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INTRO DUC TIO N

A change in fixation from a distant to a near object elic-
its the near reflex, which is a three- component reflex that 
comprises pupillary constriction (miosis), lens accommo-
dation and convergence.1– 4 Pupillary constriction (miosis) 
increases the eye's depth of focus while accommodation 
produced increased lens curvature, with an increase in 

refractive power. The eyes converge to position the retinal 
image on the fovea of each eye.

The convergence accommodation- to- convergence 
(CA/C) ratio represents the relationship between dispar-
ity vergence and the resulting accommodative response.5 
Additionally, under binocular viewing conditions, the CA/C 
ratio interacts with the accommodative convergence- to- 
accommodation (AC/A) ratio.6– 8 Both ratios contribute to 
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Abstract
Purpose: This study presents a novel video- based eye- tracking system for analys-
ing the dynamics of the binocular near- reflex response. The system enables the 
simultaneous measurement of convergence, divergence and pupillary size during 
accommodation and disaccommodation to aid the comprehensive understanding 
of the three- component near- reflex.
Methods: A high- speed (90 Hz) video- based eye tracker was used to capture 
changes in eye gaze and pupil radius in 15 participants in response to altering 
stimulus conditions. An offline analysis involved separating the gaze vector com-
ponents and pupil radius, which were fitted to a hyperbolic tangent function to 
characterise the dynamics of the near- reflex process.
Results: Significant differences in the temporal parameters of the pupil radius 
were observed between the near- to- far and far- to- near vision changes, with faster 
miosis compared with mydriasis. Additionally, differences in response times were 
found between gaze angle components, with longer convergence times com-
pared to changes in the vertical direction (saccades). The steady- state values of the 
gaze components and pupil radius were in line with theoretical expectations and 
previous reports.
Conclusions: The proposed system provides a non- invasive, portable and cost- 
effective method for evaluating near- reflex dynamics under natural viewing con-
ditions using a video- based eye tracker. The sampling rate ensures the accurate 
assessment of vergence eye movements and pupillary dynamics. By simultane-
ously measuring eye convergence, divergence and pupil size, the system offers a 
more comprehensive assessment of the near- reflex response. This makes it a valu-
able tool for clinical diagnosis, research studies and investigating the effects of 
near work on the visual system.
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the adaptive and cross- linking interactions between these 
two motor systems. However, it is important to note that 
relying solely on either ratio will provide an incomplete 
analysis of these intricate interactions. The typical AC/A 
ratio has been historically based on the assumption that 
at a 1- m viewing distance, someone with an interpupillary 
distance (IPD) of 6 cm will exert 6 prism dioptres (Δ) of con-
vergence, two- thirds of which will be driven by accommo-
dative convergence to yield a normal AC/A of 4Δ:1D.9 The 
normal range is between 3 and 5Δ/D to consider differing 
IPD measurements. Changing from near to distant viewing 
will produce ocular disaccommodation, divergence and 
pupil dilation (mydriasis).

The efferent limb of the accommodation reflex has two 
components, the Edinger– Westphal nucleus, which sends 
axons in the oculomotor nerve to the ciliary ganglion, 
which, in turn, sends axons in the short ciliary nerve to con-
trol the iris sphincter and the crystalline lens. Furthermore, 
oculomotor neurons send axons in the oculomotor nerve 
to control the convergence of each eye. Thus, the ciliary 
muscle, sphincter pupillae and medial rectus muscles are 
involved in the near- triad response.

