading performance metrics assessed by BailyLovei chart. An implication of this analysis is the possibility that practitioners need to estimate
the reading performance of the patient from the primary clinical data without performing the
full reading assessment.
The results showed that distance VA and distance CS tests played an important role in
prediction of RA and CPS in young participants only. However, these results are not very
encouraging because these two tests do not have the ability to predict the reading
performance metrics in presbyopic and cataract subjects, where they showed a wider range
the measurements compared to the young normally sighted subjects. This finding provides a
further support to studies that have found the distance visual acuity is a poor predictor for
reading performance (Ahn and Ledge, 1995, Stifter et al., 2005a). The results of the poor
association between distance CS and reading performance in cataract and presbyopic
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subjects need to be interpreted with caution. As the distance CS was measured with an LCD
monitor, the possibility is that the presentation of the low level of contrast may be suboptimal
due to the chart high luminance. It has been shown that the LCD monitors were less suitable
to measure the contrast sensitivity in visual psychophysical studies than cathode ray tube
displays (Strasburger et al., 2002). Another source of uncertainly is that, in contrast to the
Mars CS test, the LCD CS showed a poor agreement with standard Pelli-Robson chart
(Thayaparan et al., 2007, Zeri et al., 2018).
The prediction of the reading performance in people with poorer contrast sensitivity, such as
in cataract subjects, is more favourable. It was noteworthy that the near visual acuity and near
CS associated better with reading acuity and CPS measurements in cataract subjects.
Regression analysis showed that the near VA and near CS were responsible for 22.6% and
25%, respectively, of the variation in reading acuity, and for 11.4% and 11.8% of the variation
in CPS, respectively. The near CS test played a more important role in detection of reading
performance than distance CS tests because it was measured with Mars CS test, which has
been proven to have reliability results equal to or better than Pelli-Robson test (Dougherty et
al., 2005, Arditi, 2005, Haymes et al., 2006). In addition, there are many characteristics that
make the Mars test suitable to use in clinical practice as it is small, portable, measured at near
distances, easier to administer and illuminates equally. The finding of the strong correlation
between contrast sensitivity loss and reading performance was also reported by (Brussee et
al., 2018, Mones and Rubin, 2005) and Brussee et al. (2018), Thus, these association between
near CS and reading performance metrics (reading acuity and CPS) provide the rationale for
including a valuable CS test in clinical practice as the primary measure to assess the treatment
outcome in addition to a visual acuity test. It should be noted that none of the measures of
vision had the ability to predict the reading speed in all groups of subjects. Therefore, the
estimation of the reading speed needs a direct measure by using a reliable reading test chart.

