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Abstract
Introduction
Our group has been measuring accommodation in myopic children. The instrument of choice
has been the Power Refractor (Multichannel Systems). However, this instrumentation is no
longer supported and runs on an outdated platform (Windows 98). There is a need to develop
a new photorefraction system that has the ability of the Power Refractor to accurately measure
accommodation dynamically. The resolution of measures can be increased with modern video
cameras especially in regards to the measurement of the first and second order dynamics of
the accommodative response.
Photorefraction is a rapid video based means to measure the refractive status of the eye. Light
from infra-red LEDs set eccentric to the aperture of the camera is reflected back from the eye
forming intensity gradients across the pupil that varies with the degree of ocular defocus
relative to camera. However, this gradient can be influenced by various factors such as pupil
size, fundus brightness etc. Thus the relationship between defocus and the intensity gradient
must be calibrated empirically in order that valid measures of accommodation can be made
from the photorefractor. Calibration trials determine a conversion factor which will be used to
convert intensity gradients into diopters where other optical parameters such as pupil
brightness and pupil size are controlled. Furthermore, once designed, this new instrument
should be validated to see if it can accurately measure the ocular accommodative response
and its dynamic characteristics.
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Methods
Two calibration procedures were employed for conversion of the luminance slope in to units
of diopters. First being the relative calibration where relative changes in the accommodation
were induced and was related to the absolute changes showed in the luminance slope output
from the photorefractor. Second, pupil size calibration was done to account for the changes in
the pupil size where the conversion factor obtained from each subject was related to their
respective luminance measure across the pupil (fundal brightness). For relative calibration,
varying degree of ocular focus ranging from +5D to -5D (1D steps) was induced using trial
lenses in-front of the right eye in which visible light was filtered out using an infra-red filter.
Subjects (20-40 yrs.) fixated at a distance target with the other eye. Intensity gradients
obtained in each condition were then plotted against the induced lens to get the linear
regression slope value (conversion factor). This conversion factor was used later to convert
the luminance output given by the photorefractor in to diopters. Repeatability measures were
taken on 4 subjects (20-40 yrs.) on a different day. Bland-Altman plots were used to test the
repeatability of conversion factor between the two visits. To address the inter-individual
variability of the conversion factor, pupil size calibration was employed wherein fundus
brightness was plotted against conversion factor and the linear regression equation of this plot
was used to calculate the conversion factor. This procedure was used to account for changes
in the pupil size during an accommodative response and thus to enhance the accuracy of the
estimation.
For validation, accommodation was stimulated using high contrast vertical line targets placed
in a Badal optical system. A 2D step was provided with a 4sec presentation time and the onset
of the stimulus was randomized. The video output obtained was loaded into DPRS for
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analysis. The raw position data obtained was further loaded in to MATLAB for analyzing the
dynamics characteristics of the response using the velocity threshold criterion.
Results
Calibration slopes of 12 subjects (29.16 ± 3.13 years) ranged from 1.77 to 3.41. Mean (±SD)
slope obtained was 2.86±0.46. Bland-Altman plots showed a good repeatability of the
conversion factor calculation between the visits for the four subjects (30.75 ± 4.11 years) with
a coefficient of repeatability (Mean+1.96SD) of the slope values was 0.20 (≈0.05D). Fundus
brightness showed a negative correlation with the calculated conversion factor across the
subjects and then linear regression (y = -0.008x + 2.66; R2 = 0.73) was used to calculate the
conversion factor.
Validation was performed on 9 subjects (7 adults (29.57±2.69 years) and 2 children (11±1.4
years)). Conversion factors were obtained from all the subjects and it ranged from 1.48 to
2.08. Four out of nine subjects showed sluggish accommodative responses with an
accommodative gain value less than 0.5. Bland-Altman plots showed good agreement
between the DPRS (both individual and pupil size calibration) and the dynamic retinoscopy
(mean deviation of 0.16D and 0.24D respectively). Individual calibration was slightly more
accurate than the pupil size calibration and a mean deviation of 0.06D was noted between the
two methods for estimating the defocus using the calculated conversion factors.
Discussion
A new dynamic photorefraction along with an offline dynamic photorefraction system
(DPRS) was calibrated and validated. Modifications done during this process made the system
more robust with a linear operating range for a dioptric range of +5D to -5D. Photorefraction
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measures showed significant inter-individual variability in conversion factors as suggested
previously (Schaeffel et al., 1993) with a good repeatability. In order to address the pupil size
variability during a dynamic accommodative response and inter-individual variability of the
conversion factors, the fundus brightness of the subjects were plotted against their respective
conversion factors. The linear regression (y = -0.008x + 2.66; R2 = 0.73) was used to calculate
the conversion factors directly from the fundal brightness. This procedure not only accounted
for changes in the pupil size but also for calculation of conversion factors directly. Further,
the system was validated on nine subjects and the responses obtained were in agreement with
the previous literature on accommodation dynamics (Campbell et al., 1960; Tucker et al.,
1979; Suryakumar et al., 2005). Bland-Altman plots showed agreement between the DPRS
and the gold standard dynamic retinoscopy with a clinically insignificant mean deviation in
the accommodative gain estimation between the methods.
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Chapter 1. Eccentric photorefraction
1.1 Introduction
Eccentric photorefraction is a quick and accurate video-based objective technique used for
measuring the refractive status and accommodation of the eye (Bobier et al., 1985; Schaeffel
et al., 1987 and 1993). Bobier and Braddick (1985) coined the term “Eccentric
photorefraction” as the technique was performed with its source placed in an offset/ eccentric
position to the center of the camera aperture. Eccentric photorefraction was based on the idea
of ‘Static photographic skiascopy’ which was used as a screening tool in the late ‘70s
(Kaakinen, 1979 and 1981; Howland, 1980). Eccentric photorefraction works on a principle
similar to retinoscopy (Roorda et al., 1995). As shown in Figure 1-1, in eccentric
photorefraction, light from LEDs placed at various eccentricities is sent into the eye. A
smaller proportion of this light is reflected back from the eye. Reflex crescents formed by
each eccentric source ultimately superimpose to produce a linear intensity distribution pattern
across the pupil (Schaeffel et al., 1987, 1993). The early photographic measures using the
camera film was based on the idea that with a single eccentric source, the extent of crescent of
light across the pupil varies with the type and degree of refractive error over a limited working
range (Bobier, 1985; Howland, 1985). A modification was later presented with video-based
systems having sources at multiple eccentricities to increase the working range (Schaeffel et
al, 1986). Furthermore, empirical investigations (Schaeffel et al., 1993) showed that the slope
of the intensity distribution across the pupil (instead of crescent extent) varied linearly with
defocus (again within a limited working range) and is a better indicator of the defocus. These
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empirical findings were later supported by Roorda et al. (1997) using optical ray tracing
technique.
Because of the ability to take rapid measurements, photorefraction has been widely used in
vision screenings and research studies involving infants, who have shorter attention spans or
poor cooperation (Choi et al., 2000). The commercial development of the Power Refractor has
allowed photorefraction become one of the commonly-used instruments to measure the
dynamic characteristics of accommodative response given its remote working distance and its
superior sampling rate (Howland, 2009) compared to autorefractors.

Figure 1-1: Optics of the Eccentric photorefraction.
Patterns of light within the pupil vary based upon the eye’s focus defocus with respect to the camera. This
can be explained by identifying the waist of rays (h) entering the camera from a single led from the
extended source. Light (extreme ray) from the infra-red (IR) light emitting diodes (LEDs), denoted by S,
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placed at multiple eccentricities (below) from the center of the camera aperture is sent into the eye
(represented by the orange solid line). Depending on the dioptric focus of the eye in relation to the camera,
the slope of the intensity distribution of the reflected light varies across the pupil. (a) If the eye is focused
on the camera, light focused on the retina (F) when reflected back (blue dotted lines) will re-focus on to
LEDs(S). An eye in focus with the source without any aberrations will result in a dark pupil. When the eye
is defocussed either in-front or behind the led sources, crescents of light are formed in the pupil which
vary in direction and slope depending upon the degree and direction of defocus. (b) In case of a hyperopic
defocus in relation to the camera, the incident light (orange solid line) will be focused behind the retina
forming a blurred image AB on the retina. A virtual image A’B’ is formed at the plane of the far point
(denoted by blue dotted line) behind the eye. If the eye is hyperopic, the reflected light will focus at a far
point behind the camera. Since the lower half of the camera is covered by the LED sources, rays (height h)
only from the upper half of the retina (yellow shade) will reach the camera sensor. (c) Similarly, in case of
myopia, rays (orange solid line) focus in-front of the retina (blur circle AB). An inverted aerial image B’A’
(blue dotted lines) is formed at the far point of the subject. In case of a myopic defocus in relation to the
camera, the reflected light focuses in-front of the retina due to which only rays from the lower half of the
pupil (yellow shade) will reach the camera of height h [adapted from Bobier and Braddick, 1985].

