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INTRO DUC TIO N

Digital eyestrain (DES), also known as computer vision 
syndrome, is a term used to describe where an individual 

has ocular and visual symptoms due to prolonged use 
of a range of digital display devices including comput-
ers, smartphones and tablets.1,2 Visual symptoms include 
headaches, eyestrain, ocular discomfort, dry eye, diplopia 
and blurred vision either during or after prolonged visual 
display unit (VDU) use.1–4  Numerous factors are thought 
to cause DES including uncorrected refractive error,3,5 
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Abstract

Purpose: To determine whether accommodative microfluctuations (AMFs) are af-

fected by the image resolution of the display type being observed. The effect of 

refractive error is also examined.

Methods: Twenty participants, (10 myopes and 10 emmetropes) observed a tar-

get on four different displays: paper, smartphone, e-reader and visual display unit 

screen (VDU), whilst their accommodative responses were measured using a con-

tinuous recording infrared autorefractor. The accommodative response and AMF 

measures comprising low frequency components (LFC), high frequency compo-

nents (HFC) and the root mean square (RMS) of the AMFs were analysed.

Results: A significant increase in LFC power was observed for the paper stimulus 

when compared to the VDU and smartphone conditions. Myopes demonstrated 

a significantly higher LFC and mean accommodative response compared to em-

metropes across the four displays. A significant difference in the mean AR between 

the displays with the lowest and highest resolution was found. A higher mean AR 

was found with higher resolution of the image. The HFC and RMS accommodation 

were not affected by display type.

Conclusion: The mean accommodative response and the mean LFC power appear 

to respond differently depending on the type of display in use. Higher resolution 

devices showed a reduced lag of accommodation to the accommodative demand; 

however, this may cause a lead of accommodation in myopes for higher resolution 

display types.
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time spent working on VDUs,3,6 working distance,3,7 pres-
byopia,3,8 oculomotor responses3,7 and dry eye. Originally 
these symptoms corresponded to individuals who spent 
prolonged amounts of time working on VDUs. However, 
given the increase in the range of display devices available 
at the present time, including smartphones and electronic 
reading devices, the condition has become more preva-
lent4 with 80% of American adults reporting using a digital 
device for at least 2 hours a day and 67% using two digital 
devices simultaneously.9 A recent study in India showed 
that 20% of 11-year-olds used digital devices, rising to 50% 
of 17-year-olds.10 Studies have suggested that there is an 
increased lag of accommodation following smartphone 
use, surpassing that of printed text.11,12

Early research examining eye strain, the accommoda-
tive response (AR) and accommodative microfluctuations 
(AMFs) found that the power of the low frequency compo-
nent (LFC) was significantly increased following an hour 
of computer work.13  The same finding was not observed 
following an hour of paper-based work, with no significant 
difference between pre- and post-work levels. It has been 
suggested that AMF analysis could have the potential to be 
useful in determining more subtle changes in symptomatic 
individuals suffering from DES. However, the nature of the 
requirements for assessing AMFs make this difficult, with 
much of the research conducted on specifically modified 
autorefractors in research labs rather than commercially 
available, purpose-built equipment.4,14–16

It is important to consider refractive error in this ex-
periment, given the numerous studies that point to-
wards a positive correlation between myopia and near 
work.17–19 Recent cross-sectional studies have suggested 
that use of digital and paper-based display types is asso-
ciated with the development of myopia.20,21 The increase 
in education being delivered digitally rather than paper-
based has been suggested as an area requiring further 
investigation in terms of the development of myopia.22 
Further, myopes have been found to have larger AMFs 
than emmetropes.23–25 It has been suggested that the 
increased variability for myopic participants may be due 
to reduced blur sensitivity caused by an increased depth 
of focus.24

Liquid crystal display (LCD) and e-ink display de-
vices, along with paper, have become popular for read-
ing.26,27 There are several factors that may be considered 
when comparing and contrasting display types, including 
image resolution, luminance and refresh rate. A major dif-
ference between LCD and e-ink displays is that e-ink dis-
plays do not need to refresh, therefore eliminating any 
flicker.26 Image resolution and luminance vary between 
display devices and can be adjustable.