8.7.4 Repeatability of near visual acuity measurement with different optotypes
The measurement of near visual acuity is widely used to evaluate the visual function because
of its simplicity. However, different types of optotype can be used in clinical practice. The
findings of this study provide evidence that evaluating the same subject with different near
optotypes resulted in different near visual acuity outcomes.
As was pointed out in Chapter 2, reading difficulty was one of the common reasons to visit the
optometric practice, therefore suggesting patients were more concerned about their reading
ability. It has been addressed that, during the near vision assessment, the ability to resolve
the word was more realistic and represented the patient’s daily life to a greater extent as
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opposed to than isolated near optotypes (Mansfield et al., 1993). This suggestion reflects
those of Xiong et al. (2018) who also found that reading acuity is a better predictor than letter
acuity for fluent reading and spot reading. The results showed that the reading acuity
measurements did not agree and differed significantly from Landolt-C, Tumbling-E, numbers
and ETDRS near optotypes. Reading acuity always resulted in better VA compared to other
near optotypes in all groups of subjects. This finding is contrary to previous studies which have
suggested that the word optotype resulted in a worse visual acuity compared to single-letter
optotype (Gupta et al., 2009b, Sheedy et al., 2005). However, the results of better reading
acuity compared to the isolated optotypes are consistent with those of Chung et al. (2007) and
Xu and Bradley (2015) who used the continuous-text MNread chart and associated the reason
for the better reading acuity measurements to the context benefit of the meaningful sentences.
This effect was absent in this study because the context benefit was offset by using the
unrelated word Bailey-Lovie chart. The extent of the crowding effect may explain the
relationship between reading acuity and letter acuity (Bouma, 1971).
The advantage or reading acuity over near visual acuity may depend on parafoveal-preview
benefits. The readers obtain information from parafoveal vision in some fashion, e.g., skipping
pattern when the information obtained is not only from the fixated word (foveal), but also from
the following word ‘parafoveal’ (Blanchard et al., 1989). There has been a growing interest in
which parafoveal words affect fixation time. It has been found that if the parafoveal information
is restricted, the reading performance decrease quickly (Rayner et al., 1982), giving that
advantage of reading acuity over letter acuity. Some studies confirmed that meaningful
sentences are skipped more frequently than unrelated words sentence (Rayner et al., 1996).
However, later on, it has been proven that the landing position is a little influence by contextual
constrain (Rayner et al., 2001). This is in the line of this study since the reading acuity
measured with unrelated words Bailey-Lovie chart.
The near VA measured with Landolt-C and Tumbling-E did not differ significantly in normally
sighted subjects, but showed a significant difference in subjects with cataract. Landolt-C
resulted in worse VA by approximately one whole line compared to the Tumbling-E. Grimm et
al. (1994) reported that the Tumbling ‘E’ optotype was easier to recognise than Landolt rings
optotype, as the two gaps in the letter E, in comparison to the one gap in the C optotype,
enhanced better recognition of Tumbling ‘E’.
Overall, the test-retest Spearman correlation coefficients for the near optotypes revealed a
relatively strong correlation range from 0.6 to 0.8. However, Landolt-C, Tumbling-E and
ETDRS showed a significant difference between the two testing sessions in young and
presbyopic subjects. The differences in the repeated measurement in Landolt-C and
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Tumbling-E may be due to that, when the smaller ‘C’ and ‘E’ optotypes are presented in one
line, the patient may confuse the examiner by reading backwards, not starting at the beginning
of the line or losing their place, especially in that reading C and E in different directions is not
familiar to the patient as in the case of letters or numbers. Therefore, asking the participant to
repeat the response may produce a source of errors in the repeated measurement. Although,
Landolt-C is the standard reference optotype in vision testing for use in the laboratory and
research studies, it is not recommended to use in clinical practice because it is tends to be
poor for general clinical application (NAS-NRC, 1980).
The visual characteristics of Landolt-C and Tumbling-E demanded of the person’s visual
system is to identify the directions and the shapes (resolution acuity), compared to reading
individual numbers and letters (recognition acuity). The ETDRS chart has become the most
frequently used optotype in clinical setting for recognition acuity (Iii et al., 1993). Generally,
resolution and recognition acuities are supposed to be equivalent in their ability to assess
visual acuity. However, the results showed that ETDRS and number optotypes have always
resulted in a better near VA compared to Landolt-C and Tumbling-E. In order to explain why
recognition acuity is better than resolution acuity, the properties of the optotypes should be
considered. It has been established that the use of the letters components such as curves or
diagonals facilitate the accurate identification of the letters, even if the entire letter is not clear.
Such component cues are absent in resolving the gap in E or ring, thereby explaining the
worse acuities (Wittich et al., 2006). In addition, it has been reported that the letter C which is
included in ETDRS chart is more difficult to recognize than other letters (Sheedy et al., 1984,
Iii et al., 1993).
It seems that the (number) optotype has a high standard when assessing the near visual acuity
in terms of repeatability and reliability. In number optotype, good correlation and no significant
differences were found between the two testing sessions in presbyopic and cataract subjects.
Although statistically significant difference was found in young subjects, this difference was
clinically not significant as it was very small and approximately equal to one letter difference
(0.03 logMAR). In addition, the (number) optotype VA correlates well with ETDRS in all groups
of subjects. Some of the advantages for using the number optotype are the familiarity and
minimal instruction required for the patients.
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8.8