Empirical studies (Bobier et al., 1985; Schaeffel et al., 1987, 1993) and optical investigations
Roorda et al., 1995, 1997) agreed that the arrangement of the LEDs produce a linear intensity
distribution pattern across the respective meridian of the pupil that varies in the height and
extent with the amount and type of defocus (refer Figure 1-1 for optics of PR). This
relationship however is limited to a specific working range. Other than defocus, the direction
and size of the crescent of light visible within the pupil is also dependent on optical (pupil
diameter, fundus brightness, aberrations) and non-optical (working distance, camera limiting
aperture and eccentricities of the source) factors (Howland, 1985; Bobier WR et al., 1985;
Roorda et al., 1997). Theoretical (Roorda et al., 1995 and 1997) and empirical studies
(Schaeffel et al., 1993 and 1994) provide a supportive evidence for the impact of these optical
and non-optical parameters on the gradient of light intensity across the pupil. Since the
photorefraction analysis software gives out the slopes of intensity distribution across the pupil,
to estimate the degree of defocus, a calibration function (conversion factor) that converts the
steepness of the intensity distribution across the pupil into units of diopters needs to be
calculated. Bobier et al. (1985) showed that accurate measures of refractive error and
accommodation can be obtained only when the photorefractive output is interpreted in terms
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of calibration obtained from the eye with known refractive defocus. A similar calibration
procedure was applied later (Schaeffel et al., 1993) for changes in the slope of intensity
distribution across the pupil when known refractive defocus was induced.
Optical analysis (Bobier et al, 1985; Roorda et al., 1997) and empirical data (Schaeffel, 1987,
1993) have described the optics of slope patterns across the pupil in terms of four key optical
parameters, (a) refractive state, (b) pupil diameter, (c) the eccentricity of the source and (d) the
camera to subject working distance. For our purposes we are interested in linking refractive
error (or accommodative state) to the slope pattern and controlling the influence of the other
variables.

1.1.1 Critical optical parameters
1.1.1.1 Pupil diameter

Figure 1-2: Luminance slope output is shown as a function of the refractive state (D) at various pupil sizes.
The gain (derivative of the slope as a function of refractive state) has been shown to increase with
increasing pupil size. Furthermore, the point of saturation occurs at lower defocus levels with larger
pupils. With the presence of spherical aberration, it is shown to shift the curve towards hyperopia.
Further, the dead zone uncertainty of the instrument (i.e. refractive change in which a change in the linear
intensity distribution is not seen) is shown to decrease in eyes with spherical aberrations and larger pupil
size. This picture has been taken from the paper by Roorda et al. (1997) and copyright permission was
obtained (The Optical society of America; Appendix C).
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Figure 1-2 shows that the larger the pupil size, the larger the slope values for a particular
defocus with an early saturation (i.e. saturation at lower defocus). Roorda et al. (1997) has
shown in theory that refractive state estimation errors of over 1D can occur when calibration
functions measured at 5mm pupil were applied to one with 7mm pupil. Studies have
suggested that accurate photorefraction is possible only when the calibration functions
account for a varying pupil size (Bobier et al., 1985; Schaeffel et al., 1993; Roorda et al.,
1997).

1.1.1.2 Eccentricity and working distance
The eccentricity of the light source and the working distance affect the sensitivity of the
photorefractor (Figure 1-3).

At a particular working distance, with an increase in the

eccentricity of the source, the dead zone uncertainty of the instrument increases allowing only
higher refractive defocus estimations (i.e. shifting the operating range).
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Figure 1-3: Plots of luminance slope outputs as a function of the refractive state with sources at various
eccentricities.
The solid curve represents the slope of the intensity profile across the induced refractive defocus. The
heavy dashed lines indicate the R2 value for slope fitted to the calculated intensity profile. (a) The light
dashed lines indicate the gain while the shaded area indicates the working range. As shown at 2mm
eccentricity (a), (b), the dead zone uncertainty is small with an early saturation and smaller working
range. But with a source at 8mm eccentricity, although the dead zone increases, the point of saturation
occurs at a higher refractive state with a larger working range. This picture has been taken from the
paper by Roorda et al. (1997) after obtaining copyright permission (The Optical society of America;
Appendix C).

Furthermore, as shown in the figure 1-3, the rate of change of the slope of intensity profile
with defocus and the slope value at a particular defocus decreases with an increase in the
eccentricity of the source. Empirical evidence from Schaeffel et al. (1993) have provided
support to these predictions on the impact of the working distance and eccentricity on the
operating range of the photorefraction. Empirical evidences (Schaeffel et al., 1987, 1993)
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have also suggested that with multiple eccentricities, ideal operating span is achieved over a
range of defocus away from the camera and prior to saturation.

1.1.1.3 Other factors
Other factors such as eye-camera alignment, camera limiting aperture, equipment design,
retinal reflectance, photoreceptor properties etc. (Howland, 1985; Bobier et al., 1985;
Schaeffel et al., 1994; Bharadwaj et al., 2013) were shown to influence the slope of the
intensity profile as a function of the induced refractive defocus.
Successful photorefraction can be achieved only when the luminance output is converted
accurately into defocus measures (i.e. units of diopters). This can be done by calibrating each
individual to get a conversion factor that is used for converting luminous units into diopters.
A typical calibration trial involves calculating slopes of the luminous distribution across the
pupil when known magnitude of defocus (Both hyperopia and myopia) is induced by adding
a series of lenses before an eye when visible light is filtered out using an IR filter. The slope
values obtained is then plotted against the induced refractive error (i.e. induced lens) to
calculate the conversion factor (calibration function). The conversion factor for a particular
individual is normally repeatable with low intra-subject variability, but was shown to have a
high inter-subject variability (Schaeffel, 1993).

1.1.2 Photorefraction limitations
One of the major drawbacks of the photorefraction technique is the need to calibrate each
individual to obtain an accurate estimation of the refractive error or defocus. This has to be
done to account for the individual variances in the optical characteristics (Bobier et al., 1985;
Schaeffel et al., 1993). The measurement of the slope of the intensity profile across the pupil
7

is limited to a specific working range depending on the eccentricity of the source and the
working distance (Roorda et al., 1997). Also, empirical calibrations should account for the
pupil size effects on the intensity profiles.

1.2 Purpose and rationale
The findings of a reduced accommodative response, elevated AC/A (Gwaizda, 1999; Mutti,
2000) coupled with a high degree of accommodative adaptation (Jiang, 1999) in children with
myopia do not follow the expected patterns predicted by the existing models of
accommodation and vergence (Schor, 1986) which suggest an inverse relationship between
the cross-links and adaptive mechanisms. One explanation for a high accommodative
adaptation could be resultant from a slower velocity of accommodation in myopes. This
hypothesis is based upon empirical investigations (Schor and Kotulak, 1986) showing that
higher levels of accommodative adaption are found when the frequency of reflex input is low
and conversely high velocity of reflex accommodation attenuates accommodative adaptation.
Accordingly, measuring the dynamics of accommodation in young myopes within the ages of
7 to 15 years showing high levels of AC/A ratio (Gwaizda, 1999) and accommodative
adaptation (Jiang, 1999) can provide an insight about the sluggishness of the accommodative
mechanism in myopia. A high speed photorefractor is an ideal option to measure the dynamics
of accommodation in myopic children.

1.2.1 The need for further development
Though the currently available photorefractors (like Power Refractor, Multichannel Systems,
Germany) are commonly used as either screening tools (Choi, 2000) or for research purposes
(Blade, 2006), there is a need to develop a newer photorefraction system due to certain
8

technical limitations of the current photorefraction systems. A major limitation is that these
photorefractors work on Windows 98 platform which is outdated and no longer technically
supported. The Power refractor is based on an average estimation with no option of individual
calibration to account for variation in the optical characteristics. This estimation might reduce
the accuracy of refractive error estimation. Also considering its lower sampling frequency
(25Hz), estimation of the first and second order dynamics is limited. Suryakumar et al. (2005)
have shown that accommodative peak velocity and acceleration traces are smoothened and
underestimated when measured at a sampling rate of 25Hz compared to 75Hz (Figure 1-4).

Figure 1-4: Velocity and acceleration profiles of the accommodation over time (top: 75Hz; below: 25Hz).
(a)Velocity traces measured at 25Hz appeared to be underestimated (2.91D/s over 3.81D/s) and smoother
compared to the trace measured at 75Hz. (b) Further, acceleration traces measured at 25 Hz showed a
larger underestimation (20.91D/s2 over 31.58D/s2) with a smooth trace. This picture was taken from
Suryakumar, 2005. (Copyright obtained the author – Suryakumar (Appendix D)).

A newer system that works with modern interface a higher sampling frequency needs to be
designed. Furthermore, this system should provide an option of individual calibration to
enhance the accuracy of the dioptric estimation of defocus.
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1.3 Dynamic photorefractor design
Accordingly, a new video-based eccentric photorefractor with a higher sampling frequency
(70 Hz) was designed at our lab (Suryakumar et al., 2009). The configuration of this new
eccentric photorefractor is based on the design used by Schaeffel et al. (1987). As shown in
figure 1-5, it is a fire-wire charge coupled device (CCD) camera (PROSILICA CAM
(EC750), Allied Vision Technologies, Canada) with infra-red (IR) light emitting diodes
(LEDs) set at the knife-edge covering the lower half of the camera. Multiple eccentricities
have been incorporated to extend the range of measurement and its precision (Schaeffel et al.,
1993; Roorda et al., 1995).

Figure 1-5: Dynamic photorefractor.
(a) It is a Fire-wire charge coupled device (CCD) camera (PROSILICA CAM (EC750), Allied Vision
Technologies, Canada) with infra-red (IR) light emitting diodes (LEDs) set at the knife-edge covering the
lower half of the camera. (b) A total of 44 LEDs arranged in 8 rows with a maximum eccentricity of 45mm
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are mounted on an aluminium plate and then fixed onto the camera. Peak wavelength of the LED source
used is 895nm.

Since we were interested only in accommodative measurements, a single meridian was chosen
to measure gradient profile. While power-refractor measures multiple meridians in order to
compute the sphere and cylinder components of refractive error, the measures of dynamic
accommodation is taken similarly from a single vertical meridian. Vertical meridian across the
pupil was chosen for measurement of defocus (accommodation) and the LEDs are arranged
accordingly. Empirical calibrations with this design have shown to provide a linear change in
the intensity distribution over a range of defocus (±4D) with a small dead zone uncertainty
(Suryakumar et al., 2007).

