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ABSTRACT 
 

A number of clinical techniques are available to assess the visual and 
optical performance of the eye. This report aims to review the advantages 
and limitations of techniques used in previous studies of patients 
implanted with intraocular lenses (IOLs), whose designs are ever 
increasing in optical complexity. Although useful, in-vitro measurements 
of IOL optical quality cannot account for the wide range of biological 
variation in ocular anatomy and corneal optics, which will impact on the 
visual outcome achieved. This further highlights the need for a 
standardised series of visual performance tests that can be applied to a 
wide range of IOL designs. The conclusions of this report intend to assist 
researchers in developing a comprehensive series of investigations to 
evaluate IOL performance. Repeatable and reproducible in-vivo 
assessments of visual and optical performance are desirable to further 
develop IOL concepts and designs, in the hope of improving current post-
operative visual satisfaction. 
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1. INTRODUCTION 
 
A perplexing variety of techniques is available to assess the visual and 

optical performance of the eye. This report aims to review the possible 
advantages and disadvantages of methods used in previous studies of patients 
implanted with intraocular lenses (IOLs), whose designs are increasing in 
optical complexity. Repeatable and reproducible in-vivo evaluations of visual 
and optical performance would prove useful in developing better IOL designs 
and concepts, to improve upon current levels of post-operative visual 
satisfaction. Although useful, in-vitro measurements of IOL optical quality 
cannot account for the wide range of biological variation in ocular anatomy 
(e.g. anterior chamber depth and axial length) and corneal optics, which will 
impact on the visual outcome achieved for each patient. This further highlights 
the need for a standardised series of clinical visual performance tests that can 
be applied to a wide range of different IOL types. The conclusions of this 
report intend to support the design of a comprehensive series of tests to 
evaluate IOL performance. 

 
 

2. VISUAL ACUITY 
 
Most studies concerning IOL visual performance have used logMAR-

principle letter charts, such as the Bailey-Lovie, [1] Regan letter [2] or Early 
Treatment of Diabetic Retinopathy Study (ETDRS), charts. [3] Compared to 
Snellen acuity, LogMAR letter charts offer the advantages of:  

 
• Simple numerical results facilitating statistical analyses, 
• An equal number of letters per line (reduces the risk of guessing 

correctly), and 
• A regular logarithmic progression of letter size between lines (non-

truncated). 
 
In addition to high-contrast acuity letters, logMAR letter charts are also 

available at lower levels of contrast. [4, 5] 
Key factors for measuring visual acuity (VA) include the 

illuminance/luminance of the target letters and the physical distance of the 
chart from the patient. [6] To ensure measurements are consistent for multi-
site collaborative studies, it is imperative that these factors are kept as similar 
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as possible at each site. Furthermore, other reports have demonstrated the 
importance of standardising the type of letter chart and scoring system used 
between sites to avoid measurement variations due to subtle differences 
amongst different logMAR chart designs. [7, 8] The instrument currently 
considered by the National Eye Institute (NEI) as the ‘gold standard’ for 
clinical acuity measurement is the ETDRS chart. [9, 10] The chart features 
Sloan optotypes designed to be comparable to Landolt’s broken rings in terms 
of recognition difficulty. [11] Sloan letters include the characters C, D, K, H, 
N, Z, R, S, V and O, designed using 5 x 5-sized non-serif optotypes. The 
ETDRS chart comprises 14 lines (ranging from +1.00 to -0.30 log units in 
size), each with 5 letters when used at a distance of 4 m.  

The recommended letter chart luminance for VA measurements varies 
between different countries; e.g. in the United States the recommended 
luminance is 85 cd/m2, whereas in the United Kingdom, it is 120 cd/m2 and 
300 cd/m2 in Germany. These differences between countries further highlight 
the importance of standardising measurement conditions between different 
investigational sites. Furthermore, if the letter chart luminance and room 
illumination levels become altered between repeated measurements of VA, for 
any given subject, such variations may cause alterations in the subject’s pupil 
diameter and, therefore, higher-order aberrations, perhaps impacting on the 
visual performance achieved. 

An even wider variety of reading charts is available to record near visual 
performance. [12] These include the MNRead (Minnesota Near Reading) 
acuity chart (Lighthouse Low Vision Products, NY, US); the Jaeger reading 
chart (Western Ophthalmics Corp., WA, US); the Birkhauser reading charts 
(Scalae Typographicae Birkhaeuseri, Birkhauser Verlag, Basel, Switzerland); 
the logMAR Lighthouse Near Visual Acuity Test (Lighthouse International, 
NY, US); the logMAR ETDRS near visual acuity chart (Precision Vision, IL, 
US); the Rosenbaum Nearvision card (Western Ophthalmics Corp.) and the 
logMAR Holladay contrast acuity test (Stereo Optical, IL, US). The latter four 
instruments are designed with single, uppercase optotypes only, whereas other 
charts use words and sentences with a mixture of both uppercase and 
lowercase letters. In contrast, the Practical Near Acuity Chart (PNAC) (Aston, 
Birmingham, UK) and the Bailey-Lovie near chart (Sussex Vision 
International, Sussex, UK) use words and sentences containing lowercase 
letters only. Compared to the Bailey-Lovie near chart, the PNAC uses a fixed 
number of words per line (three) enabling quick measurements of near acuity, 
particularly for patients with visual impairment. [13] Unlike for distance VA 
measurements, word optotype targets allow a more realistic assessment of near 
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visual performance compared to single letters. [14] However, word optotypes 
tend to yield poorer visual acuities compared to letter optotypes, [12, 15] 
perhaps as a result of contour interactions. [16] As with distance VA, near 
chart designs should be based on a logarithmic progression scale. The Jaeger 
near vision charts have been found to show inconsistent letter sizes for the 
same point size, [17] and coupled with their non-standard acuity level 
separation, this makes them a poor choice for evaluating near vision, despite 
the dominance of this instruments uses in previous clinical studies. Table 1 
summarises the range of vision charts available for measuring visual acuity 
and functional reading ability. 

Near logMAR letter charts are also available at low-contrast levels, with 
some authors suggesting that both high-contrast and low-contrast visual 
acuities should be measured under both photopic and mesopic lighting 
conditions in order to fully evaluate the level of visual performance achieved 
with a given IOL. [18-20] 

The use of computerised software and display screens to measure VA has 
grown in popularity; examples of devices typically used in clinical practice 
include the electronic Thomson Vision Chart (Thomson Software Solutions, 
Hertfordshire, UK), [21] the COMPlog system (Medisoft; Leeds, UK) [22] 
and the Thomson Vision Toolbox application for the Apple iPad/iPhone 
(Apple Inc. California, US). [23] These platforms offer several advantages, 
including saving space within the consulting room (several charts can be 
presented with one device), allowing more accurate control of letter chart 
luminance, rapid presentation of high- and low-contrast optotypes and rapid 
target optotype randomisation. Interactive devices such as the iPad/iPhone can 
be used to improve data recording accuracy and reduce testing times, as these 
devices allow subjects to tap on their threshold optotypes. The device’s 
computer can also be used to time the subject whilst reading and to analyse 
their data after completing the measurements.  

Both Beck et al. [24] and Laidlaw et al. [22] have demonstrated equivalent 
repeatability between high-contrast VA measurements made with electronic 
ETDRS (e-ETDRS) and printed ETDRS charts in adults. [25] Similar findings 
have also been reported in children. [26] Likewise, Shah et al. [27] have 
shown comparable repeatability between VA measurements made with 
electronic and printed Kay’s picture cards in both adults and children. 
Compared to traditional printed charts, electronic charts offer the advantage of 
improved standardisation across multiple sites. [24, 26] Originally, electronic 
test charts were presented on cathode ray tube (CRT) display screens; 
however, these devices tended to be bulky and induced unwanted flicker. 
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Liquid crystal display (LCD) screens offer some advantages as they produce 
simultaneous high-contrast and high-luminance displays; are easily wall-
mountable; are less susceptible to reflections from ambient lighting; use less 
energy and are aesthetically attractive. Some authors have reported a 
subjective preference of LCD over CRT screens for visual tasks; [28, 29] 
however, others have reported that LCD displays generate inferior low-
contrast targets compared to CRT screens. [30-32] Some reports have also 
demonstrated slower visual search/recognition [33] and visually evoked 
potential (VEP) response times [30, 34] with LCD screens compared to with 
CRT screens; although increasing the contrast ratio and refresh rate may be 
helpful to overcome these issues. [28, 29] Overall, these contradictory findings 
suggest that more research is required to determine the influence of screen 
type on factors such as visual performance, visual fatigue and reaction time. 
[35]  