Conclusion

The findings of this chapter have several important implications in both clinical practice and
research studies:
1. Studies on the reliability of the reading test charts need to be done under a
standardized condition. This study has identified that the reading time and the reading
errors results differ when measured with stopwatch and scoring sheet to those
measured after the test completion using the audio recordings.
2. The negative results about the effect of the different reading positions on reading
speed measurements should encourage practitioners to test the reading performance
in a more relaxed sitting for the patient while controlling the reading distance.
3. Practitioners should consider that the computer-based LCD CS test is not
interchangeable with the printed Mars Letter CS test. However, both tests have shown
a reasonable ability to examine and differentiate the CS results between normally
sighted subjects compared to subjects with cataract.
4. In a clinical setting there is a time restriction when attempting to fully assess the
individual’s reading performance. Thus, it would be useful to determine which primary
visual outcome is most relevant to reading performance. The results showed that no
single measure of vision has the ability to predict the variability of the reading
performance metrics sufficiently. However, including the Mars CS test in addition to
near visual acuity may provide a good understanding of the reading performance,
especially for people with poorer CS, such as cataract patients.
5. The difference in near visual acuity measurement between different optotypes
suggests that the redundancy of measuring near VA should not be performed with
more than one type of optotype. Number near optotype resulted in a good repeatability
results for measuring near VA in both young and older normally sighted subjects and
in subjects with cataract. The results showed that the reading acuity did not agree with
near VA measured with isolated optotype. Therefore, measuring the reading acuity in
clinical practice may have more important value and provide more accurate
assessment because it is more representative of real-word reading performance.
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Chapter 9
Conclusion
9 Introduction
The literature has many studies that have attempted to demonstrate the reliability of reading
test charts. However, there is a variability between the studies in the measurement setting,
statistical approach and the text language used. Thus, the agreement and the reliability
estimates are confounded by these sources of variation (Kottner et al., 2011).
The first experimental chapter (Chapter 2) of this thesis confirmed that reading difficulty is the
primary reason for visits to optometric practices irrespective of age or gender. Thus, if the
reading performance measurement is to continue to increase as a critical clinical outcome of
eye disease and treatment intervention, there must be agreement on which reading test should
be used. Many different unstandardized reading charts are currently used in clinical practices
among the optometrists as highlighted in Chapter 2.
An important consideration regarding which reading test chart to choose is whether it has been
tested and developed according to scientific standards. There are certain well accepted
standards for selection and comparison between tests (Rubin, 2013). These are based on
evaluation of reliability and repeatability. Reliability means (does the test measure exactly what
it is intended to measure?). While the repeatability refers to (are the results of the test
repeatable and consistent?). Evaluation of the sensitivity and specificity is also needed for a
test used for diagnostic purposes. Sensitivity of the test refers to the ability of the test to
correctly identified the patients with ocular disease whilst the specificity refers to the ability of
the test to correctly identified the people without disease.
This thesis attempts to evaluate the repeatability and reliability of different standardized
reading test charts in one study on three groups of subjects. First, in young normally sighted
subjects, because the evaluation of the reading test charts should be first calibrated among
normally sighted people to eliminate any factors that may affect the reading performance
measurements. Second, in presbyopic subjects to evaluate the reading test effectiveness in
order to examine one of the most important concerns of presbyopic sufferers. Finally, in
subjects affected by cataract to assist in understanding the properties of reading test chart
when used by people with eye diseases. This is the first study to make a direct comparison of
six different reading charts in the English language where measurement and patient related
factors that may affect the results of the reading performance metrics, are controlled. The
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following sections will illustrate how each reading chart performs in terms of test repeatability,
reliability, sensitivity and specificity with the three groups of subjects.
Before that, this thesis answered the question of whether the clinical results of the reading
performance metrics vary between different reading test charts. Correlation and agreements
analyses of the reading performance metrics confirmed that different reading performance
outcomes were obtained when using different reading test charts on the same participant. This
finding has important implications for choosing the same test chart for consecutive
examinations of the same patient or for comparison in research.