1.3.1 Dynamic photorefraction system (DPRS)
Key to the current photorefraction systems is the underlying analysis software which upon
receiving the video information of intensity patterns across the pupil, converts it into defocus
(refractive error or accommodative) measures along the vertical meridian. Accordingly, a
novel analysis algorithm was designed, the Dynamic Photorefraction System (DPRS). It is a
robust offline application that allows a rapid and a standardized estimation of the pupil size
and accommodation. All the components involved in this algorithm have been described
elsewhere (Suryakumar et al., 2009).

11

Figure 1-6: An illustration of the algorithm.
First, the recording of the photorefractor would be converted into a video file (.avi format) by the AVI
module to access individual frames. Second, the frames would be read by the Optics DLL module, where
edge detection, pupil determination and gradient profile estimation along the vertical meridian would be
processed. Finally, the individual frames would be played back by the display control component. All the
components were run as a Win32 executable (Refract.exe). The image has been taken from Suryakumar
et al, 2009 (Copyright permission obtained from Elsevier; Appendix B).

The AVI output from the video recording software would be converted by the AVI module
such that individual frames of the output could be accessed. These frames were then processed
to detect and define the edge of the pupil. It would be an iterative process which involves edge
detection by looking at the intensity difference between the neighboring pixels. If the
identified pixels were above the pre-set threshold value, then they were considered as edge
points. Often high reflective noise and/ or central corneal Purkinge reflection were mistaken
as edge points. Therefore two post-processing steps have been incorporated to address these
issues with both the steps involve finding any four-neighbor connected components of the
approximated edge pixels. Firstly, if these connected components consist of too few (< 3)
pixels, it was considered as a noise component and removed. Secondly, if the ratio of the
number of pixels within the area of the bounding rectangle of the component exceeded a
predefined threshold, it was considered as a reflection and discarded. This latter criterion has
been designed to remove the edges resulting from the Purkinje image, since they tend to
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produce edges that were tightly clustered. Once the reflections were removed, it would be
followed by an iterative process that approximates the pupil circumference, refines it and
determines the exact pupil boundary. Then the central vertical column of pixels would be
determined which was one pixel wide, traversing through the center of the pupil reaching the
upper and lower margins of the pupil at its widest extent. The intensity gradient along this
vertical meridian would be then determined for each frame and the slope of this gradient was
given out as “Refraction” for each frame. The diameter of the circle fit was given out as the
“Pupil diameter” and average pixel intensity across the vertical meridian was given out as
“Fundus brightness” (Suryakumar et al., 2009).
The algorithm was never tested or used (calibration and validation) on human subjects. The
first task was therefore to develop both instrument and the software for a safe use on the
human subjects and investigate its validity to measure the dynamic characteristics of
accommodation.

1.4 Setting up
The dynamic photorefractor explained previously was connected to the video capture software
using a fire wire. Commercially available video-imaging software (Streampix, Norpix Inc.,
Canada) was used for video-imaging. It works at a sampling frequency of 70Hz with a
resolution of 310*200 pixels for monocular measures. The AVI files recorded were then
exported to the DPRS for offline analysis to get refractive or accommodative measures. Both
the Streampix and the DPRS were installed on an upgraded system for better performance.
The subsequent chapters will talk about the calibration and validation of the DPRS and all the
modifications done in the system during the same.
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Chapter 2. Calibration of the Dynamic Photorefraction System (DPRS)
2.1 Modifications
Prior to initiating the calibration, adjustment to dynamic photorefraction system (DPRS)
proved necessary since the initial human trials of calibration did not yield good success. The
algorithm was facing few issues at the level of pupil detection.

2.1.1 Pupil detection issues
The pupil detection capacity of the DPRS was examined. It was found that in case of subjects
with darker iris and conditions with reduced retinal illumination due to the use of IR filters/
semi-silvered mirrors (needed in the calibration and experimental design), the pupil fitting
algorithm didn’t work properly fitting either inaccurate or no pupils. Also, multiple
eccentricities were incorporated to increase the working range of the instrument. Human trials
of inducing defocus using a proximity change and trial lenses showed that the algorithm was
unable to fit a pupil for a defocus value above ±3D. Occasionally, the tear film reflections and
the Purkinge image were considered as edge points due to which incorrect pupils and
unreliable defocus values were estimated. Pupil size of the subject given out by the DPRS was
usually over-estimated by 3-4mm compared to the manual measurements.
These issues had an impact on the inclusion criterion, working range of the instrument,
reliability of the gradient profile estimation and the calibration.
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2.1.2 Trouble shooting
Once the DPRS was initiated by importing the video, the first step of the algorithm was to
identify the pupil margin by detecting all the points that show a sudden shift in the pixel
intensity compared to the neighbour pixels. In case of subjects with darker iris and low
intensity conditions (IR filters/ semi-silvered mirrors in the optical path), the amount of light
reflected back from the eye that reaches the camera was reduced. Furthermore, the intensity
difference expected at the level of the pupil border was reduced due to which the algorithm
did not work or fit a pupil. Two modifications were employed to address this issue,
First, the software of the DPRS was designed so that the edge of the pupil margin was
determined by sampling until the system found neighbouring points that show a strong
gradient shift. If the intensity difference between the two nearest neighbours (pixels) was
above a pre-determined threshold value set in the algorithm, they were considered as edge
points. If any point doesn’t cross that pre-set threshold value, the algorithm restarts the search
until it got edge points that fit the criterion. In case of subjects with darker iris and/ or under
low intensity conditions, the luminance within the pupil was low because of the decreased
amount of reflected light from the eye due to which the intensity difference at the level of
edge points was less than the pre-determined threshold limit. Therefore, we had reduced the
edge threshold values set in the algorithm to make it work in case of low intensity conditions.
Second, we had modestly increased the current supply to the IR LEDs to increase the amount
of light reflected back from the retina. The American Conference of Governmental Industrial
Hygienists (ACGIH) had suggested exposure limits for infrared radiation from both coherent
and incoherent optical sources (ACGIH, 2013). These values were based on the current
scientific knowledge and with intent to prevent thermal injury of the retina, cornea and the
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crystalline lens of the eye. The calculations of corneal irradiance (0.249mW/cm2) and total
effective radiance (0.391W/cm2 sr.) at the level of retina were well within the recommended
values by ACGIH (2013) for exposure durations greater than 15 minutes. Furthermore, the
algorithm was made robust by including the option of selective analysis where a particular
profile line or an area of interest could be selected for analysis. The selection of an area of
interest reduced the impact of distracting reflections from the tear film, face or even a trial
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Figure 2-1: Bland-Altman plot showing the agreement between the two procedures used to calculate the
pupil size (see text below).
The difference in the pupil measures obtained using both methods were plotted over the average pupil
diameter. The mean difference of pupil size measurement (bias) between the two methods was 0.02mm
and clinically insignificant. Further, the dispersion of the measures lied within the 95% confidence
interval.

2.1.2.1 Accuracy of pupil size estimation
Over estimation of the pupil diameter was found to be due to an improper pixel to millimeter
(mm) calibration function originally used in the DPRS. To obtain an accurate calibration
factor, an image of a millimeter scale using the photorefractor was taken through which the
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number of pixels per millimetre was calculated. The new calibration factor obtained was 11
pixels/mm and was imported into the software.

Figure 2-2: Validation of pupil size measurements.
(a) and (b) manual measurement of the pupil size. The height and position of the yellow in the manual
component of the algorithm could be changed and allowed us to measure the no. of pixels covered by that
line. This pixel value was later converted in to units of mm using the calibration factor and gave a manual
measure of the horizontal and vertical pupil size which was averaged later. (c) The pupil fit (white solid
circle) by the algorithm measured at the level of each frame.

To assess the validity of the calibration factor, the pupil size in the video files of two subjects
measured by the DPRS was compared to a manual measurement of pupil size. The manual
measurements were measured in pixel units using the profile line method in the manual
component of the algorithm. The pixel units were later converted into millimetre using the
spatial calibration function. 10 frames were randomly selected in a monocular video file
showing a dynamic accommodative response when target proximity (1.5D) was changed.
Bland –Altman plots were used to test the agreement between the two methods. The
maximum deviation between the two methods was 0.02mm which is not clinically significant
(Figure 2-1).

2.2 Why do we need to calibrate?
The output of the defocus measures using eccentric photorefraction is in terms of the
steepness of the intensity profile across the pupil. These intensity patterns need to be
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converted into meaningful measures of defocus i.e. into units of diopters (D). Studies (Bobier
et al., 1985; Schaeffel et al., 1993) showed that accurate measures of refractive error and
accommodation can be obtained only when the photorefractive output is interpreted in terms
of calibration obtained from the eye with known refractive defocus. Consequently, a
calibration procedure was applied later (Schaeffel et al., 1993) for relative changes in the
slope of intensity distribution across the pupil when known refractive defocus was induced. A
typical calibration trial involves calculating slopes of the intensity distribution across the pupil
when known magnitude of defocus (Both hyperopia and myopia) is induced using trial lens
before an eye where the visible light is filtered out using an infra-red (IR) filter. The
photorefraction output is regressed on to the values of induced refractive error
(accommodative change). As suggested by optical theory the relationship is linear over a
finite working range outside the dead zone. The linear equation then defines the relationship
between the slope of the intensity profile and the refractive error (accommodation). The slope
of the relationship has been termed the conversion factor (Schaeffel et al., 1993).
The conversion factor for a particular individual is normally repeatable i.e. has a low intrasubject variability, but shows a high inter-subject variability (Schaeffel, 1993). This is one of
the significant limitations of photorefraction (Howland, 1985; Schaeffel, 1993). The cause is
not clear and could arise due to differing retinal reflectance between subjects as well as
varying optical characteristics. Schaeffel et al. (1993) showed empirically that the conversion
factors didn’t show any relation with the pupil size across their experimental sample.
However, they showed that the pupil (fundus) brightness level which varies with pupil size
showed a negative linear correlation with the conversion factor and suggested that fundus
brightness alone could be used to calculate the conversion factor of the subject. That is to say
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that the effect of individual variations in conversion factors can be normalized by defining
them with respect to overall luminance of a given measure. This has been used to allow a set
calibration to serve to measure accommodation and refractive error in infants and various
animal species without requiring individual calibrations (Schaeffel et al., 1994; Choi et al.,
2000). For our purpose we will use both individual calibrations and fundus brightness
measures.
A typical calibration trial using the photorefractor involves two steps (Blade et al., 2007;
Schaeffel et al., 1993), relative followed by absolute calibration.
•

Relative calibration: Changes in the photorefractive output was compared when a
series of known changes in ocular focus were induced. This is to check the accuracy of
the photorefractor in recording the relative changes in the refractive or the
accommodative state.