 
Table 1. A summary of different vision charts available for measuring 

visual acuity and functional reading ability 
 

Test Description Outcome measure 
Snellen chart 
 
Regan charts 
 
Bailey-Lovie chart 
 
Early treatment 
diabetic retinopathy 
study (ETDRS) chart 

Single, uppercase 
optotypes to measure 
logMAR visual acuity 

High-contrast distance 
acuity 
 
(Regan, Bailey-Lovie and 
ETDRS charts are also 
available in low-contrast 
formats) 

Jaeger reading chart 
 
Birkhauser reading 
chart 

Words and sentences to 
measure near visual 
acuity (both with non-
logarithmic 
progression) 

High-contrast near acuity 
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Table 1. (Continued) 
 

Test Description Outcome measure 
Rosenbaum Nearvision 
Card 
LogMAR Lighthouse 
Near Visual Acuity 
Chart 
LogMAR Holladay 
Contrast Acuity Test 
LogMAR ETDRS Near 
Chart 

Single, uppercase 
optotypes to measure 
near visual acuity 
 
(only the Rosenbaum 
card does not use a 
logarithmic progression 
between targets) 

High-contrast near acuity 
 
(the LogMAR Holladay 
Contrast Acuity Test 
presents low-contrast 
targets) 

Bailey-Lovie Near 
Chart 

Lowercase, unrelated 
words with logarithmic 
progression 

High-contrast near acuity 
 
(Also can be used to 
measure acuity reserve in 
low-vision patients) 

Practical Near Acuity 
Chart (PNAC) 

Words and sentences 
(three words per line) to 
measure near visual 
acuity.  
All words are lowercase 
and show a logarithmic 
progression. 

High-contrast near acuity 
 
Reading speed (in words 
per minute) and fluency 
 

Zeiss Near Vision Test 
Chart 

Long text passages of 
approximately 830 
characters in length 
(with logarithmic 
progression). 
Available in four 
languages for measuring 
reading ability. 

Reading speed 
(in characters per minute) 

Minnesota Near 
Reading (MNRead) 
Chart 
 
 
Radner Reading Chart 

Words and sentences, 
(with logarithmic 
progression) to measure 
near visual acuity and 
functional reading 
ability. 

High-contrast near acuity 
 
Maximum reading speed 
(in words per minute) 
 
Critical print size 
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3. CONTRAST SENSITIVITY 
 
Like VA, contrast sensitivity describes visual performance under a limited 

set of conditions governed by factors such as the target’s luminance, the 
selected testing distance and the subject's pupil size. Oshika et al. [36] have 
also demonstrated that contrast sensitivity is significantly correlated with 
ocular coma aberrations, which tend to increase in magnitude with increasing 
pupil diameter. [37-39] Various methods of recording contrast sensitivity have 
been reported, as it is widely accepted that a measurement of VA alone does 
not fully represent the visual disability induced by cataract. [40] Classically, 
the Pelli-Robson chart was used in most early IOL studies. [41, 42] However, 
a major limitation of this instrument is that all the optotypes are of the same 
size (spatial frequency); hence this methodology only evaluates a small 
element of the complete human contrast sensitivity function. [36, 43] Other 
tests, such as the Functional Acuity Contrast Test (FACT) chart (Vision 
Sciences Research Corp.; Walnut Creek, CA, US) [44, 45] and the CSV-
1000E (Vector Vision, Greenville; OH, US) [46-48] have been selected in 
more recent investigations. Both these tests are based on the original Vistech 
Contrast Test System (Vistech Consultants Inc.; OH, US). [49] The FACT 
chart uses a forced-choice method and presents sine-wave gratings of 5 spatial 
frequencies (from 1.5 to 18 cycles/degree) at 9 different levels of contrast 
(from 0.5 % to 25 % contrast). The patient is asked to report the last grating 
they can see for each horizontal row (spatial frequency) and its orientation, as 
either right, up or left. The last correct grating seen for each spatial frequency 
is then plotted on a contrast sensitivity curve using specialised software (Eye 
View Functional Analysis Software; Vision Sciences Research Corp.). In 
addition, the FACT chart can be used to measure contrast sensitivity at two 
different controlled luminance levels: mesopic (6 cd/m2) and photopic (85 
cd/m2). The chart is currently available for use at both distance and near. 

The CSV-1000E test also uses a forced-choice methodology. The 
instrument features a series of photocells to monitor and calibrate luminance to 
85 cd/m2. At the testing distance of 2.5 metres, the chart displays sine-wave 
gratings at spatial frequencies of 3, 6, 12, and 18 cycles/degree, each on a 
separate row. Each row presents 17 circular patches (each 1.5 inches in 
diameter), the first presents a grating with high contrast for demonstration. The 
remaining patches are arranged into 8 columns along each row, decreasing in 
contrast from left to right. In each column, one grating is displayed in either 
the upper or lower patch, whereas the other patch is isoluminant (appears 
blank). Patients must identify which patch displays the grating (either top or 
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bottom of the column) whilst viewing across each row. Subjects are 
encouraged to guess if a grating is at least partially visible; however, if no 
gratings are seen the response should be ‘both blank’. The contrast level of the 
last correct response is recorded as the threshold value. As the potential to 
randomly guess the correct answer is high (one in two), measurements may 
become significantly distorted, perhaps overestimating visual performance. 
Nonetheless, the CSV-1000E device is designed with built-in glare sources 
(white LEDs) allowing contrast sensitivity measurement under glared 
conditions. [48] The Brightness Acuity Tester (BAT; model 1000, Marco 
Ophthalmic Inc. Jacksonville, FL, US) has also been used to create glare 
whilst measuring contrast sensitivity for patients implanted with multifocal 
IOLs. [50] However, this method tends to give inaccurate predictions of 
disability glare when using the device’s high-intensity setting. [51, 52] Figure 
1 displays the characteristics of various methods of assessing contrast 
sensitivity and the different parts of the contrast sensitivity function they 
encompass. 

 

 

Figure 1. The contrast sensitivity function (CSF) curve demonstrating areas of the 
CSF assessed by different test methods. 

Forced-choice contrast sensitivity tests, using sine-wave gratings, show 
poor repeatability in young healthy subjects, as well as cataract and post-
LASIK patients. [53-55] Other reports have demonstrated ‘ceiling’ effects in 
young subjects and post-LASIK eyes [54, 56] and ‘floor’ effects in patients 
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with cataract. [40, 56] This poor repeatability is likely due to the number of 
trials used; ideally, forced-choice tests should be performed with several 
repeated trials, as fewer trials typically show variable results. [57, 58] 
Additionally, forced-choice tests are prone to ‘guessing’ errors, e.g; with the 
FACT test, the subject has a one in three chance of correctly identifying the 
grating. Furthermore, forced-choice tests usually require longer testing times, 
[59] perhaps reducing the subject’s concentration levels.  

Given the aforementioned limitations, a simpler and faster method of 
assessing contrast sensitivity over a range of different distances is desirable. 
To date, most reports evaluating contrast sensitivity for patients implanted 
with IOLs have compared measurements between eyes implanted with 
multifocal and monofocal IOLs, [60-63] or have analysed the differences in 
contrast sensitivity between eyes implanted with aspheric and spherical IOLs. 
[47, 64-66] 

 
 

4. FUNCTIONAL READING ABILITY 
 
In addition to near VA, near visual performance may also be evaluated 

through functional reading ability. Several reports have proposed that 
functional reading speed [67-69] and critical print size [70-73] should be used 
to evaluate visual performance for patients implanted with presbyopia-
correcting IOLs. Particularly as it is widely accepted that patients with poorer 
near vision often require letters that are two (or more) times larger than their 
threshold acuity to achieve their maximum reading speed. [74] 

Various metrics can be evaluated while assessing functional reading 
ability including: 

 
1. Reading acuity (logMAR): the smallest print that can be read 

accurately without making significant errors. This measure is similar 
to distance VA, except that reading acuity is based on structured 
sentences rather than individual letters. 