9.1 Colenbrander reading chart
The Colenbrander reading chart showed low Bland-Altman agreement between the two
testing sessions for measuring the reading acuity in the three groups of subjects. In young and
presbyopic subjects, the correlations between the two sessions were moderate to low for
measuring MRS and CPS. The coefficient of repeatability (CR) showed that the Colenbrander
reading chart was less repeatable than MNread, Radner and Bailey-Lovie chart for measuring
MRS and CPS in presbyopic and cataract subjects. However, the inter-chart reliability was
relatively good, except for CPS measurement in the young group of subjects where it was
poor (α = 0.456). Due to the short words used in the Colenbrander reading chart, it always
resulted in a faster reading speed compared to the other charts. Because the evaluation of
the reading performance in particular was based upon the RA, the poor repeatability results
in the three group of subjects is sufficient evidence to conclude that the Colenbrander reading
chart is not a good choice to evaluate the reading performance metrics.
To further assess how well the reading speed measurements in the Colenbrander chart
discriminate between presbyopic and cataract subjects, a receiver operating characteristics
(ROC) curve was plotted for sensitivity versus (1- specificity). The area under the curve was
calculated as 0.666, which indicates a poor ability of the Colenbrander reading chart to
discriminate between these two groups of subjects (Fig. 9.1).
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Figure 9.1: The ROC curve showing the ability of the Colenbrander reading speed to discriminate
between patients with cataract and presbyopic subjects. Area under the curve equal to 0.666.

9.2 Radner reading chart
In young subjects, the Radner chart revealed a low agreement with statistically significant
differences between the two testing sessions for measuring RA and MRS. Also, the
correlations were low for measuring CPS and LogRAD/LogMAR ratio. In presbyopic subjects,
the repeatability results showed statistically significant differences for measuring all the
reading performance metrics. In multiple regression analysis, the coefficient of determination
r² indicated that the cataract type and grade were responsible for 20% of the variation in the
RA results rather than print sizes of the chart. As stated earlier, the print size should be the
only parameter that affects the reading performance throughout the reading chart.
The high validity for the reading speed measurements of the reading test can be predicted by
a good correlation with that obtained for long paragraphs (Trauzettel-Klosinski et al., 2012).
The results showed that the 29 young normally sighted participants read the IReST
significantly faster than the Radner (median difference= 32 wpm, p<0.05). However, the
Radner reading speed has a fair ability to discriminate between cataract and presbyopic
subjects, as the ROC was calculated as 0.703 (Fig 9.2).
While reviewing of the literature, it was noted that the Radner reading chart is the only chart
that has been studied extensively in more than nine languages. However, when it was
compared to the other charts in this study, the findings confirmed that, although the Radner
chart is developed in highly standardized way, it is not the best choice for measuring the
reading performance metrics.
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Figure 9.2: The ROC curve showing the ability of the Radner reading speed to discriminate between
patients with cataract and presbyopic subjects. Area under the curve equal to 0.703.

9.3 The MNread reading chart
The repeatability results of the MNread chart did not show any statistically significant
differences for measuring all the reading performance metrics in the three groups of subjects
with good Bland-Altman agreements. Except for measuring logRAD/logMAR ratio in the
prebyopic group only, the repeatability and the reliability (α= 0.492) were poor. The MNread
inter-chart reliability was excellent for measuring the RA and MRS in all groups, Cronbach’s
alpha ranged from 0.883 to 0.921. The coefficient of repeatability for measuring MRS was
less than the other charts (more repeatable) in cataract subjects while it was more (less
repeatable) in presbyopic subjects. The young subjects read the long paragraphs in IReST
significantly faster than the MNread (median difference = 19 wpm, p<0.05). However, this
difference was less than that found in the Radner test.
In the MNread chart, the cataract type and grades accounted for 23.3% of the variation in RA
results and 30.2% of the variation in the CPS results. ROC curve showed a good ability of the
MNread chart to discriminate between cataract and presbyopic subjects and calculated as
0.721 (Fig 9.3). In general, the MNread chart can be used reliably to measure the reading
performance metrics.
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Figure 9.3: The ROC curve showing the ability of the MNread reading speed to discriminate between
patients with cataract and presbyopic subjects. Area under the curve equal to 0.721.