Vergence oculomotor plant control has been reported 
to involve a dual- mode strategy.10– 13 This consists of an 
open- loop, fusion- initiating component that drives the ini-
tial vergence movements by facilitating the alignment of 
the visual axes. This fusion- initiating component is driven 
by sensory inputs such as retinal disparity and interocular 
spatial relations, and serves to rapidly bring about the de-
sired vergence response.14 Following the fusion- initiating 
phase, a fusion- sustaining component comes into play, 
driven by visual and internal feedback mechanisms. This 
component aims to maintain stable binocular vision. Visual 
feedback includes ongoing retinal disparity information 
and other depth cues, which continuously contribute to 
the fine- tuning of vergence movements.15 However, inter-
nal feedback, involving proprioceptive signals and neural 
adaptation processes optimise the vergence system's per-
formance over time.16

By employing this dual- mode strategy, the vergence 
plant effectively coordinates the complex interaction be-
tween the visual system and the extraocular muscles by 
ensuring accurate binocular alignment and depth percep-
tion. Understanding the interplay between the accommo-
dation neurophysiology and vergence plant dynamics is 
crucial for comprehending the mechanisms that underlie 
binocular vision and the adaptive processes that contrib-
ute to maintaining a clear and single visual image.

Epidemiological studies have shown a significant cor-
relation between the accommodative effort required 
during near work and the onset and progression of my-
opia.17– 19 This is an obvious reason for analysing the dy-
namics of the accommodative process. Furthermore, an 
understanding of accommodation and pupil dynamics can 
help to improve the diagnosis of a variety of visual system 
disorders, as well as the autonomic and central nervous 
system.20

Many previous studies were concerned about ocular ac-
commodation, which can be measured by subjective or ob-
jective techniques based on increasing the accommodative 
demand of a fixation target until it begins to blur,21 dynamic 
retinoscopy,22 autorefractors,23 wavefront sensors aberrom-
eters24 or an assessment of retinal image quality calculated 
using the wavefront25 or the double- pass technique.26,27 
Studies examining the monocular or binocular dynamics 
of accommodation have frequently used sympathomi-
metic drugs to achieve pupil dilation. Typically evaluated 
parameters include reaction time (latency), that is, the pe-
riod following initiation of a stimulus before a change in the 
accommodation response is observed, and response time, 
that is, the duration from the end of the reaction time to 
when the steady- state response is achieved. Other parame-
ters such as velocity and acceleration have also been report-
ed.28– 30 Time parameters can be determined from the points 
at which the response starts and ends,31– 36 using threshold 
methods,30,37,38 fitting an exponential function28,29 that also 
requires manual determination of the onset of accommo-
dation or a threshold definition and fitting to a Boltzmann 
sigmoidal function.39,40

Analysis of ocular convergence and pupil dynamics are 
less widespread despite their association. Previous stud-
ies have simultaneously examined accommodation and 
vergence,30 pupil reactions and accommodation41 and 
the complete triad under natural viewing conditions.38 
Video- based devices (e.g., optometers and eye trackers) 
are commonly used for this purpose.30,38,41,42 The associa-
tions between pupillary miosis and ciliary innervation lead 
to the hypothesis that observations of these responses 
might reveal useful information on the characteristics 
of the three- component near reflex,43 including accom-
modation. In this work, we developed a video- based eye 
tracker to simultaneously measure convergence and pupil 
size during accommodation and disaccommodation at 
high speed and under natural viewing conditions. We 
developed a calibration process and computed a set of 

Key points

• A portable high- speed video- based eye- tracking 
platform enables the analysis of pupil radius and 
angle of gaze during accommodation, reveal-
ing dynamic parameters under natural viewing 
conditions.

• Notable findings include significant differences 
in the temporal parameters of the pupil radius 
during changes between far and near viewing.

• Comparison of temporal parameters reveals 
unique dynamics between pupillary radii and 
gaze vector components, highlighting the dif-
ferential roles of convergence and saccades in 
visual processes.
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parameters that describe the dynamics of these processes 
following changes in fixation. The method's potential and 
accuracy were evaluated by comparing the results, not 
only to theoretical angular deviation values but also to pre-
viously published data.