2. Maximum Reading Speed or MRS (in either words or characters per 
minute): Reading speed is usually determined for each sentence on the 
chart as the number of words read correctly, divided by the time taken 
to read the sentence. Therefore, in theory, the MRS is the reading 
speed with print larger than the critical print size, so that the subject’s 
reading speed is not limited by the size of the print. Different 
approaches include averaging the supra-threshold reading speed 



Amit Navin Jinabhai, Graeme Young, Lee Anthony Hall et al. 10 

across multiple acuities [75, 76] and selecting the maximum reading 
speed achieved across supra-threshold acuities. [77] 

3. Critical print size or CPS (logMAR): the smallest print at which the 
subject can read without a reduction in reading speed, hence, this is 
usually larger in size than the threshold reading VA. The CPS can be 
determined by observation of a plot of reading speed (ordinate) versus 
print size (abscissa). As the print size reduces, the reading speed falls 
outside of a defined confidence interval, or below a percentage of the 
supra-threshold reading speed. [76] The CPS can also be determined 
through mathematical curve fitting (exponential decay function). [78] 

 
Whittaker and Lovie-Kitchin [79] suggested that a reading speed of at 

least 80 words per minute (wpm) is required for comfortable recreational 
reading. However, it is expected that reading speed will be unique for each 
person and is likely to be dependent on the subject’s intellectual level, 
comprehension and motivation, [80] as well as other factors aside from visual 
clarity. Therefore, the complexity of the words and sentences used in the 
chart’s design are also likely to influence reading speed. To overcome these 
issues, it has been proposed that the ideal instrument should use unrelated 
words (although this may appear to lack realism for the patient) and sentences 
of approximately equal legibility and syntactic complexity to minimise 
variability between sentences of different acuities. [14, 73, 80] Similarly, to 
account for potential differences in crowding/contour interactions, it is 
desirable to have an equal number of characters, spaces and words on each test 
line. [81] Test charts typically used to evaluate functional reading for patients 
with presbyopia-correcting IOLs include the Minnesota low-vision reading test 
(MNRead) chart (Lighthouse International, NY, US), [80] and the Radner 
chart (Precision Vision; La Salle, IL, US). [73] 

Although both the MNRead and Radner test charts have been shown to 
provide repeatable [74, 75] and reliable results, [82] there are some limitations. 
For example, both charts are designed to be used at a recommended working 
distance of 40 cm only, rather than at the subject’s own, habitual working 
distance. The charts also use short sentences with only a limited number of 
words on each line, therefore, any reading hesitation or timing error results in 
a large difference in the calculated reading speed.  

Hahn et al. [83] developed an alternative reading chart, designed with 
longer texts of an equal length of 830 ± 2 characters (Zeiss Near Vision Test 
Chart; Cal Zeiss Meditec, Jena, Germany), which is available in four 
languages. Here, the number of characters is used to measure reading speed (in 
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characters per minute) rather than the number of words, since the length of 
words can vary considerably between different languages. The charts have 
previously been adopted for measuring reading speed, [84] but not yet in 
studies of patients implanted with IOLs.  

In addition to the metrics and measurements described above, Hutz and 
co-workers [68] have proposed measuring reading acuity and reading speed 
under different illumination conditions to elucidate differences in visual 
performance between different presbyopia-correcting IOLs. Such a 
methodology can also be coupled with measurements using medium-contrast 
and low-contrast targets to obtain a broader knowledge of the visual 
performance likely to be achieved under a range of different viewing 
conditions. 

 
 

5. ASSESSMENT OF ACCOMMODATION 
 
Accommodation is defined as a dioptric change in the eye’s power whilst 

focussing on a near object, resulting in a myopic refractive shift. [85] In a 
young phakic eye, the accommodative optical change is attributable to an 
increase in the power of the crystalline lens due to alterations in lens surface 
curvatures. [86-88] For pseudophakic patients fitted with presbyopia-
correcting IOLs, the mechanism used to provide useful vision over a range of 
different distances varies depending on the lens platform. Currently 
commercialised, accommodating IOLs are based on two fundamental 
principles. Firstly, using a single optic design which moves anteriorly 
secondary to ciliary muscle contraction; such as the BioComfold IOL 
(Morcher, Stuttgart, Germany), Tek-Clear IOL (Tekia Inc. Irvine, CA, US), 
Kellan Tetraflex KH-3500 IOL (Lenstec, St Petersburg, FL, US), the 
Crystalens AO IOL (Bausch & Lomb, Rochester, NY, US) and the 1CU IOL 
(HumanOptics AG, Erlangen, Germany). The alternative method features a 
dual-optic design (Synchrony IOL; Abbott Medical Optics, San Clara, US), 
with a mobile positive lens (positioned anteriorly) and a stationary negative 
lens (positioned posteriorly). As the ciliary body contracts, the two lenses 
move further apart, using spring-loaded haptics, causing an increase in 
magnification and accommodation. 
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5.1. Subjective Measurement of Accommodation 
 

5.1.1. Defocus Curves 
Defocus curves are used to evaluate the subjective range of clear vision 

achieved with presbyopia-correcting IOLs; a schematic example is shown in 
Figure 2. Although defocus curves can be measured with targets placed at a 
range of distances in front of the eye, [89-92] this method is time consuming; 
furthermore, it is difficult to control for target size and luminance. Instead, the 
patient is usually first corrected for distance vision; subsequently their VA is 
then measured whilst viewing a distance letter chart (typically at 6 m) with 
lenses of negative (increasing the accommodative demand) and positive power 
(which should reduce VA if the distance refraction is optimal, allowing more 
precise curve-fitting) placed in front of the eye. Some studies have used a near 
rather than a distance letter chart; however, this seems to lead to a distorted 
defocus curve appearance. [93-95] 

A wide variety of lens power ranges have been proposed to derive defocus 
curves when evaluating visual performance achieved with presbyopia-
correcting IOLs. These vary between +6.00 to -6.00 D for multifocal IOLs, 
[96, 97] to +0.50 to -3.00 D for accommodating IOLs. [98, 99] Virtually all 
studies use 0.50 D-steps, but the usefulness of this increment size has not been 
confirmed. Polynomial curve-fitting can then be used to generate a range of 
metrics from the defocus curve (e.g. the area under the curve), which may 
enable differentiation between different presbyopia-correcting IOLs. [100-
102] 

The defocus induced by negative lenses is typically overcome by the 
accommodative element of the presbyopia-correcting IOL, or the patient’s 
own accommodative ability if the patient under investigation is pre-
presbyopic. Although defocus curves have been widely used to investigate the 
visual performance of presbyopia-correcting IOLs, several factors need to be 
considered while using this technique, such as monocular vs. binocular 
measurements, letter/lens randomisation, background illumination and target 
contrast. Measuring defocus curves binocularly, rather than monocularly, can 
better simulate most day-to-day visual tasks. Equally, binocular measurements 
are needed to assess ‘mix-and-match’ presbyopia-correcting options, such as 
monofocal IOLs fitted to achieve mono-vision, [103, 104] bifocal IOLs, [90, 
105] multifocal IOLs [68, 106] or a combination of multifocal and monofocal 
IOLs. [107]  

Gupta and co-workers [108] have demonstrated that it is important to 
consider randomisation of the defocus lenses, the test letters, or both, to 
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overcome learning effects in younger subjects. The effects of learning could 
result in an overestimation of visual performance at different distances.  

Changes in pupil size can affect the results of defocus curve 
measurements through changes in higher-order aberrations, [37, 109] coupled 
with changes in exposure of the lens’ optics, which may impact on the VA 
achieved. [36, 110] To overcome this limitation, it may be advantageous to 
measure defocus curves under different lighting conditions and with different 
letter contrasts to fully appreciate visual performance under different viewing 
conditions. However, performing such a comprehensive battery of tests can 
prove to be time-consuming and both visually and physically demanding for 
the subject. Other important considerations include correcting the VA results 
to account for the magnifying effect of the test lens’ power and back vertex 
distance. [89, 100]  

Defocus curves have been frequently used to demonstrate improvements 
in the focusing range provided by presbyopic IOLs compared to monofocal 
IOLs, [50, 97-99, 111-114] and to differentiate between different presbyopia-
correcting technologies. [106, 115] However, the evaluation of the amplitude 
of accommodation from defocus curves differs substantially between even 
carefully conducted studies, depending on the criteria used to define ‘the range 
of clear vision’. [100] The direct comparison analysis method compares the 
VA achieved at each level of defocus, but is susceptible to type-1 errors, 
unless repeated-measures ANOVA or a Bonferroni correction is used.  