The purpose of this experiment is to determine whether 
AMFs are affected by the image resolution of a variety of 
commonly used display types. As technology develops, 
it is important to note any changes in their effect on the 
accommodation system compared to earlier display types. 
The effects of refractive error are also examined.

M ETHO DS

Participants

Twenty participants (10 myopes and 10 emmetropes) took 
part in the study (details in Table 1). Classification was 
based on mean spherical equivalent refractive error, which 
was <−0.50 D for myopes and –0.25 D to +0.75 D for em-
metropes.28,29  Participants with astigmatism greater than 
1.00 D were excluded. Monocular and binocular vision or 
visual acuity (VA) was measured using a Bailey-Lovie log-
MAR chart,  with all  participants  achieving +0.02  logMAR 
or better in their right eye, and all were free of any ocular 
pathology.

Soft contact lenses were used to correct the myopes. 
Previous research has shown that these lenses do not 
have an effect on AMFs.30 In most cases the participants 
own habitual contact lens correction was used; however 
in the case of non-contact lens wearers, they were fitted 
with daily disposable lenses (1-Day Acuvue Moist, Johnson 
& Johnson, jnjvisionpro.com) and were allowed approxi-
mately 20 min to adapt to the lenses. Any residual refrac-
tive error after contact lenses correction was less than 0.50 
D mean spherical error as measured using the Shin-Nippon 
SRW-5000 autorefractor (shin-nippon.jp).

Key points

•	 Displays with a higher resolution appear to de-
crease the lag of accommodation and increase 
the mean power of the low frequency compo-
nent in accommodative microfluctuations.

•	 Refractive error appears to modify the effect 
of image resolution, with myopes having a 
decreased lag of accommodation relative to 
emmetropes.

•	 It may be necessary to consider that non-
symptomatic image resolutions range between 
an excessive lag of accommodation in lower 
resolutions and a lead of accommodation with 
higher resolutions.

T A B L E  1   Information regarding participants in the experiment

Refractive group Emmetropes Myopes

No. of participants 10 10

Mean age (years) 23.13 ± 2.88 23.98 ± 4.61

Range (years) 20–29 20–33

Mean refractive error (D) +0.26 ± 0.25 −4.67 ± 1.93

Range of mean Sph (D) −0.12 to +0.75 −2.50 to −7.37

Range of cylinder (D) 0.00 to −0.50 0.00 to −1.00

Note: ± values refer to one standard deviation of the mean.

Abbreviation: D, dioptre.
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The amplitude of accommodation was measured using 
an RAF rule31 to ensure that participants had a minimum 
amplitude of accommodation of 6.00 D, i.e., double the 
accommodative demand required for the experiment. 
The study was approved by the Biomedical, Natural and 
Physical Sciences Research Ethics Panel at the University 
of Bradford and this study was undertaken in accordance 
with the Declaration of Helsinki.

Instrumentation

The accommodative response was measured using a Shin-
Nippon SRW-5000 autorefractor modified for continuous 
recording whilst allowing binocular open-field viewing 
of targets.32,33  This has been used in similar prior experi-
ments.14,15,23 A forehead and chin rest were used to secure 
the head of participants to reduce any ocular movement. 
The Shin-Nippon SRW-5000 autorefractor requires a 
pupil size greater than 2.9  mm, so only participants with 
pupil sizes exceeding this value during near fixation were 
recruited.

Four different display types were used to present an 
identical high contrast black Maltese cross target on a 
white background. These were white paper, a 17” LCD 
monitor (MultiSync LCD175VXM+, NEC, nec-display.com), a 
smartphone (iPhone SE, Apple, apple.com) and an e-reader 
(Kindle Paperwhite, Amazon, amazon.com).

Tasks

The tasks were completed by participants in a laboratory 
illuminated by light-emitting diode (LED) tube lighting 
measuring 880 lux.

