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Abstract
Purpose: In the clinical care of functional vision disorders, dynamic retinoscopy such as Monocular Estimate Meth-
od has been the mainstay for objective measurement of the accommodative response. It is valuable, fast and widely 
available. Dynamic retinoscopy however does not allow for quantified measures of accommodation by inexperi-
enced clinicians or technicians. Automated, objective methods for performing simple clinical tests like book retinos-
copy would be most useful, if only real-world targets like continuous text could be included.  This study was aimed at 
determining the feasibility of collecting automated, continuous accommodative data during reading. 
Methods: Real-time accommodative measurements were measured on nine subjects under three conditions while 
accommodative measurements were collected at 5Hz with the Grand Seiko WAM-5500 open-field autorefractor. The  
first two conditions tested the ability of the autorefractor to measure accommodative response using peripheral gaze: 
with distant and near targets. The third condition involved reading from the electronically presented text. 
Results: Accommodative response, allowing for expected accommodative lag, was measured within 0.25 D of ex-
pected clinical values during reading in a 3-line vertical, 15-degree horizontal window. 
Conclusions: Within the 15º visual angle range, open-field autorefraction is able to accurately measure the real-
time accommodative response to within 0.25 D. Although there are dynamic fluctuations in the accommodative re-
sponse during reading, measured accommodative lag increases with demand and is consistent with the literature on 
dynamic retinoscopy. Open-field autorefraction has the potential to demonstrate accommodative dysfunction when 
used in real-time mode.
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Visual complaints related to accommodation are common.1 
Frontal headaches, intermittent blur, and asthenopia are a few 
of many classic symptoms experienced by patients with ac-
commodative disorders.2 Standard clinical tests of accommo-
dative function, such as amplitude, facility, lag testing, and 
positive and negative relative accommodation often enable an 
accurate diagnosis of the accommodative disorder.3  However, 
none of these tests measures or demonstrates the accommo-
dative response while performing a near task, such as read-
ing.  Dynamic retinoscopy, such as the Monocular Estimate 
Method (MEM) performed while a patient is reading from a 
card, is the current optometric test that comes closest to mea-
suring accommodative response during reading.4,5  However, 
this test is very technique-sensitive, difficult to continuously 
quantify, and the reading environment is quite different than 
normal. If they are repeatable, real-time measurements of ac-
commodative response are potentially useful for patient diag-
nosis and management.6

The open-field autorefractor has the potential to enable 
real-time measurement of accommodation while reading.7 An 
“open-field” autorefractor is distinguished by the fact that the 

patient views objects in real-space when the refractive mea-
surement is made.  This is accomplished by having the patient 
view free space through a beam splitter; the optical path for 
measuring refractive status is in the other path and not vis-
ible to the patient.  The instrument measures the location of 
eye focus: i.e. the distant refractive status if the patient views 
a distant target and the location of accommodative focus if 
the patient views a near target.8 The first commercially avail-
able open-field autorefractor was the Canon R-1.9  The Grand 
Seiko WAM 5000 series, a more advanced instrument, can 
measure the eye focus objectively at 5 Hz. When fitted with a 
continuous text target on a reading rod, it performs similarly 
to the fused crossed cylinder test but provides continuous 
objective measurements and a more normal reading environ-
ment.8

We are unaware of previous studies that measure accom-
modation dynamically during the reading task. Although 
the Grand Seiko WAM-5500 is now the gold standard for 
measuring transient accommodative effects, these measure-
ments are inevitably done before and after the reading task 
is complete.10 This study endeavors to examine the ability of 
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the WAM-5500 to provide meaningful measures of accom-
modative response during typical reading.  Because reading 
requires that the eye move across a page of text, a primary 
concern is potential inaccuracy caused by off-axis measure-
ments.11  The purpose of the study was to assess the ability of 
the instrument to make off-axis measurements and to measure 
accommodation during the reading process. 

METHODS
Subjects

 Nine subjects participated in the study (5 females, 4 males; 
mean age, 26 years). Ages spanned from 20 to 38. All wore 
the proper spectacle or contact lens prescriptions, if appli-
cable, for this study. Those with functional or pathological 
vision problems, especially those affecting accommodation, 
were excluded from the study. This included, but was not lim-
ited to, patients with presbyopia and accommodative insuf-
ficiency.