Depth-of-focus metrics provide a general overview of the anticipated 
performance of an IOL. This is defined as the dioptric range over which 
subjects can sustain an absolute or relative level of VA. However, there is no 
general consensus for the correct threshold level of VA, and often the criteria 
used are not stated, preventing comparisons between studies. [100] A ‘relative’ 
criterion determines the cut-off point relative to the best-achieved VA. To 
date, relative acuity criteria have not been used in multifocal IOL studies, but 
have been used for assessment of accommodating IOLs. [113] A criterion of a 
+0.04 logMAR reduction in VA from the best-corrected distance acuity (to 
account for the variability of measurements made using a logMAR chart, 
which is relatively unaffected by age), [116] has been shown to give the most 
reliable results. [100] Alternatively, with ‘absolute’ acuity criteria, the limits 
of VA are independent of the best-corrected VA. A limit of +0.30 logMAR is 
the most common criterion used in multifocal IOL studies and matches the 
level of acuity defined as the driving standard across Europe. [117] 

The two focal points created by the simultaneous bifocal and multifocal 
IOL designs result in a distinctive profile with two or more peaks of optimum 
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acuity, one at distance and the other at the blur level corresponding to the near 
addition powers. [92] Thus, defocus curves demonstrate the magnitude of the 
near addition powers (i.e. the separation in dioptres between the distance and 
near/intermediate peaks), as well as the quality of vision at distance, near and 
intermediate distances. [118] Whilst a reduction in acuity of +0.04 logMAR 
has been shown to be most appropriate for pre-presbyopes and accommodative 
restoration procedures, the defocus curve of a simultaneous vision bifocal or 
multifocal IOL can pass through the depth-of-focus criterion several times. 
Therefore, a new area metric has been developed and validated, [119] based on 
the area between a +0.30 logMAR absolute cut-off (or range-of-focus) and the 
defocus curve calculated for the upper and lower limits of distance (-0.50 and 
+0.50 D), intermediate (-2.00 and -0.50 D) and near vision (-4.00 and  
-2.00 D); Figure 2. This introduces a method of standardisation that will allow 
a comparison of different presbyopia-correcting strategies. 

 

 

Figure 2. A schematic example of a ‘typical’ defocus curve from a presbyopia-
correcting IOL demonstrating the absolute ‘range-of-focus’ and three ‘area-of-focus’ 
defocus curve metrics. The cut-off value of +0.30 logMAR is depicted by the 
horizontal dashed line. The black arrow depicts the ‘range-of-focus’ metric using this 
‘absolute’ acuity criterion. The left-hand zone under the curve represents the ‘near’ 
area metric (between 25 and 50 cm); the central zone under the curve represents the 
‘intermediate’ (INT) area metric (between 50 cm and 2 m), and the right-hand zone 
under the curve represents the ‘distance’ (DIST) area metric. 
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5.1.2. Near Point Measurement (RAF Rule) 
The RAF rule has long been used to measure accommodation for patients 

implanted with accommodating IOLs. [99, 113, 120] However, this method is 
known to over-estimate the true amplitude of the response, due to the 
increasing target visual angle as it is brought closer towards the eyes and 
changes in external illuminance. [121, 122] 

 
 

5.2. Objective Measurement of Accommodation 
 
Although subjective tests are useful to quantify patient satisfaction, these 

methods cannot discriminate between true accommodation and 
pseudoaccommodation due to other factors such as a reduction in pupil size. 
Objective methods to assess dynamic accommodation include autorefraction, 
retinoscopy, aberrometry and imaging any movement of the implanted IOL 
optics. 

 
5.2.1. Retinoscopy 

This method allows the operator to visualise changes in dioptric power as 
the patient looks at targets positioned over a range of different distances. [98, 
99, 120, 123] However, this manual procedure relies on the observer’s 
subjective interpretation of the light-reflex which may lead to a poor 
reproducibility of results between different practitioners. [124] 

 
5.2.2. Autorefraction 

Previous reports have measured changes in refractive power for patients 
implanted with accommodating IOLs using open-field autorefractors, [125] 
with the patient viewing static [113, 126-129] or dynamic accommodative 
targets. [126] However, pupillary constriction, either through senile miosis or 
through attempted accommodation, causes a hindrance for autorefractors. 
Minimum pupil diameters for autorefractor devices typically range between 
2.3 mm (Shin-Nippon NVision-K5001/Grand Seiko WR-5100K and Grand 
Seiko Auto Ref/Keratometer WAM 5500) and 2.9 mm (Shin-Nippon SRW-
5000/Grand Seiko WV-500). [125] Difficulties in capturing data through small 
pupils, coupled with bright Purkinje image reflections off the anterior IOL 
surface, or even potential posterior capsular opacification, may limit the 
usefulness of autorefractors in evaluating accommodation changes. [130] 
Nonetheless, Wolffsohn et al. [128] have demonstrated that the Shin-Nippon 
NVision-K5001/Grand Seiko WR-5100K device provides repeatable 
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measurements of accommodation, comparable to subjective refraction data. In 
comparing objective and subjective measurements, other reports have shown 
that subjective methods tend to overestimate accommodation compared to 
autorefraction data. [99, 131, 132] This was to be expected, as subjective 
measurements include the added benefit of an increased depth-of-field due to 
pupillary miosis. 

The PowerRefractor device (PlusOptix, Nuremberg, Germany) has been 
used to evaluate accommodating IOLs. [98, 99, 126] This instrument can 
provide continuous objective measures of refraction and pupil size for both 
eyes simultaneously, using eccentric photorefraction, with the camera 
positioned at a distance of 1 m from the patient. [133] Refractive results are 
calculated based on the light intensity distribution within the pupil, which 
cannot be precisely predicted between subjects, therefore individual 
calibration needs to be performed for accurate results. [133] Similar to 
autorefractors, evaluations of accommodation made with the PowerRefractor 
are achieved by measuring refraction whilst the patient fixates on distance and 
near targets. [99] 

 
5.2.3. Change in IOL Optic Axial Position or Shape 

An evaluation of any change in anterior chamber depth (ACD) or IOL 
optic surface shape upon ciliary body contraction can also be used as an 
indicator of IOL accommodative ability. Various methods of biometric 
assessment have been employed including anterior segment optical coherence 
tomography (AS-OCT), [113, 129, 134] partial coherence interferometry, 
[135] ultrasound biomicroscopy, [136, 137] and Scheimpflug imaging (Zeiss 
IOL master; Carl Zeiss Meditec, Jena, Germany). [99, 120] Whilst these 
methods can accurately image an axial shift in the IOL optic, or a change of 
crystalline lens surface curvature, they do not provide a direct measurement of 
a change in the refractive power of the eye.  

Some investigations have used 2% Pilocarpine eye-drops to stimulate the 
ciliary body to induce accommodation to allow accommodating IOL optic 
axial movement analysis. [99, 135, 136] An advantage of pharmacological, 
rather than stimulus-driven accommodation, is that it does not require patient 
compliance to focus on a near target. [135] However, the subsequent powerful 
ciliary body contraction is coupled with marked pupillary constriction, [138] 
which hinders the measurement of objective refraction changes. [139] 
Furthermore, pharmacological stimulation of accommodation is not 
representative of the normal physiologic accommodative response, [135, 140] 
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but may demonstrate the maximum potential accommodative ability of an 
accommodative IOL rather than its habitual performance.  

 
5.2.4. Aberrometry 

Similar to autorefractors, aberrometers can be used to measure objective 
changes in accommodation. An objective refraction is obtained by converting 
the second-order Zernike terms into the corresponding defocus and astigmatic 
components. [39] These devices have the advantage that as well as assessing 
central optical changes, the wavefront aberrations over the whole pupil 
aperture can also be quantified. Unfortunately, few are open-field, making 
them susceptible to instrument myopia, [141] but some use an internal Badal 
optical system to blur the subject to infinity. [142] 

Most aberrometers operate over a narrow wavelength range (typically 
around 780-820 nm) and, therefore, require a correction to adjust 
measurements to equate to a wavelength of approximately 550 nm (the peak of 
the human spectral sensitivity curve). [143] Each set of captured wavefront 
errors are specific to a given pupil size only. Therefore, to facilitate 
comparisons between different subjects, measurements must be rescaled to the 
smallest pupil size common to all subjects. Alternatively, measurements can 
be recalculated into dioptric equivalents terms; however, this method requires 
separate data calculations. [144] As with autorefraction data, subjective tests 
tend to overestimate measurements of amplitude of accommodation compared 
to objective aberrometry. [132, 145, 146] 

In summary, the evaluation of accommodating IOLs should include 
objective measures of both biometric and refractive changes, avoiding the 
instillation of Pilocarpine, to verify the existence of true pseudophakic 
accommodation. [130, 139] Subjective measures are also essential in regard to 
clinical outcomes, but these should not be interpreted in isolation. Most studies 
of accommodating IOLs have reported only subjective findings or have used 
Pilocarpine drops to stimulate accommodation to record objective changes in 
ACD. Currently, only a few studies have measured objective changes in 
refraction and IOL position. [113, 129] In general, there is a requirement for 
objective accommodation measurement techniques to be standardised to allow 
widespread use and acceptance. [130, 147, 148] 
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6. ESTIMATING OPTICAL QUALITY 
 