Participants were required to observe a high contrast 
Maltese cross target at 33 cm on four different types of dis-
plays (Figure 1). They were instructed to observe the target 
and keep it as clear as possible at all times while keeping 
their head as still as possible and blinking normally. The fix-
ation target subtended a visual angle of 0.52 degrees for 
all four conditions. Luminance settings for the smartphone, 

e-reader and visual display unit (VDU) screen were adjusted 
to match the paper target. The luminance for the display 
types was 61.1, 61.4, 60.9 and 61.3  cd/m2 for the paper, 
smartphone, e-reader, and VDU screen, respectively.

The screen sizes for the e-book and smartphone mea-
sured 15.24 cm and 10.16 cm diagonally, respectively. Due 
to reflections from the peripheral areas of the VDU screen, 
masking was introduced to prevent degradation of the ac-
commodation measurements taken by the autorefractor.

Resolution varied amongst the displays. The paper tar-
get was printed using a laser printer (PageWide Managed 
Color MFP E58650, Hewlett-Packard, hp.com) printed at 
600 dots per inch (dpi). The smartphone, e-reader and 
computer monitor had resolutions of 326, 300 and 96 dpi, 
respectively.

The accommodative response was measured for ap-
proximately 20 s for each display type. A baseline distance 
reading was taken first, followed by the four experimental 
conditions presented in a random order. This was repeated 
three times for each participant, restarting with the dis-
tance baseline measurement each time.

Analysis

Three accommodation traces, lasting 20  s in duration, 
were recorded for each of the four tasks. When analysing 
the mean accommodative response, blinks were removed 
from the data in an Excel program (Microsoft, microsoft.
com) by identifying accommodative response measures 
that were ≥2 D away from the accommodative demand, 
and then replaced with an average of the five previous 
data points before the blink.34 The three measures for each 
task were averaged.

The root mean square of the AMFs (RMS accommoda-
tion) and the powers of the LFC and HFC were calculated 
using MATLAB (MATLAB R2013a, MathWorks,mathworks.
com). Blinks were removed from the data by identifying ac-
commodative response measures that were 2 D away from 
the accommodative demand and replacing them using 
interpolation, as per Hampson and colleagues.15,35  The 
LFC and HFC were calculated using fast Fourier transforms 

F I G U R E  1   Participants observed the target from a distance of 33 cm whilst viewing binocularly through a Shin-Nippon SRW-5000 autorefractor
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(FFTs). The three measures for each task were averaged. The 
LFC was defined as frequencies between 0 and 0.6 Hz and 
the HFC between 1.0 and 2.1 Hz.25,36 The RMS accommo-
dation measures were included as an indicator of overall 
variability for the AMFs and to be comparable with previ-
ous studies.25

Data analysis was carried out using repeated measure 
analyses of variance (ANOVAs) through SPSS version 22.0 
(IBM, ibm.com) to compare the mean AR, LFC, HFC and 
RMS of the AMFs across the four display types. Results were 
deemed statistically significant when p-values of <0.05 
were present.

R ESULTS

The results for the mean AR, mean powers of the LFC and 
HFC and RMS accommodation are shown in Table 2.

Mean accommodative response

A significant main effect of display type was found across 
participants (F3,54  =  7.60, p  <  0.001), following a repeated 
measures ANOVA. Pairwise comparisons were analysed 
with a significant effect demonstrated between the paper 
and VDU conditions only (p < 0.01) (Figure 2).

A significant effect between the myopic and emme-
tropic refractive groups was found (F1,18 = 11.31, p < 0.005) 
for the overall mean accommodative responses, with a 
higher response noted in myopes. A significant main effect 

was found for display types for both myopes (F3,27 = 4.64, 
p  =  0.01) and emmetropes (F3,27  =  2.98, p  <  0.05) when 
the groups were examined separately. No significant dif-
ferences were found in pairwise analyses for myopes and 
emmetropes. No significant interaction was found be-
tween the refractive error and the display type (F3,54 = 0.40, 
p = 0.75).