Apparatus
A Grand Seiko WAM-5500 open-field autorefractor was 

used to measure accommodation and pupil size at a sampling 
rate of 5 Hz. These are standard measures for this instrument, 
which has replaced the old standard, the discontinued Canon 
Autoref R-1 Refractometer.12-15 Data were automatically re-
corded to an Excel file on a computer connected to the WAM-
5500 via a serial cable using WCS-1 data collection software 
provided with the autorefractor.

Three display devices were used to display text stimuli: a 
15" liquid crystal (LCD) display Dell 1505FP LCD (1024 x 
768 screen resolution, 60 Hz), a handheld smart phone (HP 
iPAQ hw6945, 3" thin-film transistor (TFT) backlight light-
emitting diode (LED) display, 240 x 240 screen resolution, 5.4 
cm wide x 5.4 cm high), and hardcopy paper (regular letter-
size printing paper). The Hp iPAQ was chosen because it has 
an LCD screen, readily to be compared to the desktop LCD, 
yet can be mounted to a reading rod for measurements nearer 
than 50 cm. The smartphone was controlled with a wireless 
keyboard used for text scrolling during the reading test.

Materials
Tahoma font was used throughout the study, as it is the 

default font used in the iPAQ. All stimuli were located in front 
of the WAM-5500 for viewing through the window of the au-
torefractor. 

Procedures
Subjects sat in a comfortable chair behind the WAM-5500. 

Chair and chin rest height were adjusted to individual com-
fort. Room lighting was kept constant across all testing and 
was provided entirely by fluorescent fixtures typical of an of-
fice setting.  All measurements were made on the subject’s 
right eye; the left eye was occluded unless otherwise noted. 

Each subject was tested in three conditions: primary gaze 
position, eccentric gaze positions at 50 cm, and reading over 
a small screen. 

To examine how sensitive the Grand Seiko autorefractor is 
to accommodative demand caused by viewing distance, mea-
sures of accommodative focus of primary gaze position at dif-

ferent viewing distances were obtained. Subjects were asked 
to look at a series of 12-point Tahoma letters in a straight-
ahead position, at distance of 4.75 m (far gaze position), fol-
lowed by near gaze at distance of 25, 33, 40, and 50 cm (near 
gaze positions). The letters were presented in the mode of 
power point slide show. Latin-square randomization was used 
to determine the testing order of near distances. Data were 
collected for 30 seconds for each viewing distance.

The eccentric gaze measures were to compare accommo-
dative measures at different eccentric distances. Seven upper-
case letters (A to G, in 12-point Tahoma) were displayed on 
the LCD at every five degrees of horizontal gaze from -15° to 
15° at distance of 50 cm. A red fixation dot was also presented 

Figure 1a. Raw Grand Seiko accommodative data before 
trimming to 2 SD)

Figure 1b. Raw Grand Seiko accommodative data after 
trimming to 2 SD

Figure 1c. Raw Grand Seiko accommodative example 
showing the nature of fl uctuation from accommodative fo-
cus measures; data derived from a different study, in which 
the subjects read words presented only in primary gaze. 
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at the primary gaze position, right under the middle (0°) let-
ter. The subject was asked to focus at the fixation dot until a 
stable measure was obtained and then to shift their focus to a 
specific letter called out by the experimenter, without moving 
their head, for 30 seconds. The procedure was repeated for all 
seven targets and their testing order was determined by Latin 
square. A similar series of 30-second measures were made 
with the iPAQ on the WAM-5500 reading rod. 

In the final condition, the subject read text at the same four 
distances (25, 33, 40, and 50 cm) for 90 seconds each. The 
text (Emma, by Jane Austen) was presented in 9-point Tahoma 
font on the iPAQ window (5.4 cm wide x 5.4 cm high). This 
font size was one of two available on the smartphone, and 
subtended the same visual angle as the larger desktop monitor 
font due to distance magnification. A pilot test was conducted 
to be sure that the accommodative measures derived from the 
edges of the small text window of the iPAQ were no differ-
ent from the measures obtained in primary gaze. At the four 
testing distances the edges of the line of text required eccen-
tric gazes of +/- 5, 10, and 15 degrees. Subjects scrolled the 
text using a wireless keyboard and were instructed to remain 
within one vertical line of baseline to minimize eyelid interfer-
ence. At the beginning of each reading distance, the subject 
was asked to focus at a central dot until obtaining a stable mea-

surement. Then the dot was removed and the text was revealed 
for continuous reading. 