Higher-order aberration measurements have been frequently used to 

explore the optical quality of eyes implanted IOLs. [66, 149, 150] The most 
commonly used optical quality metric is higher-order root-mean-square (RMS) 
wavefront error, however, RMS error does not provide any information 
regarding the magnitude or sign of individual aberration coefficient terms. 
[151] Modulation transfer function (MTF) has been used to explore the 
effectiveness of correcting spherical aberration using aspheric IOL designs, 
[149, 150, 152-156] but it cannot account for important factors affecting visual 
performance such as neural processing and patient adaptation. Arguably, the 
Strehl ratio metric may provide more useful information, as it evaluates 
performance compared to an ideal, diffraction-limited system. [150, 153, 154] 
Nonetheless, such image quality metrics are also specific to only one pupil 
size. In this regard, it can be useful to dilate the subject’s pupils before 
capturing wavefront aberrations, as this facilitates analysis over a range of 
pupil sizes. However, it may be argued that pupillary dilation creates a ‘non-
habitual’ scenario, influencing the phakic subject’s ability to drive and/or read 
after measurements, particularly if a cycloplegic drug is used to achieve 
mydriasis. Carkeet et al. [157] reported small, yet significant, differences 
between higher-order aberration measurements following pupil dilation with 
cycloplegic and non-cycloplegic eye drops and changes in the location of the 
pupil centre occur following pupil dilation. [158] Other authors have reported 
that retinal image plane metrics correlate better with visual performance; [159, 
160] however, these require separate data computation using additional 
software (GetMetrics; University of Houston, College of Optometry). 

The Optical Quality Analysis System, or OQAS device, (VisioMetrics, 
Terrassa, Spain) uses the double-pass technique to evaluate intraocular light 
scatter and retinal image quality. Unlike the Hartmann-Shack technique, the 
OQAS device directly captures an image of the point source projected onto the 
retina, therefore, the captured images represent the point-spread function 
(PSF). Generation of a global PSF with the Hartmann-Shack technique 
requires computational reconstruction of the wave aberration leaving the eye, 
through complex evaluations of each individual spot image location captured 
at the wavefront sensor’s charge-coupled device (CCD) camera. Spot imaging 
errors (e.g. spot image ‘crossover’) at the sensor may cause inaccuracies 
resulting in an under- or overestimation of optical quality. [161] Additionally, 
analysis of the captured spot image locations does not fully describe important 
optical phenomena such as scatter.  
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The main visual metrics outputted by the OQAS device include, 
 
• Modulation transfer function (MTF) cut-off value – the highest spatial 

frequency (in cycles per degree) at which the eye can image an object 
on the retina with a contrast of 1 % 

• Objective scattering index (OSI) – an objective measure of intraocular 
scatter, comparing the amount of light falling outside the double-pass 
retinal intensity PSF and the amount of light at the centre of the PSF. 
Generally, the higher the OSI, the larger the magnitude of scatter 
[162] 

• Two-dimensional (2-D) Strehl ratio – the ratio of the PSF’s central 
maximum achieved by the measured (aberrated) eye compared to the 
theoretical maximum achieved by an ‘ideal’, aberration-free optical 
system 

• PSF width – the width of the PSF (in minutes of arc) can be measured 
along various points of the function, e.g. the ‘half-height’ metric is the 
width of the PSF at 50 % of the maximal height. 

 
The repeatability of the these metrics have been found to be good by some 

researchers, [163, 164] but poorer by others, [165] perhaps due to variations in 
the tear film [166-168] or in eyes with larger magnitudes of scatter, such as 
eyes with dense cataracts [162] and post-LASIK eyes. [164] Furthermore, the 
OQAS device uses near infrared light (approximately 780 nm), although this 
provides comfortable fixational viewing conditions during measurements, 
infrared light penetrates deeper into the retinal tissues causing larger 
magnitudes of scatter. [169] 

The OQAS instrument’s entrance pupil is typically fixed at a diameter of 
approximately 2 mm, whereas the exit pupil diameter is adjustable (between 2 
and 7 mm) facilitating the derivation and interpretation of non-rotationally-
symmetric aberrations. [170-172] The PSF is classically obtained through 
phase-retrieval algorithms which combine two double-pass retinal images. 
[173] The first retinal image is captured using equivalent-sized entrance and 
exit pupil diameters (i.e. 2 mm) and the second captured when the entrance 
pupil is smaller in diameter than the exit pupil, resulting in a lower resolution 
PSF than when the pupil sizes were equivalent. This computational process 
can cause inaccuracies when evaluating optical quality with diffractive 
multifocal IOLs, especially as most lens designs feature their first diffractive 
step within the central 2 mm. Additionally, the double-pass technique assumes 
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that the incident light of the first pass is minimally affected by the eyes’ optics, 
which is not the case for those implanted with diffractive IOLs. [169]  

When comparing MTFs measured with the double-pass method vs. the 
Hartmann-Shack technique (both with a wavelength of 780 nm), similar 
results were found in young, visually-normal subjects with low magnitudes of 
intraocular scatter, but the Hartmann-Shack method typically over-estimated 
retinal image quality in older patients with early lenticular opacities, post-
LASIK patients and post-IOL implantation patients. [174] Moreover, the 
MTFs obtained with the double-pass method showed better correlation with 
VA compared to the MTFs measured using the Hartmann-Shack technique. A 
similar trend was also reported when comparing optical quality measured with 
the double-pass method and the laser ray-tracing (LRT) technique, both using 
a wavelength of 532 nm. [175] 

 
 

7. IOL ROTATION, TILT AND DECENTRATION 
 
Accurate positioning and alignment of an IOL with respect to the visual 

axis is critical to ensure optimal correction of refractive error and spherical 
aberration. Unwanted IOL tilt and decentration of multifocal, aspheric or toric 
IOLs has a significantly higher impact on visual function compared to 
spherical, monofocal IOLs. [176, 177] Possible sources of post-implantation 
positional errors include: 

 
• Friction between the IOL haptics and the capsular bag, dependant on 

the capsule and IOL size  
• Compression of the IOL haptics due to capsular bag shrinkage  
• Instability of the anterior chamber due to variations in post-operative 

IOP and ocular trauma  
• Aspects of the IOL design, e.g. plate or loop style haptics, IOL and/or 

haptic materials and the overall haptic diameter  
 
Other factors affecting IOL positional stability include the capsular bag 

diameter, [178, 179] capsulorhexis size, anterior and posterior capsule 
apposition, [180] IOL design [181, 182] and IOL material. [183, 184] In 
addition, Shah et al. [185] found that eyes with longer axial lengths had higher 
magnitudes of toric IOL rotation than eyes with shorter axial lengths. This 
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agrees with Vass et al.’s [179] previous study, which showed a relationship 
between axial length and capsular bag diameter. 
 

 
7.1. Rotation 

 
Previous studies evaluating the rotational stability of toric IOLs have used 

a slit-lamp eye-piece (with an integrated axis indicator graticule) [186, 187] or 
a slit-beam protractor. [181, 188, 189] Although useful, these slit-lamp-based 
techniques are dependent on the patient maintaining a stable, erect head 
position at each assessment visit, and are usually limited to estimating axis 
rotations to the nearest 5 degrees only.  

Other studies have used digital slit-lamp images to investigate toric axis 
stability; [182, 190-192] however, no compensation for axis alterations, due to 
either head tilt and/or ocular rotation, were made. Recent techniques have 
employed image-analysis of digital photographs, using customised software, in 
an attempt to eliminate these errors. [185, 193-195] Such imaging techniques 
compare the position of the toric axis alignment markers with easily 
distinguishable ocular landmarks, such as episcleral blood vessels or iris 
features, on opposite sides of the pupil margins, to normalise for any eye 
rotation. Furthermore, image-overlaying analysis software can also be used to 
determine the magnitude of any potential IOL decentration by comparing the 
centre of the outlined IOL optic edge, the pupil margin and the limbal margin. 
[185, 193, 194] 

 
 

7.2. Tilt and Decentration 
 
Several reports have described the use of Scheimpflug imaging to evaluate 

IOL tilt and centration within the capsular bag using the EAS-1000 device 
(Nidek Inc., Gamagori, Japan) [196-200] and the Oculus Pentacam (Oculus, 
Wetzlar, Germany). [176, 201-203] Both instruments are designed so that the 
image and object planes are tilted with respect to each other to intersect at a 
point, allowing the entire object to be sharply focussed. [204] As light passes 
through the eye and through the tilt of the Scheimpflug camera, the 
unprocessed Scheimpflug image will be distorted due to refraction through the 
corneal surfaces. [87, 205, 206] Therefore, a correction factor must be applied 
before evaluating IOLs images; however, it is difficult to accurately account 
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for the effects of hydration and variations in refractive index within such 
ocular tissues. [202, 207] 