•

Absolute calibration: Photorefractor output was compared to dynamic retinoscopy
when the person fixated at various distances to check its accuracy in measuring the
accommodative error.

Absolute calibration of the instrument was shown as part of the validation study (chapter 3)
and the subsequent sections in this chapter talk about relative calibration only.

2.3 Methods
2.3.1 Relative calibration
12 normal subjects (Age: 25 to 40 years) were recruited from the School of Optometry and
Vision Sciences, University of Waterloo. Those with history of any ocular abnormalities,
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history of using any ocular medications or with any binocular anomalies like strabismus or
amblyopia were excluded.
The relative calibration as mentioned before was done to see whether the photorefractor
output showed a 1:1 relationship with the refractive status. The calibration procedure followed
was similar to that used by Schaeffel et al. (1993), where the subject was made to fixate at a
distance target with the left eye, while the right eye was occluded with an IR occluder that
filters out visible light (allows only IR rays and blocks visible spectrum). Trial lenses ranging
in power from +5D to -5D (in steps of 1D) were placed in front of the covered eye for 2-3 sec
while the photorefractor records the image. Luminance profiles obtained in each condition
were then plotted against the induced refractive error. The slope value of the linear regression
fit to this data was then used to convert luminance output given by the photorefractor into
diopters (Figure 2-1Figure 2-2).

Figure 2-3: Experimental design for calibration.
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(a) The photorefractor was aligned with right eye and placed at 1m from the subject. The visible light was
filtered out for the right eye using an IR filter while the left eye fixated at a distance target placed on the
photorefractor. Lenses ranging from +5D to -5D (in steps of 1D) were placed over the filter for 2-3sec
while the photorefractor takes the image. (b) Luminance slope obtained was plotted along the
accommodative state (D) induced. The slope of the regression fit was then used as a conversion factor to
convert the luminance slope output of the photorefractor into units of diopters.

Repeatability of the measurements was tested on 4 subjects (Age: 25-40 years) by taking the
relative calibration measurement of the subject on a different day (within a week from the first
visit). Bland-Altman plots were used to test the agreement between the conversion factors
obtained during the two visits.

2.3.2 Pupil size calibration
As indicated above, pupil size was to be controlled by considering the luminance within the
pupil (fundus brightness). To maintain the accuracy of the response despite a change in the
pupil size, an experimental calibration procedure similar to that shown by Schaeffel et al.
(1993) was employed. Conversion factor for each subject was plotted over the respective
average fundal brightness value obtained from the photorefractor (chapter 1). The slope
equation of the linear regression fit was later used to calculate the conversion factor based on
the fundal brightness value obtained.

2.4 Results
2.4.1 Relative calibration
The slope of the intensity profile across the refractive state (conversion factor) was calculated
on 12 subjects (29.16 ± 3.13 years) and it varied from 1.77 to 3.41 with a mean (± SD) value
of 2.86 (± 0.46). Individual calibration slopes along with the average pupil size (mm) and
fundus brightness (average grey pixel value across the pupil) were obtained (Table 2-1).
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Table 2-1: DPRS output from the 12 subjects along with the repeatability measures.

Subject

Conversion factor

Pupil size (mm)

Fundus brightness (grey
pixel value)

First trial
AM

3.47

7.31

71.38

AN

1.77

7.31

114.45

DT

2.88

7.44

84.13

HW

2.77

8.04

96.45

MV

3.26

7.89

97.54

TB

3.41

7.73

85.67

BA

2.86

7.09

78.18

AH

2.77

7.32

82.66

VC

2.69

7.65

99.81

AlM

2.44

7.65

98.89

CM

3.24

6.72

66.2

KV

2.77

7.58

86.47

Repeatability trials
TB 2

3.33

7.76

83.39

MV 2

3.2

7.7

95.01

HW 2

2.68

8.05

101.96

DT 2

2.7

6.84

84.02
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2.4.2 Repeatability
Conversion factors were obtained on four subjects (30.75 ± 4.11 years) during the
repeatability trials on a different day (Table 2-1). A Bland-Altman plot was used to test the
repeatability where the difference in the conversion factors obtained in the both the visits was
plotted against the average conversion factor between the two visits. As shown in Figure 2-4,
all the points were within the 95% confidence intervals (mean ± 2SD) and the coefficient of
repeatability (COR = mean+2SD) was 0.20 (≈ 0.05D) and was clinically insignificant.

Difference in measures

0.3
0.2

Mean + 1.96SD

0.1

Mean

0.0

Mean - 1.96SD

-0.1
2.0

2.5

3.0

3.5

4.0

Average conversion factor

Figure 2-4: Bland-Altman plot suggesting the repeatability of the photorefraction to measure the
conversion factor.
The difference in the conversion factors obtained between the two visits was plotted over the average
conversion factor. The mean difference in the calculated conversion factor (bias) between the two visits
was 0.10. Further, the dispersion of the measures lied within the 95% confidence interval with a coefficient
of repeatability of 0.20 which is approximately 0.05D and clinically insignificant.
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2.4.3 Pupil size calibration

Conversion factor
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Figure 2-5: Pupil size calibration.
The conversion factors obtained from each subject using relative calibration were plotted against their
respective average fundus brightness value. Specifically, as the pupil brightness increased the conversion
factor decreased. A linear regression fit to the conversion factor onto the pupil brightness led to the
equation y= -0.025x+5.12, where x represents the average fundal brightness value obtained from the
subject at that particular frame and y is the conversion factor to be calculated for that frame.

The conversion factor showed inter-individual variability and in order to determine the
parameter that caused this variability, correlations were obtained for conversion factors with
the other two output parameters that we get from the photorefraction (pupil size and fundus
brightness). Surprisingly the pupil size showed no correlation with a change in the conversion
factor (y = -0.03x + 3.13; R2 = 0.008), while the fundus brightness showed an expected
negative correlation with the conversion factor (y = -0.025x + 5.12; R2 = 0.549). The fundus
brightness or the luminance across the pupil is known to be affected by the pupil size and
fundal reflectance properties (Schaeffel et al, 1993 and 1994). As shown in Figure 2-4,
conversion values varied with the luminance of the pupil.
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Roorda et al., (1997) predicted that errors of over a diopter can occur in the refractive
estimation when calibration trials done at a particular pupil size were used for a trial involving
a larger pupil size (See Figure 1-2). Since accommodation responses involve a change in the
pupil size and relative calibration does not account for changes in the pupil size, another
calibration procedure was needed to avoid errors in the estimation. As it was difficult to
calibrate each individual at a constant and known pupil sizes (For e.g. use of artificial pupils
do not replicate an actual change in the pupil size), a different parameter was needed that
would be influenced by the pupil size. As shown by Schaeffel et al. (1993), correcting the
conversion factor according to the luminance value across the pupil would enhance the
accuracy even with a changing pupil size. Hence, this procedure of estimating the conversion
factor based on the fundus brightness would be appropriate and was showed to provide
accurate estimations (Schaeffel et al., 1993) previously even with larger changes in pupil
sizes.
The equation was put into the system to calculate the conversion factor based on the fundus
brightness and this was later added to the average bias value obtained for the sample during
the relative calibration (Y- intercept value in the slope equation) to enhance the accuracy of
the estimation.

2.5 Conclusion
A calibration procedure appears to be complete that is one that can define the dioptric estimate
of accommodation from the slope output of the photorefractor over a range of pupil sizes. As
seen previously (Schaeffel et al., 1993), an inter-individual variability in the conversion factor
was noted with a good repeatability between the visits (Figure 2-4). Further, it was shown that

25

the use of fundus brightness to calculate the conversion factor is valid and can be used to
address the inter-individual variability and also the variation in the pupil size. The equation of
𝑦 = −0.025𝑥 + 5.12 can be used to estimate the conversion factor (y) based on the value of

the fundal brightness (x). While the use of a luminance corrected conversion factor allows a
universal calibration (Schaeffel et al., 1993) for all individuals, more accurate results could be
obtained by doing individual calibration for an individual bias value (photorefraction error)
along with the use of the above equation to adjust for luminance changes resulting from pupil
size changes during accommodation. Otherwise errors could be introduced when pupil
constriction arises during higher levels of accommodation that could lead to the
underestimation of the accommodative response. At the end of the calibration study we had
two equations to convert the slope output in to units of diopters. First being the relative
calibration where y (diopters) = (Individual calibration slope) (luminance slope output) +
(individual bias) and the second being pupil size calibration where y (diopters) = (fundus
brightness based conversion factor) (luminance slope output) + (average bias).
Modifications made during the process made the DPRS more robust with a good working
range (linearity noted from +5D to -5D without any saturation), and accurate pupil size
estimation. Also, modifications involving selective analysis in the DPRS where a profile line
or area of interest can be selected helped in reducing the impact of unavoidable tear film and
other reflections. The next chapter will be focused on validating the dynamic photorefraction
system to measure the dynamics of an accommodative response.
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Chapter 3 Validation of the Dynamic photorefraction system (DPRS)
3.1 Purpose and rationale
The purpose of this study was to validate the new dynamic photorefraction system (DPRS).
As introduced in the earlier chapter, this instrument was designed to measure the dynamics of
accommodative response in younger age groups. Accordingly, the main objective of the study
was to see if the newly designed instrument had the ability to accurately measure the
dynamics of the accommodative response. Accommodation can be stimulated using blur,
retinal disparity or proximity (described in detail in the subsequent sections) but for the
purpose of validation, we have limited the measures to only blur-driven accommodation.