RESULTS
Statistical Analysis

Trimming to two standard deviations above and below the 
mean eliminated outlying data for each subject and testing 
condition. This is a standard statistical procedure for noisy 
data when the reason for the noise is explainable, in this case, 
with blinks. Figure 1 shows the comparison of data before and 
after trimming. 

SPSS® general linear model within subject analysis of vari-
ance (ANOVA) was used for analysis. Graphs were construct-
ed to compare the means using confidence intervals construct-
ed such that non-overlapping intervals were significantly 
different at an unadjusted p<0.05. This was accomplished by 
constructing the 84th percent confidence interval around each 
mean.16  In constructing this confidence interval, the standard 
error (SE) for a single mean was estimated using the standard 
error of the differences (SED) in the following formula:  SE 
= SED/(square root of 2) with degrees of freedom equal to 
n-1. The standard error of the differences between means was 
taken from the least squared difference t-test (SPSS version 
17; SPSS Inc. Chicago, Ill) yielding identical tests of signifi-
cance between the non-overlapping confidence intervals and 
the t-tests (F (3, 21) = 132.594, p < 0.0001).    

Sensitivity of Primary-Gaze Accommodative 
Measures to Viewing Distance

The first test measured the sensitivity of Grand Seiko to 
different viewing distances while looking straight ahead at 
the target. The expected accommodative demand is -2.0 D at 
viewing distance of 50 cm, and increases stepwise as viewing 
distance decreased to 40 cm, 33 cm, and 25 cm. 

ANOVA demonstrated a significant effect of viewing dis-
tance on the accommodative response.  Within-subjects com-
parison identified a significant linear trend.  Pairwise com-
parisons show significant difference among the five viewing 
distances.  Figure 2 illustrates the estimated mean accommo-
dative response at the four viewing distances.  This result sug-
gests that the measures are sensitive to the change of viewing 
distance. 

Accommodative Measures Across Eccentric 
Distances and Viewing Distances

Figure 3 shows the consistency of accommodative mea-
sures across eccentricity at 50 cm. ANOVA shows no signifi-
cant effect of visual angle on the accommodative measures, 
suggesting that at 50 cm, there is no significant difference 
between measures 15° on either side of the primary gaze 
(F(1.847, 12.931) = 0.515, p = 0.596). This suggests that 
Grand Seiko measurements are stable at least within 15° from 
the central fixation point; however, the result of no significant 
difference may be due to the small sample size. Further in-
vestigation is needed to refine the horizontal boundary of the 
Grand Seiko measures.

Accommodative Measures During Reading
Accommodative response is presumed only to be depen-

dent on working distance. However, off-axis measures of ac-

Figure 2: Accommodative response of primary gaze at various 
viewing distances.  The bars are showing 84% confi dence in-
terval of the measures.  Non-overlapping bars were signifi cant 
at p < 0.05.  

Figure 3: Accommodative response across eccentric visual an-
gles at various viewing distances
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commodative response in secondary gaze may make accurate 
determination difficult.  Therefore a pilot test was conducted 
to examine the consistency of the Grand Seiko measurements 
within a small display region from four viewing distances 
(50, 40, 33, and 25 cm). The display region was selected to 
match the screen size of the iPAQ, which was used to display 
the reading text. A two-way ANOVA shows significant main 
effect of viewing distance (F(3, 21) = 132.594, p < 0.0001) 
but no significant effect of gaze position (F(2, 14) = 1.259, 
p = 0.314) nor their interaction (F(1.847, 12.931) = 0.515, p 
= 0.596), suggesting that derived accommodative measures 
were responsive to the change of viewing distance but were 
consistent within a particular test visual angle (Figure 4).

A significant effect of viewing distance on the average 
measure of the continuous accommodative recordings was 
obtained (F(1.410, 9.873) = 61.649, p < 0.0001).  Within-
subject contrast shows significant linear (p < 0.0001) and 
quadratic trends (p = 0.0158).  Pairwise comparisons indicate 
significant differences of accommodative measures between 
all four viewing distances.  Figure 5 shows the average ac-
commodation and its variation at the tested distance. 