There was a strong positive correlation between the 
mean accommodative response and the image resolution 
of the display types for the pooled data, r = 0.97, 95% BCa 
CI [0.95, 1], p = 0.03. There was also a strong positive cor-
relation separately for myopes, r = 0.96, 95% BCa CI [0.94, 
1], p  =  0.04 and emmetropes, r  =  0.98, 95% BCa CI [0.97, 
1], p  =  0.02 (Figure 3). This indicates that increasing the 
stimulus dpi results in an increase in the accommodation 
response.

Root mean square accommodation

There was no significant effect of refractive error group 
for RMS accommodation (F1,18  =  0.001, p  =  0.97), so data 
were pooled into a single group. RMS accommodation was 
also found to be unaffected by display type (F3,54  =  0.90, 
p = 0.45) (Figure 4).

Power spectrum analysis

The accommodative traces underwent FFT to isolate the 
LFC and HFC of the signal. The effect of the display type on 

T A B L E  2   Mean values and standard deviation (SD) for the pooled data, emmetropes and myopes for the mean accommodative response, low 
frequency components (LFC), high frequency components (HFC), RMS and root mean square (RMS) for the display types: paper, phone, e-reader and 
visual display unit (VDU)

Display Paper Phone E-reader VDU p-Value

Pooled data

LFC (D2/Hz) 8.23 ± 3.78 7.67 ± 3.61 7.20 ± 3.43 5.95 ± 2.99 <0.001*

HFC (D2/Hz) 0.01 ± 0.01 0.01 ± 0.00 0.01 ± 0.01 0.01 ± 0.01 0.15

RMS (D) 0.31 ± 0.07 0.30 ± 0.06 0.32 ± 0.08 0.30 ± 0.06 0.45

Mean AR (D) 2.79 ± 0.68 2.65 ± 0.65 2.59 ± 0.64 2.36 ± 0.57 <0.001*

Emmetropes

LFC (D2/Hz) 5.98 ± 2.04 5.47 ± 1.83 5.43 ± 2.31 4.43 ± 1.34 0.06

HFC (D2/Hz) 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.16

RMS (D) 0.31 ± 0.08 0.29 ± 0.07 0.34 ± 0.11 0.29 ± 0.07 0.21

Mean AR (D) 2.40 ± 0.43 2.28 ± 0.41 2.23 ± 0.48 2.07 ± 0.32 0.05*

Myopes

LFC (D2/Hz) 10.47 ± 3.84 9.87 ± 3.67 8.96 ± 3.53 7.47 ± 3.45 0.005*

HFC (D2/Hz) 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.01 0.01 ± 0.01 0.70

RMS (D) 0.31 ± 0.06 0.32 ± 0.06 0.30 ± 0.04 0.30 ± 0.04 0.85

Mean AR (D) 3.18 ± 0.66 3.03 ± 0.66 2.95 ± 0.58 2.66 ± 0.63 0.01*

Note: ± values refer to 1 standard deviation of the mean. p-Values for the effect of display type in the four groups are included in the last column. Significant effects are 
denoted by use of an asterisk.

Abbreviation: AR, accommodative response.
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F I G U R E  2   Box plots demonstrating the mean accommodative response for pooled data, emmetropes and myopes for the display types: paper, 
e-reader, phone and visual display unit (VDU). A repeated measures analysis of variance (ANOVA) with Bonferroni post-hoc analysis found a significant 
main effect depending on the display typed used. Pairwise analyses demonstrated a significant difference in the mean accommodative response (AR) 
between the paper and VDU displays for the pooled data. This is denoted by an asterisk in the box plot. A repeated measures ANOVA with Bonferroni 
post-hoc analysis found a significant difference between the refractive groups

F I G U R E  3   Scatter graph for the mean accommodative response against the image resolution of the display types: paper (600 dpi), phone (326 
dpi), e-reader (300 dpi) and visual display unit (VDU) (96 dpi) for myopes, emmetropes and pooled data. A significant correlation between the mean 
accommodative response and the image resolution of the display types was found for all four groups (all p values < 0.05) Error bars are standard 
errors of the mean
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each of these components was examined. There were no 
significant differences found for refractive error types for 
the HFC (F1,18 = 0.87, p = 0.36), therefore data were pooled. A 
repeated measures ANOVA found no main significant effect 
for display types in the HFC (F3,54 = 1.95, p = 0.15) (Figure 5).