3.2 Introduction
Validation is done in order to show that the new instrument (or product) meets the expected
standards similar to the existing instruments (or product) based on a similar principle and is
able to perform the required procedures without any problem. Photorefraction has been widely
used as a screening tool primarily in young children to identify amblyogenic factors of high
refractive error, anisometropia and in some cases strabismus (Choi et al., 2000). Additionally,
commercial products such as the Power Refractor (Multichannel Systems, Germany) have
provided research group the opportunity to obtain dynamic measures of accommodation,
refractive and some alignment measures of vergence, typically in infants and children
(Schaeffel et al., 1993; Blade et al., 2006). However these capacities were best exemplified in
the Power Refractor which is no longer supported, and runs on outdated operating system
(Windows 98). Further, the dynamic measures are limited by its resolution of only 25Hz. New
fire wire cameras now provide higher resolution (Suryakumar, 2005). Since we are interested
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in measuring the dynamics of ocular accommodation in children with myopia, the main
objective of the study was to validate the instrument to see if it can accurately measure the
dynamics of ocular accommodative response.

3.2.1 What is accommodation?
Accommodation is a dynamic change in the optical (dioptric) power of the eye, allowing the
point of focus of the eye to change from a distant to near object (Glasser, 2011). This change
in the dioptric power is achieved by changing the curvature of the crystalline lens (anterior >
posterior) with the help of lens capsule, zonular fibers and the ciliary muscle (accommodative
apparatus). The most widely accepted theory of accommodation was first given by Helmholtz
(Hartridge, 1925), later modified by Fincham (1937). According to this theory, in an
unaccommodated state (or relaxed state), the ciliary muscle fibers relax, which in turn causes
an increased tension in the zonular fibers. This tension draws the lens to a less spherical
(flatter) shape which reduces its dioptric power. With a stimulus to accommodation, the
ciliary muscle contracts and releases the tension over the zonular fibers. This allows the
elastic forces of the lens capsule to mold crystalline lens into a spheroidal shape, thus
increasing the dioptric power of the eye. Furthermore, there is a decrease in the equatorial
diameter of the crystalline lens, increase in lens axial thickness, and a change in the curvature
of the lens (anterior > posterior) resulting in an increase in the refractive power. Retinal blur is
considered as the primary stimulus for the accommodation system (Fincham et al., 1951;
Heath, 1956; Phillips et al., 1977). Further, accommodation can be stimulated both by the
retinal disparity (Heath, 1956; Fincham et al, 1957; Kent, 1958) and by changing the apparent
depth (proximity) of the target (Hokoda et al., 1983; McLin et al., 1988; Rosenfield et al.,
1990). Accommodation and vergence are seen as cross linked responses, where a change in
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accommodation leads to a change in vergence and a change in vergence leads to a cross
coupled change in accommodation (Heath, 1956; Fincham et al., 1957).

3.2.1.1 Static aspects of accommodation
Accommodation is expressed in terms of diopters (D). The stimulus to accommodation (AS)
is most easily defined in diopters where a D is the reciprocal of the target distance in meters.
The accommodative response (AR) refers to change in the optical power of the crystalline lens
and this value in D is reciprocal of the metric distance to a plane conjugate with the retina. In
an ideal optical system, the accommodative response exerted is equal to the stimulus.
Contrarily, an inappropriate response would lead to focusing errors. If the accommodative
response is less than stimulus demand (AR<AS), then it is called lag of accommodation.
Conversely, it is called lead of accommodation if the response is more than the stimulus
(AR>AS). The static characteristics of accommodation are well explained using the stimulus/
response curve (Morgan 1968; Ciuffreda et al., 1983). Accommodation is stimulated either by
changing the proximity of target or by inducing minus lenses. The slope of the AS-AR curve
is typically less than unity (Morgan et al., 1968) and is attributed to the change in the pupil
size that results in an increase in the depth of focus (Ward et al., 1985). Depth of focus is the
dioptric range of the focusing error which does not cause a deterioration of the retinal image
quality (Atchison et al., 1997)
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Figure 3-1: Accommodative stimulus-response function
The accommodative response (AR) plotted as a function of the stimulus (AS) (adapted from Ciuffreda,
1983). It is typically a sigmoid shaped function. The solid linear line indicates a perfect 1:1 agreement
between the accommodative stimulus and response (AS=AR). A typical static response curve can be
divided into three distinct zones, (a) the initial non-linear zone (between 0 to 1.0D) where the response is
more than the accommodative stimulus (AR>AS). This is attributed to the resting level of the
accommodation. (b) Linear zone, where a proportionate increase in the accommodative response is seen
with the stimulus. Usually subjects show some lag in accommodation (i.e. AR<AS) in this stage due to the
presence of depth of focus (Ogle, 1958; Ward, 1985). (c) Saturation zone or Functional presbyopia, defines
the maximum amplitude of accommodation.

3.2.1.2 Dynamic aspects of accommodation
Another way to describe accommodative response is to understand the response
characteristics over time (a dynamic response). Several parameters of accommodation can be
studied over time like the latency, response time, amplitude, peak velocity, time taken to peak
velocity and acceleration (Figure 3-2).
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Figure 3-2: Dynamics of an accommodative response.
A typical accommodative response with a lag (solid line) shown for a 2D step stimulus which occurred at 0
sec. Latency (sec) is the time taken to initiate an accommodative response after the start of a stimulus at 0
sec. The dioptric difference between the start (A) and the end point (B) of a response is called as amplitude
of the response (D). The time between the start and the end points of a response is called as the response
time or the movement time. Differentiation of the response trace over time results in the velocity trace.
Peak velocity (D/sec) is the maximum velocity attained during the response (Dotted trace) while the time
taken to reach that point from 0D/sec is called time to peak velocity.

Other characteristic dynamic parameter used in various accommodation studies (Ciuffreda et
al., 1988; Kasthurirangan et al., 2003, Bharadwaj et al., 2005; Suryakumar et al., 2005) is the
main sequence. It is the peak velocity of the accommodative response plotted over the
amplitude of the response. The main sequence plot shows how the dynamic mechanism of the
accommodation system responds with increasing stimulus demand. Also the mechanism
underlying the duration of the eye movement can be calibrated. Main sequences of eye
movements were first used to describe the saccadic eye movement mechanism (Bahill et al.,
1975) and were later applied to the accommodative system (Ciuffreda et al., 1988). Following
that, various studies (Kasthurirangan et al., 2003; Mordi et al., 2004; Bharadwaj et al., 2005;
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Suryakumar, 2005) showed main sequence over a range of stimulus amplitude. Linearity of
the main sequence between the peak velocity and stimulus amplitude was seen over a smaller
range of stimulus amplitudes (Ciuffreda et al., 1988; Bharadwaj et al., 2005; Suryakumar et
al., 2005) but disappeared with larger range of amplitudes (Kasthurirangan et al., 2003).
Recently, second order dynamics of the accommodative response like acceleration, total
duration of acceleration and its main sequence were studied (Bharadwaj et al., 2005;
Suryakumar et al., 2005; Schor et al., 2006; Maxwell et al 2010). The idea of measuring
higher order dynamics was first shown to better understand the vergence responses (Alvarez
et al., 1999) and was later studied in an accommodative response (Bharadwaj et al., 2005).
The

dynamic

characteristics

of

each

component

of

accommodation,

blur-driven

accommodation (Campbell et al., 1960; Kasthurirangan et al., 2003; Mordi et al., 2004;
Bharadwaj et al., 2005; Suryakumar et al., 2005), convergence accommodation (Suryakumar
et al., 2005) and proximal accommodation (Ciuffreda et al., 1988) were examined. These
studies (Ciuffreda et al., 1988; Suryakumar et al., 2007) showed that the dynamic
characteristics of accommodation like the latency, peak velocity, response time etc. do not
differ based on the component (blur/ vergence/ proximity) that stimulated the response.
3.2.1.2.1 Dynamics of blur driven accommodation
The first study to look at the dynamics of accommodation using an infra-red optometer was by
Campbell et al. (1960). They showed that the average accommodative latency was about 360
msec with a maximum velocity of about 10D/s for 2D step stimulus. Later, various studies
(Stark et al., 1965; Phillips et al., 1972; Shirachi et al., 1978) showed that the accommodative
latency varied from 300-500msec with a total response duration of about a second (Sun et al.,
1986; Heron et al., 1989; Suryakumar, 2005). The main sequence of accommodation has been
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studied extensively over a wide range of accommodative demand with a few who showed a
linear relation of the peak velocity with the stimulus amplitude (Ciuffreda et al., 1988; Mordi
et al., 2004; Bharadwaj et al., 2005; Suryakumar et al., 2005) over a range of smaller
accommodative amplitudes which disappeared when a larger range was selected
(Kasthurirangan et al., 2003). Further, recent studies (Bharadwaj, 2005; Suryakumar, 2005) on
the first and second order dynamics of blur driven accommodation have suggested that peak
velocity increases with the stimulus amplitude while the peak acceleration remains constant.
Also, the response dynamics were shown to vary with the starting point of accommodation
(Suryakumar, 2005; Kasthurirangan et al., 2006).