M ETH O DS

Subjects

Fifteen subjects (eight females and seven males) partici-
pated in this study with a mean age (standard deviation, 
SD) of 24 (4) years. This study followed the Declaration of 
Helsinki principles, adhered to the ethical principles of the 
University of Alicante and participants gave written in-
formed consent regarding the aims, procedures and possi-
ble risks before performing the experiment. Every subject 
had best- corrected visual acuity of logMAR 0.0 (6/6) or 
better in each eye, as determined by non- cycloplegic 
subjective refraction. None had ocular disease or artificial 
intraocular lenses, and none had undergone ophthalmic 
surgery. Any subject with fixation difficulties or binocular 
vision dysfunction was excluded from the experiment.

The experimental setup principally consisted of a Pupil 
Core's eye- tracking platform44 (Pupil Labs GmbH, pupil 
- labs.com/produ cts/core/) working at 90 Hz, two Apple 
MacBook Air 1.7 GHz Intel Core i5, 11.6″ (1366 × 768 Pixels; 
apple.com) and a 17″ LED screen (1280 × 1024 Pixels; Acer 
K222HQL, store.acer.com/index.html). Subjects were po-
sitioned in a chinrest and faced two displays placed at 
distances of 33 cm (near) and 4 m (far). By considering the 
eye as a spherical globe (radius 1.2 cm), then the distance 
from the near display to a plane containing the centres of 
the eyes and parallel to the displays was dN−E = 34.2 cm , 
while the distance from the far to the near display was 

dF−N = 367 cm. A diagram of the experimental setup is 
shown in Figure 1.

A sequence to induce and assess changes in gaze angle and 
pupil radius while the eyes accommodated and disaccommo-
dated was designed using Matlab R2022a (mathw orks.com). 
The target was a white- on- black wind rose that subtended an 
angle of 1.3°. The target was alternatively presented on the 
far and near displays for 3 cycles, remaining for 4 s in each po-
sition. The respective accommodative stimulus were 0.25 D 
and 2.92 D (i.e., a change of 2.67 D). However, under binocular 
viewing conditions, the accommodative response was ap-
proximately 0.9 times the accommodative stimulus.45,46 Thus, 
the accommodative response could be around 2.4 D, that is, 
the result of a 2.67 D change in accommodation multiplied by 
0.9 times this accommodative stimulus.

Note that the target positions were always below the 
eyes' centre line and the near- distance display did not ob-
struct the far- distance display. The angular subtense in 
relation to the horizontal plane Π (containing the eyes' cen-
tres) and perpendicular to plane Π at the middle distance 
between the eyes' centres were �F = 0.93◦ and �N = 7◦ for 
the far and near distances, respectively. The vertical angular 
subtense of the target in the near and far positions in rela-
tion to plane Π, but on the plane perpendicular to plane Π in 
the pupillary centre position, that is, �N and �F , respectively, 
can be obtained with Equations (1) and (2), where NPD is the 
nasopupillary distance, hF−E and hN−E are the difference in 
height between the line joining the centres of the eyes and 
the test in the far display, and in the upper position of the 
near display, respectively, dFN is the distance from the far to 
the near display and dNE is the distance from the near display 
to a plane containing the centres of the eyes and parallel to 
the displays (see Figure 1).

(1)�N = tan−1
(
hN−E

lN

)
; with lN =

√
dNE

2 + NPD2.

F I G U R E  1  Schematic diagram of the experimental setup. hF−E and hN−E, respectively, are the difference in height between the line joining the 
centres of the eyes and the test in the far display, and in the upper position of the near display, dFN is the distance from the far to the near display, dNE 
is the distance from the near display to a plane containing the centres of the eyes and parallel to the displays, the nasopupillary distances of the right 
and left eyes are denoted NPDR and NPDL, respectively, while the respective angular subtense in relation to the horizontal plane containing the eyes' 
centres for the far and near distances are �F and �N.
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Similarly,