A significant effect between the myopic and emme-
tropic refractive groups was found (F1,18 = 11.31, p < 0.005) 
in the LFC (Figure 6). There was no interaction found be-
tween the display types and the refractive error (F3,54 = 1.02, 
p  =  0.39). A significant main effect was found for display 

F I G U R E  4   Box plots demonstrating the root mean square (RMS) accommodation for the pooled data, emmetropes and myopes for the display 
types: paper, phone, and e-reader and visual display unit (VDU). Repeated measures analyses of variance (ANOVAs) with Bonferroni post-hoc analysis 
found no significant differences across the three conditions

F I G U R E  5   Box plots demonstrating the high frequency component (HFC) for the pooled data, emmetropes and myopes for the display types: 
paper, phone, e-reader and visual display unit (VDU). Repeated measures analyses of variance (ANOVAs) with Bonferroni post-hoc analysis found no 
significant differences across the three conditions



520  |      DISPLAYS AND ACCOMMODATION MICROFLUCTUATIONS 

type in myopes (F3,27  =  5.27, p  =  0.005), but not for em-
metropes (F3,27 = 2.72, p = 0.06) separately. There were no 
significant differences found between the different display 
types for myopes and emmetropes separately when pair-
wise analyses were examined, therefore, data were pooled.

A main significant effect was found across participants 
depending on the display type used (F3,54 = 7.87, p < 0.001), 
following a repeated measures ANOVA. Pairwise compari-
sons were analysed with a significant effect demonstrated 
between the paper and VDU conditions (p  <  0.01) and 
paper and smartphone conditions (p  <  0.05). There were 
no more significant differences noted between the rest of 
the display types combinations for pairwise comparisons.

There was no significant correlation found between the 
LFC and the image resolution of the display types for the 
pooled data, r = 0.94, 95% BCa CI [0.89, 1], p = 0.06, for my-
opes, r = 0.93, 95% BCa CI [0.78, 1], p = 0.07 or emmetropes, 
r = 0.95, 95% BCa CI [0.94, 1], p = 0.05 (Figure 7).

DISCUSSIO N

A significant increase in the mean power of the LFC was 
observed for the paper condition when compared to the 
VDU and smartphone conditions. Myopes demonstrated 
a significantly higher mean power of the LFC and mean 
AR compared with emmetropes across the four displays. 

A strong positive correlation was noted for myopes and 
emmetropes between the mean accommodative response 
and the image resolution of the display types. The HFC and 
RMS accommodation were found not to be affected by dis-
play type.

Power frequencies of accommodative 
microfluctuations (AMFs) and display type

Previous studies have suggested that display type may 
influence AMFs.4,13,37,38 Iwasaki and Kurimoto13 found an 
increase in the LFC when participants used a computer 
compared to a paper target. This differs from the findings 
of our study, where the mean power of the LFC was high-
est for the paper display and lowest for the VDU display. In 
Iwasaki and Kurimoto's study this was only apparent once 
the participants had completed an hour-long task search-
ing for names on the display they were using. The LFC 
was defined as between 0 and 1.5  Hz, whereas this study 
defined the LFC as between 0 and 0.6 Hz, similar to previ-
ous investigations.25,39–41  The value used by Iwasaki and 
Kurimoto overlaps into the HFC range used for our experi-
ment (1.0–2.1 Hz), making it difficult to directly compare re-
sults. The accommodative response was recorded at optical 
infinity in low luminance conditions (3–5 lux) leading to no 
accommodative demand and lower luminance compared 