3.3 Modifications
Early validation trials showed high leads of accommodation response which did not agree
with the results of the dynamic retinoscopy (gold standard) thus proving to be unsuccessful.
Several modifications were made in the experimental design in order that the problem leading
to the inaccuracies in the accommodative response was fixed. The modifications in the design
were broadly divided into two types, stimulus related and algorithm related modifications.

3.3.1 Stimulus related modifications
The targets used to stimulate accommodation were two high contrast vertical lines. We
thought that in order to keep the lines always clear and sharp, subjects were exerting more
voluntary accommodation which might had caused a lead in the response. To check the
impact of target characteristics on the response, we compared the accommodative response
exerted to vertical line target to a letter (ABC) target on 2 subjects. There was no
improvement in the estimation of response with a change in the target.
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The instrument dead zone was the next factor that was considered. Our dead zone calculations
on 5 subjects and previous calculations (Suryakumar et al., 2009) on this instrument showed a
value of 0.50D. As explained in the first chapter, a dead zone causes uncertainty in the
measurement of the refractive error. So we wanted to see the impact of having the far target
closer to the subject rather than keeping it at infinity. Also considering the working distance
of the photorefractor (1m), we brought the far target to 1.5D and compared it with target being
at infinity in a Badal optical system on 3 subjects. The accommodative demand was kept
constant (1.5D and 2.0D). There was a marginal improvement (0.1-0.2D) in the accuracy in
the estimation of the response but still with a lead in the response.
The IR filter used for accommodation trials (Edmund optics, IR transmission ≈ 90%) was
different from the filter used for calibration (Hoya, IR transmission ≈ 88%). We expected that
this might have caused a difference in the conversion factor measurements. We compared
both the filters to calculate the conversion factor on one subject (LH). Conversion factor
obtained with Edmund optics filter (3.25) was not different from the one obtained with Hoya
filter (3.39) and resulted in a change of about 0.1D in the defocus estimation.
The impact of alignment of the eye in relation to the camera was tested in three different
ways, eye position (eccentricity), camera position (position) and lens position (tilt).

34

Figure 3-3: Off-axis errors shown by three subjects.
The defocus value in the units of diopters was plotted over the eye position eccentricity. The error bars
indicate the standard deviation of the estimation seen between the subjects at that particular eccentricity.
There was a consistent change in the defocus estimation in all the gazes. An upper shift in the eye position
showed a larger defocus change of about 1.0D compared to other gazes which showed a change of about
0.5D.

A change in the eye position (off-axis error) was considered to have had influenced our
algorithm. Earlier setup used to stimulate accommodation consisted of targets at different
proximities positioned one above the other causing a vertical eye movement with a switch in
the stimulus. To investigate the impact of the eye movement on the estimation of defocus, we
measured the slopes of the intensity profiles across the pupil when the eye looked at targets
placed at various eccentricities (±10 degrees in all gazes) with a constant camera position.
Upper shift in the eye position consistently showed an increase in the estimation (Figure 3-3)
by approximately a diopter compared to an eye position change in other gazes (estimation
change ≈ 0.5D)
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Figure 3-4: Impact of camera misalignment (degrees) on the defocus estimation (D).
The defocus estimation in the units of diopters was plotted over the camera alignment (degrees). The error
bars indicate the standard deviation of the estimation seen between the three subjects tested. There was a
consistent change in the defocus estimation with a vertical misalignment. A vertical misalignment (≈ 0.5D)
showed a larger shift in the estimation compared to a horizontal misalignment (< 0.1D).

The impact of the camera position was tested by tilting the camera up to 10º (5 degree steps)
in all the gazes with the eye in a constant position. The camera was moved accordingly to
keep the subject’s eye in the center of the video image. A vertical misalignment had a much
greater impact on the defocus estimation compared to a horizontal misalignment and this
could be due to the change in the eccentricity of the source, working distance etc. (Figure
3-5). Our results were consistent with predictions made previously (Bobier et al. (1985);
Roorda et al. (1997)) that the slope of intensity profile across the pupil (or height of the
crescent) varies depending on the critical optical parameters (discussed in the Chapter 1;
Figure 1-3) like eccentricity of the source and working distance.
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Figure 3-5: Impact of alignment on the critical optical parameters that decide the slope of the intensity
distribution across the pupil.
The optical axis of the eye is represented by the black solid line. The actual eccentricity of the source from
the camera aperture is defined at the plane of the entrance pupil of the lens L. Since the source (S) sits in
front of the entrance pupil, alignment of the eye to camera becomes important. When aligned (b) the
extent of eccentricity (e) is similar at the plane of the source and at the plane of the entrance pupil (E). (a)
When the source is inferior and the eye is down with respect to the camera, the extent of eccentricity
changes. Although the eccentricity at the plane of the source remains unchanged (e), the eccentricity at the
plane of the entrance pupil changes by amount y since there is a change in the angle at which the reflected
light from the eye enters the camera. Therefore the effective eccentricity at the plane of the entrance pupil
on the lens (L) is E1 (that is e + y). (c) Similarly when the camera is moved down and tilted in the opposite
way or when in the eye is up with respect to the camera, the effective eccentricity at the plane of the
entrance pupil changes by x, making the effective eccentricity of the source to E2 (e – x). These changes in
the eccentricity automatically change the amount of light reaching the camera thus having an impact on
the slope of the intensity across the pupil (as seen in the photorefraction images on the right).These results
were in agreement with the theoretical predictions shown by Roorda et al. (1997) using optical ray tracing
technique. They predicted that the rate of change on the slope with defocus and the slope value for a
particular dioptric defocus increased with a decrease in the eccentricity of the source.
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Furthermore, as described before, relative calibration was done using trial lenses placed infront of the eye and calculating the respective slope value in each condition. The impact of
lens de-centration and tilt was tested on two subjects using a 2D lens which was moved and
tilted in all the four directions (up, down, left and right). The change in the slope value used
(conversion factor) for dioptric estimation with a change in the position and tilt of a 2D lens
varied from 0.1-0.3 (≈0.1-0.3D) between the subjects and was clinically insignificant.
Also, as indicated previously in chapter 1 and 2, a change in the pupil size during
accommodation should be accounted to avoid erroneous results in the estimation of the
defocus (Figure 1-2). To test the efficacy of the pupil size calibration to account for the
change in the pupil size, we compared the accommodative responses with and without 2.5%
phenylephrine hydrochloride (PHCl) on 2 subjects. Phenylephrine is an eye drop commonly
used in optometry practice to dilate the pupil for fundal examination. There was an
improvement in the estimation of the accommodative response by about 0.5 - 1.0D in both the
subjects. We came out with two conclusions after examining the videos in this trial. First, the
change in the slope of intensity profile across the pupil when eye switched from one distance
to other was brought out due to the change in the defocus state of the eye and not merely due
to a change in the pupil size. Second, the pupil size calibration failed to account for changes in
the pupil size in few subjects during a dynamic accommodation response causing a lead.

3.3.2 Algorithm related modifications
Individual calibration trails included inducing lenses ranging from +5D to -5D. But since our
measurements mostly range between 0 to +5D, we have altered the method of calculating the
conversion factor. Rather than choosing a wide range (+5D to -5D), we decided to use only
the plus lens section of calibration to calculate the conversion factor because that covers the
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actual data range of our study. Vertex distance compensation was applied to +4 (3.8D) and
+5D (4.69) lenses to enhance the accuracy in calculating the conversion factor. Furthermore,
the plot between the fundus brightness and conversion factor (pupil size calibration) based on
the modified data showed an equation 𝑦 = −0.008𝑥 + 2.66; R2 = 0.73. This equation was

later used to calculate the conversion factors which further were used to estimate the defocus
in units of diopter.
As described earlier in Chapter 1, once the algorithm identifies the pupil and refines the fit,
the slope of the intensity profile was calculated from the upper to the lower edge of the pupil.
Further, previous study (Suryakumar et al., 2002) at our lab showed that the slope of the
intensity didn’t statistically vary with the height of the profile measured within the pupil. But,
we have noted in few of our subjects that due to some unknown reasons the upper half of the
pupil is more brighter than the bottom half or vice versa, causing a hyperopic/myopic shift in

the defocus estimation. So we wanted to see the impact of reducing the height of profile line
in those subjects. A large variability was noted in the slope value with a change in the height
of the profile line. The discrepancy with the earlier results could be due to the differing
defocus patterns resulted from the lenses (Suryakumar et al., 2002) compared to those resulted
due to proximity (the present study). Also both the studies used smaller samples with high
variability that might not have represented a larger population. Hence, further work on a larger
sample is necessary to understand the impact of profile line width on the estimation of
defocus.

3.4 Methods
Seven adult (20-35 years) subjects and two children (10-15 years) were recruited from the
Optometry clinic at the School of Optometry and Vision sciences, University of Waterloo.
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Subjects who were ametropic were corrected using contact lens during the study. Subjects
with any ocular abnormalities or with any history of using ocular medications were excluded.
Further, those with any binocular anomalies like strabismus (eye deviation), amblyopia (lazy
eye) were excluded. The study received ethics approval from the Office of Research Ethics
(ORE), University of Waterloo and all the subjects were provided an informed consent prior
to start of the study.