9.4 The Bailey-Lovie unrelated words reading chart
This study is the first evaluate the Bailey-Lovie unrelated words reading chart characteristics
in terms of reliability and repeatability. However, the results were very encouraging. The
agreements between the two testing sessions were high for all the reading performance
metrics without statistically significant differences in the three groups of subjects. Although, in
young subjects, the difference in RA was significant, p <0.05, it was clinically not significant
as the difference was below one line of reading acuity. The inter-chart reliability results were
high. The difference in reading speed between long paragraph IReST and Bailey-Lovie was
90 wpm slower, and this difference was bigger than that found in Colenbrander, Radner and
MNread. This is because the Bailey-Lovie reading chart consists of unrelated random words
rather than continuous text.
Interestingly, the Bailey-Lovie reading chart shows the minimal dependence on the cataract
type and grade, as the coefficient of determination was small and less than 6% for measuring
RA, MRS, CPS and LogRAD/LogMAR ratio. This indicates that the print size in the chart is
the only parameter responsible for the variation of the results. The ROC curve showed a very
good ability of the Bailey-Lovie reading speed measurements to discriminate between cataract
and presbyopic subjects and calculated as 0.750 (Fig 9.4). This value was larger than that
found in Colenbrander, Radner and MNread. Although, the Bailey-Lovie reading chart is the
oldest one compared to the other reading charts, the finding indicate that it is the best chart to
provide highly reliable and repeatable reading performance results in all groups of subjects.
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Figure 9.4: The ROC curve showing the ability of the Bailey-Lovie reading speed to discriminate
between patients with cataract and presbyopic subjects. Area under the curve equal to 0.750.

9.5 IReST reading speed test
The IReST reading speed test was an excellent choice for measuring reading speed only as
it has one print size. However, the IReST reading chart is not as versatile as the other reading
charts because it cannot measure RA, CPS or logRAD/logMAR ratio. The agreements
between the two testing sessions were high for all groups of subjects and Cronbach’s alpha
was above 0.9 in young and presbyopic subjects and equal to 0.886 in cataract subjects. The
coefficient of repeatability results showed that the IReST was less repeatable in cataract
subjects (CR= 11) than in presbyopia subjects (CR= 6). The different cataract types influenced
the results of the reading speed in the IReST (28.6%). However, it has a very good ability to
discriminate between cataract and presbyopic subjects as the ROC curve was calculated as
0.781 (Fig 9.5).
Therefore, this result suggests that the IReST is a valuable test for one specific aspect of
reading in normally sighted subjects. However, due to small print size not matching the reading
acuity level in subjects with cataract, the repeatability was reduced. In this case, it is better to
measure the reading speed using a reading chart with graduated print sizes. It has been
recommended to use visual aids in low vision subjects to compensate for the lower resolution
(Trauzettel-Klosinski et al., 2012).
Since it is not feasible to measure the average reading speed from all 10 paragraphs in IReST
during clinical examination or in research studies, this study evaluated the repeatability and
reliability of each text paragraph in the IReST. The results showed a variation between the
texts and revealed that the last five paragraphs had better repeatability results that the first
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five paragraphs. Therefore, a reliable paragraph must be chosen. This finding highlights the
importance of investigating the reliability of every single sentence or paragraph in a reading
test chart. The validity of a reading test is high when it has equally difficult sentences or
paragraphs (Brussee et al., 2015).

Figure 9.5: The ROC curve showing the ability of the IReST reading speed to discriminate between
patients with cataract and presbyopic subjects. Area under the curve equal to 0.781.