F I G U R E  6   Box plots demonstrating the low frequency component (LFC) for the pooled data, emmetropes and myopes for the display types: 
paper, phone, e-reader and visual display unit (VDU). A repeated measures analysis of variance (ANOVA) with Bonferroni post-hoc analysis found 
a significant main effect depending on the display type used for the pooled data. Pairwise analyses revealed a significant difference in the mean 
accommodative response (AR) between the paper and VDU displays and the paper and smartphone displays. These are denoted by an asterisk in the 
box plot. A repeated measures ANOVA with Bonferroni post-hoc analysis found a significant difference between the refractive groups
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to the present study. Given the effect that accommodative 
demand23,42,43 and luminance14,40 have on AMFs, it is possi-
ble that this is a contributing factor to the differences found 
between the two experiments. Any possible effect of image 
resolution was not mentioned, which may have also resulted 
in a difference in the LFC for the displays used as found here, 
where accommodative demand and luminance levels were 
kept constant across the display types.

Gray and colleagues37 examined AMFs and pupil size 
during sustained viewing of several different displays. Five 
participants were presented with a task identifying typo-
graphical errors on five different displays. No differences 
were found in the accommodative response; however, one 
participant exhibited an increased LFC for paper and an elec-
troluminescent panel after undertaking the task for 20 min. 
Target contrast and angular subtense were varying factors 
depending on the display used in that study,36 whereas these 
parameters remained constant throughout this investiga-
tion. A lower accommodative demand of 2.00 D was used in 
their experiment, which as with Iwasaki and Kurimoto, may 
be a factor in the results when compared to the 3.00 D ac-
commodative demand of our study. However, the observed 
increase in the LFC is similar to the results presented here. A 
different LFC range (0.3–0.6 Hz) was used by Gray and col-
leagues.37 The narrower frequency band is another possible 
reason for the more apparent differences in the LFC between 
display types that was found in this experiment.

It has been proposed that the measurement of the HFC 
during the use of various display types can be a method of 

measuring visual stress.44 Jeng and colleagues44 concluded 
that the visual system was more strained when observing 3D 
videos compared to 2D videos, and when viewing material 
on a LCD TV (55 dpi) compared to a laser projector (29 dpi) 
at 2 m. In our experiment we found no significant difference 
between the HFC. One potentially important difference be-
tween the two studies is that we took all our readings at the 
same visit, whereas readings were taken on separate days for 
each condition in the other. As the HFC is correlated with the 
arterial pulse,45 it is possible that varying arterial frequencies 
may have an effect; an effect that is unlikely to impact the re-
sults of our experiment where participants were completing 
similar tasks back-to-back in a sedentary position.

In their study, Hue and colleagues38 conducted two sep-
arate experiments where they compared the AR between 
a first-generation iPod touch (163 ppi) and paper in one co-
hort of 20 young participants, and the AR between a Kindle 
eBook reader (167  ppi) and paper in a different group of 
20 young participants. An increased lag of accommodation 
was found in the iPod touch group compared to paper, but 
not in the Kindle group. The image resolution was similar 
between the two digital devices; however, they were not 
compared to one another. Given that there were two sep-
arate cohorts involved, this may explain why there was a 
difference in the AR in one group and not the other. Screen 
luminance was not reported by Hue and colleagues which 
also may have had an effect. The difference in screen sizes, 
3.5 inches for the iPod touch and 6 inches for the Kindle, 
could be another potential cause for the effect. However, 