3.4.1 Experimental design
A Badal optical system was used to stimulate the accommodation. The Badal optical system
was chosen because the perceived angular distance of the target would be always being
constant even after a change in the dioptric demand for accommodation (Atchison, 1995). The
targets were two high contrast vertical lines (white on black) illuminated using light emitting
diodes (LEDs). A 2D stimulus was provided by placing the distance target at 17cms (0.75D)
from the 5D Badal lens and the near target was at 9cms (2.75D) from the lens. A step stimulus
was created where only one target was lit at a time. The change in the target position was
achieved using a switch controlled by the experimenter. This switch was connected to an
input-output control box that was further connected to the video software allowing a time
stamp to be created when targets were switched. As seen in figure 3-6, infra-red filter was
used in order that the presentation of targets was achieved along with a continuous measure
using the dynamic photorefractor. A semi-silvered mirror was used in the Badal optical
system to align the targets at two different positions close to a constant axis. This avoided the
need for an eye movement with a switch in the target position. All the subjects were instilled
with 2.5% phenylephrine hydrochloride (PHCl) in their right eye to keep the pupil size
relatively constant.
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Figure 3-6: The experimental design for stimulating accommodation.
The photorefractor was placed at 1m from the subject. A Badal optical system was used to stimulate
accommodation with a constant angular distance. A cold mirror (IR filter) was used in order that target
presentation is done along with a continuous measurement using the photorefractor. A semi-silvered was
used in the optical path to align the targets one above the other. A 5D Badal lens was used and targets
were placed accordingly to stimulate a step change of 2D in accommodation.

3.4.2 Dynamic photorefractor
The dynamic photorefraction system (DPRS) explained in the earlier chapters was used to
estimate the accommodative response along with the pupil size. The dynamic photorefractor
was connected to the system using a fire-wire. Commercially available video acquisition
software (Streampix, Norpix, Canada) was used for recording the images of the eye. The
dynamic photorefractor worked at a sampling frequency of 70Hz, giving an output every
0.014 seconds. The photorefractor was placed at 1m from the subject with an IR filter in place
to allow target presentation along with a continuous photorefraction. The video images were
later analyzed in the offline application described in the first chapter. Slope measures across
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the vertical meridian of the pupil were outputted into EXCEL sheet along with the fundus
brightness and pupil diameter in each frame.

3.4.3 Procedure
Retinoscopy was done prior to the start of the study and the baseline refractive error was
recorded. The right eye of the subject was dilated using 2 drops of 2.5% phenylephrine
hydrochloride (PHCl) after an initial anterior chamber assessment of the subject.
Phenylephrine was showed to have an impact on the amplitude of the accommodation and the
response time of accommodation (Mordi et al., 1986; Sarkar et al., 2012). However, a
reduction in the static and dynamic aspects was not expected to influence our purpose of
validating the instrument. All the subjects were individually calibrated to obtain a calibration
function or conversion factor which was later used to convert the slope output of the subject
into units of diopters.
Subjects were given 2-3 practice trials prior to the start of the study to familiarize them to the
study procedures and the task of changing their focus with the switch in the stimulus. All the
measurements were taken from the right eye of the subject while the left was covered using an
occluder or an eye patch. During the experiment, subjects were clearly instructed to keep the
edges of the vertical lines clear and sharp at all times. The target was alternately illuminated
using the button and onset of the stimulus was randomized to avoid prediction of the near
target or the accommodative stimulus. 3-5 accommodative trials were taken for the 2D step
stimulus with a 4 sec presentation time. The responses were later analyzed and averaged.
Subjects were given a break in between the calibration trial and the accommodation trials.
Dynamic retinsocopy was also done on the right eye to measure the lag or lead in the
accommodative response for a target at 50cms.
42

3.4.4 Analysis
3.4.4.1 Dynamics of accommodation
The recorded video file was first loaded into the DPRS for analysis. The DPRS as described
previously in chapter 1 would analyze the video file and output the slope of the intensity
profile along with the pupil diameter and the fundal brightness at the level of each frame. The
slope values obtained were converted into units of diopters using conversion factors obtained
from both relative and pupil size calibration (using the equation y = -0.008x + 2.66). The raw
position data for the step stimulus obtained from the DPRS was later imported into MATLAB
where it was plotted over time. A 2 point differentiation technique was used to get the velocity
profiles (D/s) which were later smoothened using a 100msec window (Bharadwaj et al.,
2005). A MATLAB script (Appendix D) based on the velocity threshold criterion (Schor et
al., 1999; Bharadwaj et al., 2005; Suryakumar, 2005) was used for analyzing the start and end
point of the response in a position trace. The start of the response was located by looking for a
point where the slope exceeded 0.5D/s and continued to do it for another 100 msec (7 frames).
The second section of 100 msec continuation window was chosen to avoid false positives.
Conversely, when the slope was less than 0.5D/s and continued the same for the next 100
msec, it was identified as the end point of the response. These points were later inspected to
check the accuracy. Later, they were used to analyze the dynamic characteristics latency,
response time and amplitude of the accommodative response. Latency was defined as the
difference in the time value between the onset of stimulus and the start point. Amplitude was
the difference in the accommodative position at the start and end point. Response gains were
calculated from the amplitude data wherein the gain was defined as the ratio of
accommodative response over accommodative stimulus. Response time was the difference in
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the time value at the start and end points. Peak velocity was the maximum velocity value in
the smoothened velocity profile. Time to peak velocity was time taken to reach that peak point
from 0D/s of velocity.

3.4.4.2 Accuracy of DPRS
The photorefraction data were analyzed in two different ways for each subject. First, using the
conversion factors obtained from individual calibration (using lenses) and second, using the
pupil size calibration (As explained in Chapter 2). Bland-Altman plots were used to compare
the agreement between the two methods in estimating the response gains. Furthermore, the
methods were compared to the gold standard dynamic retinoscopy to check the accuracy.

3.5 Results
Calibration and accommodation trials were performed on 9 subjects (7 adults (29.57±2.69
years) and 2 children (11±1.4 years)). Individual conversion factors were obtained from all the
subjects and it ranged from 1.48 to 2.08. Four out of nine subjects (AX, KR, PH, and VJ)
showed sluggish accommodative responses with either flat response traces or those that didn’t
meet the velocity threshold criterion. Table 3-1 shows the conversion factors and
accommodation data of the other five subjects who showed good responses.
Table 3-1: Dynamic characteristics of accommodation in 5 subjects

Subject

AlM

HW

MV

GL

CL

Conversion factor

1.58

1.57

2.02

2.08

1.93

Gain (Retinoscopy)

0.75

0.87

0.75

1.12

0.87

Gain (DPRS)

0.69±0.26

0.77±0.06

0.86±0.19

0.98±0.02

0.92±0.17

Latency (ms)

270.3±30.9

404.1±138.1

450.6±135

383.6±22.3

329.6±49.8
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Response time (ms)

351.8±102.3

666±74.5

706.8±224.3

546±92.9

651.3±206.9

Peak velocity(PV)

5.88±2.16

4.1±0.53

4.28±1.02

7.95±2.19

5.78±1.26

128.8±37.1

126.5±41.5

112±40.09

111±22.9

145.6±18.5

(D/s)
Time to PV (ms)

Figure 3-7 shows a typical accommodative position trace and differentiated velocity trace over
time for a 2D stimulus.
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Figure 3-7: Example of a typical accommodative response (solid line) and velocity trace (dotted line) over
time for a 2D stimulus.
Accommodation (left Y-axis) and accommodative velocity (right Y-axis) were plotted over time. Both
position and velocity traces were smoothened over a 100 msec window. The stimulus was presented at 0
sec and as shown the initiation of the response occurred with a latency of ≈350msec and total duration of
the response (latency + response time) was less than a second. A rise in the differentiated velocity profile
was noted slightly before the point of response initiation and started to fall as the required accommodative
state was achieved. This discrepancy in the initiation of the velocity and position traces was attributed to
the smoothing and differentiation procedures followed.

Sluggish accommodative responses were obtained from four subjects with very low gain
values (VJ: 0.225; KR: 0.15; AX: 0.17; PH: 0.05). Bland-Altman plots suggest that the gain

45

values of these four subjects obtained from the dynamic retinoscopy were comparable to the
values obtained from the DPRS (Figure 3-8).

Difference in measures

0.2

Mean + 1.96SD

0.0

Mean

-0.2

Mean - 1.96SD

-0.4
0.0

0.1

0.3

0.2

0.4

Average gain

Figure 3-8: Bland-Altman plot showing the agreement between the DPRS (Individual calibration) and the
dynamic retinsoscopy in estimating the defocus.
The difference between the gain values obtained using the two methods being compared was plotted over
the average gain value of the subject. The mean difference was represented using the heavy dotted line,
while the 95% confidence intervals was represented using the light dotted lines. A minus value indicates
under-estimation and the contrary indicates over-estimation. The mean difference between the DPRS
(using individual calibration) and dynamic retinoscopy was -0.16 (underestimation by 0.3D).

Bland-Altman plots were used to compare the gain values obtained using dynamic
retinoscopy with DPRS using individual calibration, and DPRS using pupil size calibration.
The difference in the gain obtained using the two methods were plotted over the average gain
value. Figure 3-9 (a) shows a mean difference of -0.08 (0.16D underestimation) and
maximum difference of -0.32 (0.64D underestimation) between the retinoscopy and DPRS
(using individual calibration). A slight decrease in the accuracy was noted with DPRS (using
pupil size calibration) with a mean and maximum difference of -0.12 (0.D) and -0.34 (0.68D)
respectively compared to retinoscopy (figure 3-9(b)).
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Figure 3-9: Bland-Altman plots showing the agreement between the dynamic retinoscopy and two
methods of calculating conversion factors ((a) Individual calibration, (b) Pupil calibration).
The difference between the gain values obtained using the two methods being compared was plotted over
the average gain value of the subject. The mean difference was represented using the heavy dotted line and
the 95% confidence intervals were represented using the light dotted lines. A minus value indicates underestimation and the contrary indicates over-estimation. The mean difference between the DPRS (using
individual calibration) and retinoscopy (underestimation ≈0.16D) was lesser compared to the DPRS (using
pupil calibration) and retinoscopy (underestimation ≈0.24D) and were clinically insignificant.