9.6 The Times New Roman chart
This is the most common type of reading chart used by optometrists based on the survey
results (Chapter 2). It showed a poor repeatability and reliability results for measuring the
reading performance metrics in the three groups of subjects. Regarding the reading acuity,
despite the variation between young, presbyopic and cataract subjects, all of them were able
to read the smallest print size, N6. In addition, the TNR reading speed measurement has a
poor ability to discriminate between cataract and presbyopic subjects, as the ROC curve was
calculated as 0.650 (Fig 9.6).
Optometrists continue to use many reading charts that have used Times New Roman style
with N-notation as a part of the near vision examination despite the fact that it is not developed
according to the recommendation of the standardized reading chart and does not use
logarithmic progression. Evaluating this type of chart in this thesis was aimed to provide an
evidence base with statistical analysis that showed this type of chart is unreliable and should
be avoided.
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Figure 9.6: The ROC curve showing the ability of the TNR reading speed to discriminate between
patients with cataract and presbyopic subjects. Area under the curve equal to 0.650

9.7 Mobile app reading test
This study investigated the reliability and repeatability of two mobile app reading performance
tests, Radner and MNread apps, and compared them with traditional paper versions. Overall,
the findings indicate that the practitioner should consider that the use of these different two
mobile apps is not interchangeable. Different reading outcomes were revealed with different
mobile app reading tests due to the variation of the way of administration of the test and the
different scoring method used. In addition, the results are not interchangeable with paperbased chart. Using the mobile app test for patients with cataract is not very encouraging since
very poor reliability and repeatability of the reading performance metrics have been found.
In normally sighted individuals, the Radner app can be reliable when used to measure the
reading performance and it was found to correlate with paper charts better than the MNread
app. An implication of the mobile app reading test is that it is ideal due to the compact size
and automated method for calculating the reading performance metrics, which may save more
time at the examination chair. However, the existing mobile app test needs to be further
calibrated and developing more digital reading tests is strongly recommended.
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9.8 Best methods for measuring the reading performance in
clinical practice
Chapter 8 attempts to provide some critical point for scientific studies or clinical practices that
lead to measure the reading performance precisely. First, the reading speed and the reading
error results differ between stopwatch recording and audio recording. The stopwatch recording
depends on the examiner’s reaction time and experience and may produce a source of
variability. Both methods are reliable and well accepted, but caution must be applied when
comparing the studies. Second, the testing conditions as described as read in armchair or
read at desk that are representative of daily practice have no influence on reading speed
results. Therefore, determining the appropriate condition based on patient reading behaviour
is recommended. Third, clinical trials in ophthalmology often have the distance visual acuity
as the main outcome measure. However, it is a poor predictor of reading performance. Advice
is given to assess the full reading performance as no single measure of vision has the ability
to predict all reading performance metrics. However, the results showed that adding the near
CS test (Mars test) to the primary clinical examination had a value in prediction of the RA and
CPS in the cataract group of subjects. Finally, uniformity of near visual acuity measures is
important, as different near optotypes resulted in different near visual acuity outcomes. The
distinction between the “isolated optotype near visual acuity” and “reading acuity” should be
adhered to more strictly as no agreement was found between them.

9.9 Standardized reading assessment in presbyopia treatment
In presbyopia research, the use of standardized reading charts that allow evaluation of reading
performance before and after presbyopia correction is fundamental. The study described in
Chapter 6 is an evaluation of the efficacy of using low concentration pilocarpine drops (0.5%)
to improve reading performance for presbyopic subjects by performing a full reading
assessment using the Radner reading chart. The results confirmed that the improvement in
the near VA measured with ETDRS does not reflect the improvement of the reading
performance metrics RA, MRS and CPS. This experiment raises the importance of the use of
such standardized reading test charts to evaluate the efficacy of ocular treatment efficiently
and accurately.