F I G U R E  7   Scatter graph demonstrating for the mean power of the low frequency component (LFC) against the image resolution of the display 
types: paper (600 dpi), phone (326 dpi), e-reader (300 dpi) and visual display unit (VDU) (96 dpi) for myopes, emmetropes and pooled data. No 
significant correlation between the mean power of the LFC and the image resolution of the display types was found for the pooled data, myopic or 
emmetropic groups (p = 0.06, p = 0.07 and p = 0.05, respectively). Error bars are standard errors of the mean
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in our experiment there was no significant difference be-
tween the e-reader and phone displays which had similar 
luminances and image resolutions but different screen 
sizes. A significant difference was found in the mean power 
of the LFC between the paper and VDU displays, which had 
the same screen size. A significant difference in the mean 
power of the LFC was also found between the paper and 
the phone displays, which had different display sizes. Given 
the correlation seen in our experiment between image 
resolution and the mean power of the LFC, along with the 
mean AR, it is more likely that image resolution, rather than 
screen size, has an effect on these measures.

Refractive error

In the present study we found that the mean power of the 
LFC of the AMFs was greater in myopes than in emme-
tropes. This is similar to results reported in various other 
studies investigating the role of AMFs.14,23–25,46,47 Our ex-
periment also showed no interaction effect on the mean 
power of the LFC or HFC between refractive error and dis-
play type. Day and colleagues23 investigated the effect that 
changing the accommodative demand had on AMFs. They 
found that refractive error and accommodative demand 
had a significant effect on LFC power, with larger values 
seen in myopes compared with emmetropes. The lack of 
interaction between refractive error and accommodative 
demand found in their experiment, and refractive errors 
and image resolutions of display types found in our study, 
would suggest that refractive error has an independent ef-
fect on the LFC. Based on this, it is doubtful that the image 
resolution of the display types used here had an effect on 
the differences found between myopes and emmetropes, 
with myopes appearing to be generally predisposed to 
having an increased mean power of the LFC relative to that 
of emmetropes.

An increased depth of focus in myopes has been 
suggested as a possible reason for the higher AMFs 
noted in myopes compared with emmetropes.24,48 
Harb and colleagues21  hypothesised that the in-
creased depth of focus reduced blur sensitivity, which 
led to an increase in accommodative variability while 
maintaining clear vision. In their study, emmetropes 
and myopes had approximately the same mean ac-
commodative response; however myopes demon-
strated greater accommodative variability suggesting 
that they may have the ability to tolerate greater 
AMFs. This varies with the results of our study where 
myopes exhibited a larger mean AR than emmetropes. 
The myopic response varied more for the mean AR, al-
beit for some displays more than others, and the mean 
power of the LFC relative to emmetropes which may 
be explained by the greater error allowed by an in-
creased depth of focus. This finding contrasts with the 
generally accepted finding that myopes tend to have 
a larger lag of accommodation than emmetropes.47,49 

However, it has been shown that corrected adult my-
opes can have a smaller lag of accommodation than 
emmetropes.50  Nakatsuka and colleagues investi-
gated the lag of accommodation using a similar bin-
ocular open-field infra-red autorefractor, finding that 
the lag of accommodation was smaller for myopes 
than emmetropes, with it being further reduced under 
binocular versus monocular conditions at a range of 
accommodative demands. A similar study conducted 
by the same researchers on children found the lag of 
accommodation was greater in myopes relative to em-
metropes.49  This may explain our finding where the 
corrected adult myopes had a reduced lag of accom-
modation compared with emmetropes. However, this 
does not explain the lead of accommodation found 
for the display types with higher image resolutions 
which requires further investigation.