Furthermore, Bland-Altman plot was used to investigate the agreement between the gains
obtained using conversion factors obtained from individual and pupil size calibration. The
mean and maximum difference between the two methods (Figure 3-10) was 0.03 (0.06D) and
0.24 (0.48D) respectively.

Figure 3-10: Bland-Altman plot showing the agreement between the two methods of calculating
conversion factors (Individual calibration and Pupil size calibration).
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The difference between the gain values obtained using the two methods being compared was plotted over
the average gain value of the subject. The mean difference was represented using the heavy dotted line,
while the 95% confidence intervals was represented using the light dotted lines. A minus value indicates
under-estimation and the contrary indicates over-estimation. The mean difference between the DPRS
(using individual calibration) to the DPRS (using pupil calibration) was 0.06D and was clinically
insignificant.

3.6 Conclusion
Dynamic photorefraction system (DPRS) is an offline analysis application used to analyze the
video output from the photorefractor. It can acquire quick and accurate estimations of both
defocus and pupil diameter provided an individual calibration function is obtained from each
subject to enhance accuracy. Unlike the commercially available instruments like Powerrefractor, it provides the option of individual calibration, thus enhancing the accuracy of the
estimation. Furthermore, it works at a higher sampling frequency that can help us in getting a
better picture of the various dynamic characteristics of an accommodative response.

3.6.1 Validation
A number of modifications were done in the process of calibrating and validating this
dynamic photorefraction system making it a more robust and dynamic tool to accurately
measure the accommodation and pupil size. We had successfully calibrated the instrument and
in agreement to Schaeffel et al. (1993) and Roorda et al. (1997), inter-individual variability of
the conversion factors was noted due to the differing optical characteristics. As described in
the previous chapter, pupil size measures were accurate and in good agreement with the
manual measurements (Figure 2-1). Pupil fitting is a very important step in the whole analysis
procedure and any error in its fit can lead to erroneous results both in the estimation of pupil
size and the defocus. DPRS was designed such that it was able to analyze the brightness
profiles conveniently even with pupils as small as 3mm. Accommodative responses were
obtained from 9 subjects and the dynamic characteristics of the response were analyzed using
48

the velocity threshold criterion (Schor et al., 1999; Bharadwaj et al., 2005; Suryakumar, 2005)
and the dynamics of the response obtained were in agreement to those shown in the literature
(Campbell et al., 1960; Tucker et al., 1979; Suryakumar, 2005). The average (±SD) gain value
of our sample was 0.53 (±0.37). The responses for the 2D stimulus were variable with four
subjects showing high lags of accommodation and one subject exerting a lead in the
accommodative response. Tucker and Charman (1979) showed that the accommodative
responses for stimulus up to 2D were usually variable with over shoots and/ or flat responses.
They also showed that this response variability can be within and between the subjects.
Furthermore, they suggested that the variances in the response could be due to the difference
in the depth of focus, resting state of accommodation, and the amount of voluntary
accommodation. In agreement with this, the present data showed a high degree of variability
in the accommodative gains between the subjects for a 2D stimulus.
Bland –Altman plots showed an agreement between the accommodative gains obtained from
the gold standard dynamic retinoscopy and the photorefractor. The difference in the
accommodative gains obtained using conversion factors obtained from individual calibration
and the pupil size calibration was clinically insignificant (Figure 3-9; Figure 3-10). The
average difference in the responses obtained between the DPRS and the dynamic retinoscopy
(0.25D) was imported in to the system as a correction factor to enhance the accuracy of the
estimation of the refractive state for future studies.
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3.6.2 Future work
3.6.2.1 Developments in DPRS
Although the new analysis algorithm had success in measuring the dynamics of
accommodation and pupil size measures, the pupil size calibration needs to be more robust to
avoid the use of mydriatic drops. The pupil size calibration procedure was done to account for
the changes in the pupil size during a dynamic response. Our system did not show a good
success rate in fixing this problem in few cases due to which i had to use phenylephrine eye
drops to get a relatively constant pupil size for a 2D step stimulus of accommodation. Using
ray tracing technique, Roorda et al. (1997) predicted that errors of about a diopter can occur
when calibration function calculated at a larger pupil was applied directly to slopes measured
with smaller pupils. In agreement with that prediction, our earlier data (prior to the
modifications) estimated leads (≈ 1.0D) in accommodation because the pupil size calibration
failed to account for the changes in the pupil diameter. A larger sample involving a wide
range of pupil sizes would help in establishing a more robust correlation between the
conversion factor and fundus brightness (pupil size). Further work would focus on calibrating
individuals with smaller pupils and/ or subjects with lower fundus brightness.

3.6.2.2 Experimental design
As the data from this study (Figure 3-3; Figure 3-4) indicated that a vertical misalignment had
much larger impact on the defocus estimation compared to the horizontal misalignment, future
experimental design will include accommodative stimuli that are displaced horizontally at
different proximities that would not account for entrance pupil misalignment more than 10
degree (Figure 3-3; Figure 3-4). This kind of arrangement would allow presentation of
accommodative stimuli without causing any significant misalignment errors.
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3.6.2.3 Myopia and accommodation
As mentioned in the first chapter, the sole purpose of building this new instrument was to
measure the dynamics of accommodation in children with myopia given the limitations of
existing photorefraction systems.
Various control theory models were designed to explain the mechanism of oculomotor
systems like accommodation and vergence (Hung et al., 1980; Schor, 1992) of which the most
widely accepted model was given by Schor (1992). These models were used to describe both
static (Hung et al., 1980; Schor, 1992; Hung, 1998) and dynamic (Schor et al., 2004; Schor et
al., 2006; Maxwell et al., 2010) aspects of accommodation and vergence. But the findings of
high AC/A, high lag of accommodation coupled with high accommodative adaptation in
children with myopia doesn’t follow the pattern described by control theory models and
earlier empirical investigations (Schor et al., 1989). Although tonic vergence (adaptation)
appeared to be reduced following the model’s prediction (Sreenivasan et al., 2012),
preliminary data (Sreenivasan et al., 2014) from our lab suggest that the CA/C measures were
normal instead of being reduced. From these results, we hypothesize that high accommodative
adaptation could be due to slow accommodative responses and a sluggish accommodative
plant (Lens, zonules and ciliary muscle) causing larger response lags with high AC/A.
Therefore, in order to prove this hypothesis, the first step is to measure the dynamic
characteristics of accommodation in children with myopia. The new user friendly dynamic
photorefractor will be used to measure the dynamics of accommodation in children with
myopia.

51

3.6.2.4 Calibration in children
In adults, to enhance the accuracy of the estimation relative calibration equation was used
with conversion factor calculated at the level of each frame based on the fundus brightness
thus accounting for changes in the pupil size without compromising the accuracy of the
estimation. But it is difficult to apply a similar procedure in case of children taking into
account their shorter attention spans or limited cooperation. Hence, the tedious relative
calibration will be replaced by the pupil size calibration (Y = -0.008x + 2.66; where Y is the
conversion factor to be calculated and x is the fundal brightness value noted in that particular
frame) to calculate the conversion factors and bias (Y intercept) will be based on the average
value taken from the relative calibration data of the sample (0.96D). This procedure was
shown to have a clinically insignificant impact on the accuracy of the estimation (<0.50D) and
is employed as an automated procedure (Universal calibration function) in the commercially
available photorefractors (Schaeffel et al., 1993).
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Appendix A
Dynamic analysis of accommodation
In order to analyze the dynamic characteristics of the accommodative response, velocity
threshold criterion was chosen. Photorefraction data obtained using the high speed
photorefractor was converted into an AVI file. The converted video file was then loaded into
the DPRS for analysis. The slope of the intensity profile along with the pupil diameter and the
fundal brightness in each frame were given out from the DPRS in the form of an EXCEL
sheet. The slope values obtained were converted into units of diopters using conversion
factors obtained from either individual or pupil size calibration. The raw position data for the
step stimulus obtained from this procedure was later imported into MATLAB where it was
plotted over time. A 2 point differentiation technique was used to get the velocity profiles
(D/s) which were later smoothened using a 100msec window (every 7 frames in our case).

Figure 0-1 Raw and smoothened accommodative position and velocity traces.
(a) Accommodative position plotted over time. Dots represent the raw position data while the solid line
represents the smoothened data. Position traces were averaged using a 100 msec (every 7 frames) to
smoothen the data. (b) Raw traces of the differentiated velocity profile (dotted line) were smoothened
(solid line) using the same 100msec window (7 frames).
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The velocity threshold criterion was then applied to the smoothened data to get the start and
end points of the response. The start of the response was located by looking for a point where
the slope of the velocity profile exceeded 0.5D/s and continued to do it for another 100 msec
(7 frames). The second section of 100 msec continuation window was chosen to avoid false
positives. Conversely, when the slope becomes less than 0.5D/s and continues to do it for the
next 100 msec, it was identified as the end point of the response. These points were later
inspected to check the accuracy of the location of the points. Later, they were used to analyze
the dynamic characteristics of the accommodative response. Latency was the difference in the
time value between the onset of stimulus and the start point of the response. Amplitude was
the difference in the accommodative position at the start and end point of the response.
Response time was the difference in the time value between the start and end points. Peak
velocity was the maximum velocity value in the smoothened velocity profile. Time to peak
velocity was time taken to reach that peak point from 0D/s of velocity.
A MATLAB script was generated to automate the procedure of the velocity threshold
criterion to analyze the dynamics of accommodation. This script helps in importing,
smoothening the data and then apply the velocity threshold criterion over the smoothened data
for analyzing the start and end point of the response in a position trace.
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