9.10 Limitations
In the studies described in this thesis the testing method was monocular. This could be
considered a limitation since in ‘real-life’ situations patients are more likely to read binocular.
However, from a method point of view the monocular testing could overcome subtle binocular
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vision problems that may confounded the results near the end of the testing session. Also, to
facilitate comparison with other studies as the majority of them used monocular testing.
Another limitation, in the design aspects of this study, although a short break of around three
minutes was taken before starting the next reading test, the single testing session was long
and could produce a source of fatigue effect. Notwithstanding these limitations, the study
certainly adds to our understanding that the reading test chart should not be randomly chosen,
the importance of use the same type of reading chart for consecutively patients and the
unrelated word Bailey-Lovie reading test provides more reliable results than continuous-text
reading charts.

9.11 Recommendations for further research work
There are three main recommendations. Firstly, reproducibility analysis (the variability in the
repeated measurements when one or more factors are changed, for example, the examiner
and the environment) of the reading test charts needs to be further assessed. However, it is
important to report the repeatability results of the repeated measurement with a single
observer under a laboratory setting to eliminate any source of the variability. This condition
may not apply in clinical practice with longitudinal follow-up of the patients with different
observers at different settings.
Secondly, the use of a standardized test for the reading performance metrics is of great value
in international studies that evaluate the clinical intervention of the diseases affecting the
reading ability. Therefore, it is recommended to investigate the reliability and repeatability of
the reading test charts in every single language under controlling measurement-related factors
that may affect the results.
Thirdly, as the primary concern of the low vision patient is the reading difficulty, direct
comparison between the reading test charts in one calibrated study needs to be further
assessed. More information on the reliability of the reading test charts would help to establish
a greater degree of the chart’s properties.
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Appendices
Appendix 1- Types of near vision charts used in optometric practice
questionnaire and consent form (Chapter 2)
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1) Initials of practitioner:
2) Type of Practice
Hospital

Please tick

Laser Clinic
Single independent
Chain (<5 stores)
Chain (5 to 30 stores)
Franchise of large
multiple
Large multiple (over 30
stores)

3) Location of your primary workplace or clinical practice
__________________________________________________________

4) When did you qualify?
Years

Months

5) On average what percentage (%) of the patients do you see each month in
the following category?
Pre-school children (under 5)
______
School age children (5-16 years)

______

Pre-presbyopic adults (16-44 years)

______

Presbyopic age 45- 60 years

______

Presbyopic over 60 years

______
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6) What is the most common reason(s) for the patient for visiting the optometry
clinic?
 Family history of ocular diseases or refractive errors
 Routine eye examination
 Pathology
 Near difficulties
 Distance difficulties
 Spectacles
 Headache
 Contact lenses
 Others _________________________________________________________________
7) What style of the distance test chart do you use?






Snellen Chart
LogMAR Chart
Landolt ‘C’ Chart
Tumbling ‘E’ Chart
Others ___________________________________________

8) What type of the reading test charts do you routinely use?
Please write full name of the chart

1.
2.
3.

9) What type of near reading test charts are available in your clinic?
Please write full name of chart

1.
2.
3.

END OF QUESTIONNAIRE
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Appendix 2 - Bland-Altman agreement plots (Chapter 3)

Figure A 2.1: Bland-Altman agreement plots of the CPS between the charts. The differences of the
mean between the charts is plotted against the mean CPS of both charts.
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Figure A 2.2: Bland-Altman agreement plots of the logRAD/LogMAR ratio between the charts. The
differences of the mean between the charts is plotted against the mean logRAD/logMAR ratio of both
charts
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Figure A 2.3: Bland-Altman agreement shows a high agreement between the two testing sessions in
IReST text No. 3, 6, 8, 9 and 10, but lower agreement found in text number 7
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Appendix 3 - Ethical approval
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Appendix 4 - Ethical approval for pilocarpine study (Chapter 6)
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Appendix 5 - Near Activity Visual Questionnaire (NAVQ)
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Appendix 6 - American Academy of Optometry poster presented in Nov
2018
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