Figure 6 illustrates the relationship between static accom-
modations while staring at a fixation point with dynamic ac-
commodation while reading. The graph includes points with 
left, center, and right gazes during reading compared to the 
single fixation point static accommodation.  The line of unity 
in the figure illustrates that there is no systematic deviation 
from identity across all viewing distances.

DISCUSSION
 Accommodative dysfunction is an established cause of 

discomfort with near work, yet is difficult to measure after 
the completion of the asthenopia-inducing task.17 This gap 
between symptom-inducing tasks and the direct measure-
ment of the visual system dysfunction has traditionally been 
addressed with dynamic retinoscopy.  Dynamic retinoscopy 
techniques such as  MEM, bell, and book retinoscopy are ex-
tremely valuable in the hands of the experienced clinician. 
However, they require practiced skill and are limited in the 
number of data points they can collect. What is needed is a 

continuous way to measure the accommodative response dur-
ing reading of continuous text.

 Open-field autorefraction can address this need. The Grand 
Seiko WAM-5500 autorefractor can be used to measure the 
accommodative response and pupil size up to five times per 
second. What was previously unknown is that the WAM-5500 
can also be used effectively while the patient reads actual 
continuous text, like a book, within certain parameters. The 
visual angle data shows that measures conducted at ±15º of 
primary gaze are within 0.25D of baseline in all but one sub-
ject.  This seems to demonstrate that off-axis effects are mini-
mal when using this instrument. Accommodative lag shows 
a regular increase with closer working distances, as expected 
from dynamic retinoscopy.

 Not every working distance is measurable with open-field 
autorefraction. Gaze fixation and reading test analysis proved 
useful in this regard. It shows limits on working distance for 
accurate data recording. In each of the three greater distances 

Figure 4: Accommodative Response as a Function of Working 
Distance and Position of Gaze. 

Figure 5: Mean accommodative response as a function of 
viewing distance during reading. Notice the increased accom-
modative lag with closer working distance is very linear.

Figure 6.  The relationship between static accommodation at 
baseline and dynamic accommodation while reading.  The line 
in the chart is the line of identity for reference rather than the 
regression line.  
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(>25 cm), the data remained stable left and right of primary 
gaze, indicating that the WAM-5500 was tolerant of off axis 
viewing at ±7.5º. Within this angular limit, it is shown that the 
WAM-5500 will likely perform accurately at 33 cm, 40 cm, 
and 50 cm. Beyond that, dynamic retinoscopy like the MEM 
technique will need to be used.

 Other limitations of this technique include vertical window 
size (limited to 2-3 text lines due to upper lid interference 
with the Grand Seiko), and most notably, lack of propriocep-
tive input. This latter drawback is shared with many other 
traditional techniques used to measure visual performance at 
near, including any that use the reading rod that attaches to the 
phoropter in much the same way it does to the Grand Seiko. 
The fact that the patient cannot localize the reading material 
by holding it may simulate symptoms experienced during the 
use of a desktop computer. However, when symptoms exist 
for patients for whom proprioception is a factor (such as those 
reading hard copy, using a tablet display or electronic reader), 
open-field autorefraction cannot replace classic near visual 
stress measurement techniques, such as book retinoscopy.

CONCLUSIONS
  The Grand Seiko WAM-5500 appears to be an accurate 

tool for quantifying accommodation in both static and dy-
namic modes. By conducting this study, limits and boundaries 
have been created that will allow this instrument to be used in 
future studies. 

 The diagnosis of clinical entities like accommodative in-
sufficiency would benefit greatly from an objective measure 
of the accommodative response during reading. Under the 
conditions outlined in this study, the Grand Seiko WAM-5500 
can obtain this information. It is a step forward in allowing 
clinicians to help make better diagnoses based on objective 
accommodative measures.

 Although open-field autorefraction will never replace dy-
namic retinoscopy in the hands of an experienced clinician, 
it has certain advantages. For use in research, continuous ac-
commodative and pupil measures can be obtained with mini-
mal operator training. For clinical use, open-field autorefrac-
tion allows for accommodative amplitudes to be measured 
objectively for the first time. Lastly, this study showed the use 
of a handheld video display instead of static near cards holds 
great promise to simulate modern accommodative demands 
and hold patient interest.