The tilt angle of the IOL optical axis relative to the eye’s visual axis is 
estimated using specialised software which evaluates various points along both 
the anterior corneal and anterior IOL surfaces of corrected Scheimpflug 
images. Using this imaging technique, previous studies have demonstrated that 
IOL tilting induces unwanted 3rd-order coma. [177, 208] Nonetheless, the 
Scheimpflug imaging method to estimate IOL tilt and rotation does not include 
compensations for any potential tilting of the head or ocular cyclotorsion 
during image capture. In this regard, the observer has to ensure that the 
patient’s head is kept as erect and vertically aligned as is possible for each 
measurement/visit. [209] 

Another technique used to assess IOL tilt and decentration includes 
evaluating Purkinje image reflections (P) off the ocular refracting surfaces. 
[201, 210-213] The radius of curvature of the different ocular components 
(acting as mirrors) can be estimated from the relative position of the reflected 
images of the light source. The first (P1: air-tear film-cornea) and second (P2: 
cornea-aqueous) Purkinje images are typically similar in size and usually 
overlap, due to the close proximity of the corneal surfaces. The aqueous-lens 
reflection (P3) is usually the largest in size (approximately twice P1) and 
finally the lens-vitreous reflection (P4) is usually slightly smaller than P1; 
however, it is inverted with respect to the other images. [201]  

Purkinje image misalignment is due to a combination of global eye 
rotation, crystalline lens decentration and tilting of the crystalline lens. [211] 
Purkinje imaging allows evaluation of lens tilt and decentration without the 
need for image distortion corrections; however, multiple double LEDs of 
differing separation are required to prevent over-estimations of the posterior 
lens radius of curvature. [201, 213] Tabernero et al. [211] designed a custom-
built Purkinjemeter using a semi-circular array of 9 infrared LEDs to 
illuminate the eye co-aligned with a telecentric camera objective lens and a 
CCD camera. The use of a semi-circular light source offers several advantages 
over a point source; e.g. the generated reflections show a non-symmetric 
geometry, allowing simple identification of each Purkinje image even when 
partially reduced in intensity by the pupil. Furthermore, multiple LEDs allow 
estimates of the radii of curvature as a function of radial distance and 
therefore, estimates of asphericity. In order to determine IOL centration, 
customised image-processing software is typically used to determine the 
location of each Purkinje image with respect to the centre of the entrance pupil 
(fitted to an ellipse). 
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In comparing Scheimpflug and Purkinje imaging in the same population, 
Rosales et al. [201] reported higher variability with the Purkinje image 
technique. Purkinje imaging can evaluate both lens surfaces, whereas 
Scheimpflug imaging is hindered by the iris, particularly with increased 
accommodation. Nonetheless, Scheimpflug imaging provides much more 
complete information on the biometry of the anterior chamber and lens 
geometry, beyond radius of curvature. On the other hand, the Purkinje imaging 
method is easier to set-up and to incorporate into existing optical systems 
incurring relatively low costs. 

 
 

8. STEREOPSIS 
 
In addition to optical quality and visual performance, accurate co-

ordination of the two eyes is crucial for near vision manipulation tasks. Of the 
various near vision stereoacuity instruments available, the Wirt rings of the 
Titmus contour test (Stereo Optical Co. Inc.; Chicago, IL, US) appear to have 
been most frequently used to assess stereopsis in patients bilaterally-implanted 
with multifocal IOLs, [214-218] or monofocal IOLs. [216, 219] In contrast, 
Random Dot tests (e.g. the Lang tests I and II; Oculus, Wetzlar, Germany) 
have been used for evaluating monofocal and multifocal IOLs implanted 
unilaterally. [220, 221] Although useful in adult patients, stereoacuity 
measurements are invaluable in paediatric patients implanted with IOLs. 

 
 
9. EVALUATION OF SCATTER (HALOES AND GLARE) 
 

9.1. Forward Light Scatter (FLS) and Intraocular Straylight  
 
Inhomogeneities of the optical media, e.g. within the crystalline lens, 

cause alterations in the trajectory of light rays passing through the eye. 
Scattered light deviated by less than 90 degrees is known as forward light 
scatter (FLS), which results in a veiling luminance becoming superimposed 
upon the retinal image, leading to a reduction in retinal image contrast and 
possible disability glare. [222] When assessing the optical quality of 
multifocal IOLs, it is important to differentiate between scatter and glare. 
Scatter is an optical phenomenon dependent on the intensity and wavelength 
of the incident light, and the optical and geometrical properties of the 
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scattering structure (e.g. refractive index, spatial distribution, size and shape). 
On the other hand, glare refers to a subjective perception, where there is 
excessive contrast loss or an inappropriate distribution of light disturbing the 
ability to distinguish detail. For normal eyes, FLS represents around 1 to 2 % 
of the incident light falling outside the ‘ideal’ position on the retina. [222] 
Scattering is usually attributed to the cornea, crystalline lens and fundus, [223] 
although the iris and the sclera may also contribute towards a small proportion 
of FLS, depending on the patient’s ethnicity. [224] 

Objective measurements of FLS can be made using the van den Berg 
Straylight meter and the Oculus C-Quant (Oculus; Wetzlar, Germany) device. 
The C-Quant device is based on the van den Berg Straylight meter; however, 
unlike its predecessor, which uses the ‘direct comparison’ method, the C-
Quant device uses the faster and more user-friendly forced-choice, 
‘compensation comparison’ method. [225, 226] Coppens et al. [225] have 
demonstrated that the ‘compensation comparison’ method improves 
measurement repeatability and reliability. In support of this, other reports have 
suggested that the C-Quant device may be a suitable device for use in large 
scale clinical studies. [226, 227]  

Theoretical predictions based on model eyes have suggested that 
diffractive multifocal IOLs induce more FLS than monofocal IOLs, [228] due 
to loss of light at higher diffractive orders. [229] In support of this, a number 
of studies have demonstrated that a small proportion of patients implanted 
with multifocal IOLs complain of photic phenomena, such as haloes and glare. 
[106, 230-233] However, increases in FLS (C-Quant) induced by multifocal 
IOLs do not appear to correlate with subjectively-reported glare symptoms, 
[230, 232, 233] perhaps indicating insensitivity of the C-Quant technique. 

 
 

9.2. Halometry  
 
When viewing a distant target, haloes are formed as the out-of-focus 

image from the near portion of a multifocal IOL typically shows a larger 
diameter than the sharper image focussed at the retina by the distance portion 
of the lens. Factors governing the size of the halo include the patient’s pupil 
diameter, the multifocal IOL’s near addition power, the distance power and the 
patient’s corneal power. [234] Halometry involves quantifying the size of the 
halo created by a bright central light along multiple meridians. The Glare & 
Halo computer program (Tomey; Nagoya, Japan) involves marking of the 
edge of the perceived halo, generating an area metric, which has been used to 
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compare the size of haloes experienced by patients implanted with multifocal 
versus monofocal IOLs. [234, 235] Pieh et al.’s [234] results showed that the 
Glare & Halo program demonstrated a high level of repeatability. However, 
the edge of a halo is often poorly defined, therefore complicating the subject’s 
identification task. Also, small head or eye (fixational) movements may also 
result in a shift in the spatial location of the perceived halo. Furthermore, the 
computational algorithm used to calculate the halo’s area is likely to assume 
that the halo has a circular ring shape; however, this assumption breaks down 
for eyes implanted with non-rotationally symmetric IOLs. An alternative 
approach, with high intra-session repeatability, has been introduced by 
Buckhurst et al. [236] Here a series of randomised letter targets are moved 
from a central LED towards the periphery along 8 different radial axes (in 45-
degree steps), with the patient identifying when they are first seen. The target 
letters can be displayed at different sizes and levels of contrast. Buckhurst et 
al. [236] found that for patients implanted with non-rotationally symmetric 
multifocal IOLs, the perceived photic scotomas complemented the orientation 
of the IOL’s reading segment, whereas fully-diffractive IOLs induced uniform 
photic scotomas.  

 
 

10. QUALITY OF LIFE (QOL) QUESTIONNAIRES 
 
Several questionnaires have been designed to investigate quality-of-life 

(QOL) in patients with cataract. Although the majority of these instruments 
have not been specifically developed for pseudophakic patients, they have 
been used in a variety of IOL-implanted populations in an attempt to 
standardise patient reported visual outcomes, such as post-operative spectacle 
dependence, driving ability and the ability to perform various social activities. 
[237, 238] Table 2 summarises these instruments, their target audience, which 
traits they explore and their validation (where appropriate). 