Possible relationship between image 
resolution and accommodation

A potential reason for the effect of display type on the 
mean AR and the mean LFC power in AMFs could be re-
lated to the image resolution of the display. There was a 
significant positive correlation between the mean accom-
modative response and the resolution of the displays used 
in the experiment. This suggests that a reduced lag of ac-
commodation occurs when viewing higher resolution dis-
plays, whereas a larger lag of accommodation may occur 
for lower resolution displays. This appears to be more 
obvious in emmetropes who had a larger lag of accom-
modation relative to myopes, whereas myopes had a lead 
of accommodation for higher image resolutions. Previous 
research assessing the mean accommodative response 
with near visual tasks on different handheld display 
types did not find a significant difference.51  Moulakaki 
and colleagues compared the accommodative response 
to a Maltese cross target at accommodative demands of 
1.00 D, 2.00 D, 3.00 D and 4.00 D following 10 min silently 
reading text on an IPad mini (162 dpi) or iPhone 4S (330 
dpi) in 18 participants. They found no significant differ-
ence in the accommodative response between the two 
devices across these accommodative demands. One pos-
sible reason could be related to the difference in image 
resolution between the two display types of 168 dpi. In 
this study, we found no significant difference between 
the paper display and either the smartphone (274 dpi) or 
the e-book (300 dpi). However, there was a significant dif-
ference between paper and the VDU (504 dpi). Therefore, 
it could be hypothesised that a difference of greater than 
300 dpi is required to achieve a change in the accommo-
dative response when image resolution is isolated as a 
factor. Another difference between the two experiments 
is that the accommodative response was measured whilst 
participants were observing the display type, whereas all 
participants in Moulakaki and colleagues51 experiment 
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observed the same target following a period of time read-
ing from the test display types.

A positive trend was noted for both myopes and em-
metropes between the power of the LFC and the image 
resolution of the display types; however this proved to 
be not significant. A larger range of image resolution may 
have shown a significant effect on the power of the LFC, 
with the trend appearing to be similar to that of the mean 
accommodative response.

Image resolution and digital eye strain

Previous research has recommended that higher image 
resolutions should be used in digital displays.52–54 
Ergonomically, Ziefle52 found that task performance was 
better with higher resolution displays relative to lower 
resolution displays. Participants completed tasks on two 
different cathode-ray tube (CRT) displays and a paper 
display with image resolutions of 60, 120 and 255 dpi, re-
spectively. Reading accuracy and speed were found be 
significantly higher on the paper display, with an overall 
trend showing an increase in these factors in line with 
an increase in the image resolution. This is similar to our 
study where a significant difference was found in the 
AR and the mean power of the LFC between the high-
est and lowest image resolutions displays. The image 
resolution appears to increase in line with the mean AR 
and LFC power. This might suggest that a reduced lag 
of accommodation could be linked to the higher resolu-
tion screens, which may be more beneficial to users than 
lower resolution screens.

It may be that a reduced lag of accommodation when 
observing higher resolution displays may be related to the 
improvements in readability and the trends of decreas-
ing subjective fatigue seen in previous studies.52,54 Given 
that the improvements in display technology have led to 
general increases in image resolution compared to the 
CRT models used in the past, they can be considered an 
improvement in dealing with DES. However, since DES con-
tinues to occur it may be only a small part of a much larger 
problem.1–4,53

It is important to consider the difference between my-
opes and emmetropes in this study. It is normal to have a 
small lag of accommodation. Patients tend to be symptom-
atic if the lag of accommodation exceeds 1.00 D or if there is 
a lead of accommodation.31 For emmetropes, the mean AR 
ranged from 2.40 D to 2.07 D for the 3.00 D accommodative 
demand which would constitute a normal lag of accommo-
dation. However, in myopes the mean AR ranged from 3.18 
D in the highest resolution (600 dpi) to 2.66 D in the lowest 
resolution (96 dpi). This may suggest that a higher resolu-
tion could cause a lead of accommodation in myopes. Given 
that leads in accommodation can be symptomatic, there is 
potential that image resolution may be a factor in causing 

symptoms in myopes during close work.1 Further research is 
required to determine the clinical significance of this finding.

CO NCLUSIO N

In conclusion, the mean accommodative response and 
the mean power of the LFC of AMFs are dependent upon 
on the type of display used. Higher resolution devices 
showed a reduced lag of accommodation to the accom-
modative demand; however this may cause a lead of ac-
commodation in myopes for higher resolution display 
types. This may suggest that image resolution plays a 
role in symptoms of DES. It may be necessary to consider 
that non-symptomatic image resolutions fall into a range 
occurring between excessive lags of accommodation 
with lower resolution and leads of accommodation for 
higher resolution displays.
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