Acknowledgements
The authors would like to acknowledge the contributions 

of our research assistants, particularly programmer Dewey 
Kim, BS, for wavelet analysis of raw WAM-5500 data, with-
out whom this research would not have been possible.

Funding for this study was provided by Microsoft Corpora-
tion. None of the authors has any financial interest in Grand 
Seiko Corporation or its subsidiaries.

References 
1. Collier J, Rosenfield M. Accommodation and convergence during sus-

tained computer work. Optom 2011;82:434-40.
2. Coffey B, Kosir K, Plavin J. Effects of laptop computer gaming on refrac-

tive condition and visual acuity. Poster presentation, Am Acad of Optom  
Annual Meeting, Tampa, 2004.

3. Bozic JM, McDaniel J, Mutti DO, Bullimore MA. Measuring the accom-
modative convergence to accommodation (AC/A) ratio with the Grand 
Seiko WR-5100K. Poster presentation, Am Acad of Optom  Annual Meet-
ing, Philadelphia, 2001.

4. Whitefoot H. Dynamic retinoscopy and accommodation. Ophthal Physiol 
Opt 1992;12:8-17.

5. Garcia A. MEM and Nott dynamic retinoscopy in patients with disorders 
of vergence and accommodation. Ophthal Physiol Opt. 2002;22:214-20.

6. Huffman SJ, Mutti DO, Zadnik K. The Repeatability of Autorefractors. 
Poster presentation, Am Acad of Optom  Annual Meeting, Philadelphia, 
2001.

7. Win-Hall DM, Ostrin L, Kasthurirangan S, Glasser A. Objective accom-
modation measurement with the Grand Seiko and Hartinger Coincidence 
Refractometer. Optom Vis Sci 2007;84:879-87.

8. Win-Hall D, Glasser A. Objective accommodation measurements in pseu-
dophakic subjects using an autorefractor and an aberrometer. J Cataract 
Refract Surg 2009;35:282-90.

9. Winn, B, Pugh JR, Gilmartin B, Owens H. The effect of pupil size on static 
and dynamic measurements of accommodation using an infra-red optom-
eter. Ophthal Physiol Opt 1989;9:277-83.

10. Borsting E, Tosha C, Chase C, Ridder WH. Measuring near-induced tran-
sient myopia in college students with visual discomfort. Optom Vis Sci. 
2010;87:760-66.

11. Berntsen DA, Mutti DO, Zadnik K. Validation of Aberrometry-based 
Relative Peripheral Refraction Measurements. Ophthalmic Physiol Opt 
2008;28:83-90.

12. Winn, B. The effect of pupil size on static and dynamic measurements 
of accommodation using an infra-red optometer.  Ophthal Physiol Opt 
1989;9:277-83.

13. Wetzel PA. An integrated system for measuring static and dynamic ac-
commodation with a Canon Autoref R-1 refractometer. Ophthal Physiol 
Opt 1996;16:520-27.

14. Wolffsohn JS. Dynamic measurement of accommodation and pupil size 
using the portable Grand Seiko FR-5000 autorefractor. Optom Vis Sci 
2006;83:306-10.

15. Kent C. Caught in the act: New technology measures accommodation, 
refraction, dynamic pupil range and gaze deviation, as they change - from 
a distance. Ophthal Man 2002;6:64-65.

16. Payton ME, Greenstone MH, Schenker N. Overlapping confidence inter-
vals or standard error intervals: What do they mean in terms of statistical 
significance? J Insect Sci. 2003;3:34. www.insectscience.org/3.34/Pay-
ton_et_al_JIS_3.34_2003.pdf Last Accessed January 10, 2010.

17. Tai Y, Kundart J, Laukkanen H, Bowser S, et al. Categorization of visual 
stress and its effect on visual performance. Am Acad of Optom  Annual 
Meeting Scientific Paper, Program number 80101, Tampa, 2008. 

Corresponding author:
James Kundart, OD, MEd
Pacific University College of Optometry
2043 College Way, UC Box A-134
Forest Grove, OR 97116-1797
kundart@pacificu.edu
Date accepted for publication: 31 March 2011