 
 

10.1. The Cataract Type Specification 
 
This instrument was first modified and validated by Javitt et al. [239] in a 

comparative study of patients implanted bilaterally with multifocal IOLs 
versus patients implanted bilaterally with monofocal IOLs. Javitt et al. [240] 
found that the instrument’s internal consistency did not vary by method of 
administration (by self-administration at the site of care (pre-operative) and by 
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mail (post-operative)), race or gender, for patients undergoing first eye cataract 
surgery. The instrument investigates visual functioning across 5 scales: 
distance vision, near vision, daytime driving, night driving and glare-related 
symptoms. Gothwal et al.’s [241] study performed Rasch analysis [242] on 
data collected from patients awaiting cataract surgery. Gothwal et al.’s [241] 
results showed that only 2 of the 5 scales were valid and a revised version was 
developed consisting of 11 items.  

 
 

10.2. The Near Activity Visual Questionnaire (NAVQ) 
 
Following a pilot study by Gupta et al., [243] Buckhurst and co-workers 

[244] modified and validated a questionnaire designed to assess near visual 
function for patients implanted with presbyopic corrections, from spectacles 
and contact lenses, to multifocal IOLs. Following Rasch analysis, the original 
number of items was reduced from 19 to 10 (and the scale of responses from 6 
to 4). The author’s results demonstrated that the instrument was internally 
consistent, valid and reliable in their subject population. Buckhurst et al. [244] 
also reported moderate correlations of NAVQ scores with both near VA and 
CPS scores, further highlighting the need for such questionnaires to contribute 
to the evaluation of the subjective perception of successful presbyopia 
correction. 

 
 

10.3. The Quality of Vision (QoV) Questionnaire 
 
This instrument was developed and evaluated by McAlinden et al. [245] 

The QoV questionnaire is a linear-scaled, 30-item instrument providing a QoV 
score in terms of symptom frequency, severity, and how bothersome the 
symptom is. The instrument appears to be suitable for measuring QoV in 
patients with all types of laser refractive correction, intraocular refractive 
surgery and eye diseases that cause QoV problems. 

 
 

10.4. The Visual Function Index-14 (VF-14) QOL Questionnaire  
 
Originally designed by Steinberg et al., [246] this questionnaire has been 

validated to assess functional impairment in cataract patients before and after 
monofocal IOL implantation. [247] Other authors have used this instrument to 
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evaluate visual outcomes in comparative studies of patients implanted with 
monofocal versus multifocal IOLs. [248, 249] Uusitalo et al. [250] proposed 
the exclusion of 7 items from the original questionnaire; this modified version, 
the VF-7 survey, has since been used to compare surgical outcomes for 
patients implanted with multifocal IOLs versus patients fitted with 
conventional monofocal IOLs. [251] Recently, Gothwal et al. [252] validated 
this 7-item questionnaire using Rasch analysis to assess its psychometric 
properties, and led to the development of an improved 8-item instrument. 

 
 

10.5. The Catquest-9SF Instrument 
 
The Catquest-9SF test was initially developed and validated by Lundstrom 

et al. [253] and consisted of 17 items across 4 subscales. The instrument has 
previously been used to measure changes in patient-reported visual function 6 
months after cataract surgery compared to before surgery. [254] Furthermore, 
Lundstrom and Pesudovs [255] validated the psychometric properties of the 
instrument using data collected from 10,486 completed questionnaires (before 
and after cataract surgery) and found improved performance with a revised 9-
item version, consisting of 7 functioning items and 2 global items. 

 
 

10.6. Adapted National Eye Institute Visual Function 
Questionnaire-25 (NEI-VFQ-25) 

 
Originally developed by Mangione et al., [256] the NEI-VFQ comprised 

51 items to evaluate a broad spectrum of eye diseases. In a later study, 
Mangione et al. [257] compared a simpler, 25-item version of the test (the 
NEI-VFQ-25) against the original survey, and found comparable validity 
between instruments. Kohnen et al. [258] constructed a newer questionnaire by 
adapting sections from the near activities, distance activities and driving 
subscales of the original NEI-VFQ-25 test. Although Kohnen et al.’s [258] 
instrument has not yet been validated, it has been used to evaluate visual 
outcomes for patients implanted with multifocal IOLs. [106, 259] 
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10.7. The Visual Symptoms and Quality of Life (VSQ) 
Questionnaire 

 
This instrument is available as a 14-item short form and a more detailed 

26-item long form. The short form consists of 2 subscales for (1) symptoms 
and visual dysfunction, and (2) vision-specific QOL items. [260] Donovan et 
al.’s [260] validation study was performed on patients requiring ‘second’ eye 
cataract surgery randomised to either receive early (within six weeks) or 
routine surgery (7–12 months on a waiting list), with a follow-up visit 
approximately six months after surgery, to evaluate the effectiveness of second 
eye cataract surgery. The results showed that the internal consistency of both 
the visual symptoms/dysfunction and QOL items was high. 

 
Aside from these validated instruments, the use of questionnaires 

specifically exploring the appearance and prevalence of photic phenomena, 
such as haloes and glare, appear to be growing in popularity for studies of 
multifocal IOLs. Several authors have implemented their own questionnaires; 
[230, 231, 234, 235, 261-264] however, some reports do not fully disclose 
what questions were asked, [89, 230] or how the results were graded. [234] 
Although other studies have revealed the questions asked and the grading 
systems applied to the answers, [231, 235, 261, 263, 264] their results have not 
been scientifically validated. Furthermore, the proposed responses may not 
always use a continuous interval level. When attempting to quantify such data, 
scoring from ‘simple averaging’ or ‘summing of item responses’ (e.g., 0, 1, 2, 
and 3 for responses such as ‘not at all’, ‘a little’, ‘quite’, and ‘very’, 
respectively) assumes that the quantitative differences between each response 
option is equal, and that each question has equivalent value. Both these 
assumptions may be invalid rendering the questionnaire scores as non-linear. 
[265] 

The US Department of Health and Human Services Food and Drug 
Administration (FDA) has published specific guidelines relating to the 
development of patient-reported outcome measures. [266] This document 
provides specific guidance on recording evidence relating to the development 
history of questionnaires to ensure instruments adequately measure their 
intended outcomes. It also provides advice relating to design factors including 
the number of items, item discrimination, scoring methods, response ranges 
and translation or cultural adaptability of the questionnaire.  
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Table 2. A summary of questionnaires used in cataract and IOL-
implanted patients 

 
Questionnaire Key references Study population Traits evaluated Validation 

Cataract TyPE 
Specification 

Javitt et al., 2003 [240] 
 
Gothwal et al., 2009 
[241] 

Patients with 
cataract 

Vision: daytime, night 
driving & glare 

Rasch 
analysis 

The Quality of 
Vision (QoV) 
Questionnaire 

McAlinden et al., 2010 
[245] 

All types of 
refractive 
correction & eye 
diseases that cause 
QoV problems 

Photic phenomena: 
Glare, haloes, 
starbursts, distortion, 
diplopia, focussing & 
depth perception  

Rasch 
analysis 

The Visual 
Function Index-
14 (VF-14) QOL 
Questionnaire  

Uusitalo et al., 1999 
[250] 
 
Gothwal et al., 2010 
[252] 

Patients with 
cataract 

Vision: for cooking, 
near tasks, mobility-
related aspects & TV 

Rasch 
analysis 

The Catquest-
9SF Instrument 

Lundstrom et al., 1997 
[253] 
 
Lundstrom and 
Pesudovs, 2009 [255] 

Cataract patients 
pre- and post-op 

Reading tasks, 
watching TV, 
recognising faces 

Rasch 
analysis 

Adapted 
National Eye 
Institute Visual 
Function 
Questionnaire-
25  
(NEI-VFQ-25) 

Kohnen et al., 2009 
[258] 

Used for a broad 
spectrum of eye 
disease e.g. 
glaucoma, ARMD 

Vision (including 
colour and peripheral 
vision), driving, 
vision-specific 
expectations, vision-
specific sole 
functioning. 

Not yet 
validated 

The Visual 
Symptoms and 
Quality of life 
(VSQ) 
Questionnaire 

Donovan et al., 2003 
[260] 

Patients with 
cataract and 
patients awaiting 
2nd eye cataract 
surgery 

Difficulties in 
completing tasks e.g. 
driving, pouring 
liquids etc. 
How vision effects the 
patient's feelings about 
their present life and 
the future 

Internal 
consistency 
(Cronbach’s 
alpha) 

The Near 
Activity Visual 
Questionnaire  

Buckhurst et al., 2012 
[244] 
 
Gupta et al., 2007 [243]  

Patients fitted with 
presbyopic 
corrections 
including 
spectacles, contact 
lenses and IOLs 

Near vision tasks, 
spectacles dependency 
& glare 

Rasch 
analysis 
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11. ANALYSING POSTERIOR CAPSULAR OPACIFICATION 
(PCO) 

 
Posterior capsule opacification (PCO) is still the most common 

complication of modern cataract surgery. Although its incidence has decreased 
slightly, because of improved surgical technique and new IOL designs, the 
reported incidence is still substantial and varies greatly, from 18.4 to 38.4 % 
up to 5 years after surgery. [267] A variety of systems have been used to 
analyse PCO, however, no single system has been endorsed as the ‘gold 
standard’. The oldest technique employed is based on clinical grading using 
slit-lamp biomicroscopy. Although extensively used, the subjective and 
qualitative nature of this technique is dependent on the experience of the 
examiner. Also, there is no universally-accepted subjective grading scale for 
PCO, with different authors suggesting the use of various grading categories. 
[268-270] Nonetheless, clinical grading has been shown to correlate well with 
some objective methods. [271] It is expected that image-analysis techniques, 
such as Scheimpflug and digital photographic imaging, will provide more 
reliable and accurate assessments of PCO. 

 
 

11.1. Scheimpflug Imaging  
 
Both Hayashi at al. [272] and Lasa et al. [273] have used the EAS-1000 

device (Nidek, Gamagori, Japan) equipped with area densitometry software to 
objectively measure the intensity of light scattering (considered to be equal to 
the opacification density). However, this Scheimpflug device only allows 
opacification density values to be evaluated within the central 3.0 mm of the 
posterior capsule. [272] To date, only Hayashi et al. [272] have reported 
correlations between opacification density values and VA for patients with 
PCO. As this device can only evaluate slit sections, there is scope for missing 
areas of PCO if they do not lie within the analysed meridian. Therefore, the 
restricted number of axes analysed limits comprehensive PCO evaluation with 
the EAS-1000 device. Grewal and colleagues [274] have used the Oculus 
Pentacam, a rotating Scheimpflug camera, to evaluate PCO, as this instrument 
captures images along multiple meridians. Currently, however, no studies have 
used the Pentacam to monitor PCO progression. [275] 
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11.2. Digital Photography 
 
As PCO essentially occurs along a single focal plane, retro-illuminated 

digital photographic images can be used for PCO analysis. Wang and Woung 
[276] used a computerised algorithm to analyse the brightness of different 
points of retro-illuminated, digital images from eyes with PCO. The software 
compared each graded point against a threshold transparency value, and 
calculated the percentage level of transparency over each point. However, 
several sources of error can occur with this method, including variations in 
background intensity, and also from factors such as differences in pupillary 
dilatation, fundus pigmentation and head position. [277] Clinical factors 
specific to pseudophakic eyes, such as IOL centration, tilt and differences in 
refractive indices between different IOL materials can also lead to artefacts of 
variable illumination. [278]  

Freidman and co-workers [279] addressed some of the concerns raised 
regarding objective digital photography, by introducing a camera system based 
on cross-polarised illumination to supress reflections from the corneal 
surfaces. Uneven illumination was accounted for using specialised image 
processing software (IPLaboratory; Signal Analytics, Vienna, VA). Although 
useful, a Maltese cross-shaped artefact is often seen during image capture, 
thereby obstructing the examiners view. 

Tetz and Nimsgern [280] developed the Evaluation of Posterior Capsular 
Opacification (EPCO) method, based on retro-illumination photographs 
captured using a standard slit lamp camera. The software allows 
morphological measurement of PCO through densitometry assessments across 
a 2-dimensional plane. The PCO density across different areas of the image is 
interactively outlined by the observer (using the software drawing tools) and 
scored on a scale from 0 to 4. The individual PCO score is calculated by 
multiplying the opacification grade by the fraction of the capsular area 
involved behind the IOL optic. Although this method is relatively inexpensive, 
it is not fully objective and relies on observer operation and interpretation. 
Therefore, it was perhaps not surprising that Findl et al. [271] reported 
significant correlations between EPCO scores and subjective grading scores 
made at the slit-lamp.  

Barman et al. [281] have proposed another PCO image analysis technique, 
known as the POCO system, which classifies different areas of the image as 
either ‘textured’ or ‘non-textured’ using a semi-objective method after 
removal of the corneal Purkinje image reflections. The software algorithm 
applies image contrast enhancement filters to enhance the texture of any areas 
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of opacity; images are then classified into areas of ‘opacity’ or ‘transparency’. 
A major disadvantage of this method is that the areas of the image 
encompassing the Purkinje image reflections are completely excluded from the 
overall image analysis; this may be of significance if the areas of PCO are 
located centrally, as they may originally have been masked by the corneal 
reflections. In addition, this technique requires a specialised image capture and 
analysis system to capture the source images, which incurs additional expense. 
A similar device, known as the POCOman system, has been introduced by 
Bender et al. [282] However, this method also requires some subjective input 
as the observer is required to grade the texture of the image. Therefore, this 
aspect of the technique may introduce inaccuracies, as the skill of grading 
texture is likely to be dependent on the observer’s clinical experience. [271] 

To remove Purkinje reflections, Buehl et al. [283] have developed the 
Automated Quantification of After-Cataract (AQUA) imaging system. Here a 
series of retro-illumination images are captured whilst the patient fixates in 
slightly different directions, which essentially shifts the position of the 
Purkinje images. The resultant images are then fused together using 
sophisticated image analysis algorithms, based around 4 non-collinear points 
manually selected for image registration. [271] Although useful, this technique 
requires multiple images to be taken, increasing the time required for data 
collection. 

Grewal and colleagues [274] used specialised medical imaging software 
(NIH ImageJ; National Institutes of Health, Bethesda, US) to analyse and 
compare Scheimpflug tomograms (Oculus Pentacam) versus data collected 
using the POCOman system, and found the results to be comparable.  

In summary, objective methods of imaging PCO have evolved; however, a 
mixture of objective and subjective techniques is currently required to grade 
such opacities. Development of a fully objective grading system that captures 
IOL-capsular bag images along multiple meridians is desirable to monitor 
PCO progression and allow comparisons between studies. 

 
 

CONCLUSION 
 
As the technology used to design and manufacture IOLs improves, the 

need for long-term data relating to the performance of eyes implanted with 
IOLs also increases. A large proportion of IOL studies have assessed patients 
over time-spans ranging between 3 months [191] and 5 years, [284] with fewer 
studies extending beyond 2 years of follow-up. [285] Published reports beyond 
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10 years appear to be even sparser. [286] Development of a widely-accepted, 
comprehensive portfolio of assessments for evaluating IOL performance 
would be helpful in collecting long-term data from patients implanted with a 
variety of IOLs. Such long-term data would be useful for eyecare practitioners 
to better predict post-operative clinical outcomes and to manage patient 
expectations for those awaiting cataract surgery.  

It is evident that several key measurements, including near VA, defocus 
curves and contrast sensitivity, require improved standardisation amongst the 
research community to allow better comparisons between studies. Aspects 
such as the target used; letter and lens sequence randomisation; the range of 
test lenses investigated and the number of spatial frequencies presented need 
to be considered. Recently, some researchers have attempted to combine a 
range of visual performance assessments into a single testing instrument, the 
Eyevispod system (PGB srl., Milano, Italy); to date, this device has only been 
used in one published study. [287]  

Measurement of changes in accommodation (for eyes implanted with 
accommodative IOLs) should be conducted using both subjective and 
objective methods to determine whether increases in accommodation arise 
from actual changes in the IOL position, or due to changes in depth-of-field 
through pupillary constriction. It is also recommended that the evaluation of 
post-operative IOL centration and rotation uses a method which compares the 
IOL position to ‘fixed’ ocular landmarks, such as the episcleral blood vessels. 
Although a variety of QOL questionnaires have been used to assess the 
performance of IOLs, not all of these have yet been validated using methods 
such as Rasch analysis, [242] to ensure that each questionnaire item is 
measuring the desired characteristic. 

In conclusion, this report reviews a variety of clinical assessment 
techniques typically used to evaluate the visual and optical performance of 
patients implanted with IOLs, highlighting their relative advantages and 
shortfalls. These findings should assist researchers in developing a 
comprehensive series of investigations designed to evaluate the performance 
of IOLs. Repeatable and reproducible in-vivo assessments of visual and optical 
performance are desirable to further develop IOL concepts and designs, in the 
hope of improving current post-operative visual satisfaction.  
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