The Pupil Core was plugged into one MacBook com-
puter. The other computer was used as a near- distance dis-
play and to drive the 17″ LED screen placed at a far distance. 
The Pupil Core software provides comma- separated values 
data files that include the direction that the pupil points to 
in three- dimensional space; that is, the components of the 
normal vector joining the eye's centre to the pupil's centre 
and the pupil's radius. Our device lacked the ‘world cam-
era’; a frontal camera that records the viewing scene, and is 
needed to calibrate the device using commercial software. 
Therefore, we did not have direct gaze data. The reference 
system used by the device was centred on the charged- 
coupled device (CCD) of the cameras, which is a disadvan-
tage because the camera positions and orientations were 
unknown. This drawback was overcome by a calibration 
procedure, which consisted of defining new coordinates 
systems' centre for each eye's spherical model, 

(
XR , YR , ZR

)
 

and 
(
XL, YL, ZL

)
, and obtaining the coordinate system trans-

formation matrices from those centred on the cameras to 
the new positions. The newly defined reference systems' Z 
axes (ZR and ZL) pointed to the upper target row and were 
perpendicular to the nasal- temporal line. The X- axis pointed 
to the nasal direction for the left eye (XL) and the temporal 
direction for the right eye (XR). The Y- axes (YR and YL) were 
perpendicular to the Z-  and X- axes. In this way, the X- axis 
gaze angle was related to the eye's convergence angle.

Calibration procedure

A sequence with the target placed at different pre- 
established positions was proposed as the calibration 
sequence. During this sequence, the target was moved ar-
bitrarily across the near- distance display both horizontally 
and vertically in 20 positions (4 rows, 5 columns), separated 
by an angle of � = 3◦. The target remained at each position 
for 3 s (the grey crosses in Figure 1).

The positions of the target in the calibration matrix on 
the near display were established by considering angle 
�N and subtending a constant angle � = 3◦ between 
neighbouring targets. By denoting columns (left to right) 
and rows (up to down) with indices, p = − 2, − 1, 0, 1, 2 
and q = 0, 1, 2, 3, respectively, the target was presented 
in different positions 

(
xp,q, yq

)
, defined by the following 

Equations (3a), (3b) and (3c).

The theoretical directions that the vector gaze pointed 
to in three- dimensional space for any target position and 
for each eye- centred reference system can be defined from 
equations (3a), (3b), (3c) and the nasopupillary distances (NPD). 
The respective distances of the right and left eyes (NPDR and 
NPDL) were measured with an Essilor digital pupillometer 
(essil or- instr uments.com/produ ct- digit al- pupil lometer).

The participating subjects were asked to follow the tar-
get. The gaze vector components in three- dimensional 
space data were registered from both eyes. Then, by com-
paring the theoretical and the registered gaze vectors, two 
coordinate system transformation matrices (one per eye) 
were obtained by the least squares fitting technique ac-
cording to Horn's method based on quaternions.47

Data analysis

Sequences were processed offline. The calibration 
accommodation– disaccomodation sequence generated 
during each measurement session was recorded in one 
computer, while the Pupil Core recording was stored by 
the other computer. The time synchrony of both measure-
ments was confirmed by matching the UNIX Epoch time 
from each computer. Thus, the exact times when targets 
were displayed in each position were registered. They 
slightly differed from the theoretical values due to delays 
in the plotting of targets.

The registered gaze vector direction throughout the 
sequence was transformed into the new reference system 
using the transformation matrices obtained during the cal-
ibration process. These gaze vector components 

(
vx , vy , vz

)
 

were used to quantify the direction angles (Equation 4) of 
the gaze line:

where ‖v‖ =
�

v2x + v2y + v2z . Convergence is related to angle 
�, but it is important to consider that the X direction is defined 
toward the temporal and nasal directions in the right and left 
eyes respectively. In order to assess convergence, angle τ of 
the gaze vector was defined towards the temporal direction 
of each eye. Hence, � = � for the right eye and � = 180◦ − � 
for the left eye. Figure 2 shows an example of a processed 
sequence. The variations in gaze angles (� and � , respectively, 
in light-  and dark- blue asterisks and crosses) and pupillary ra-
dius, r (red crosses), are plotted over time, together with the 
points when the vision condition changed, that is, when the 
target was presented on the far (magenta vertical lines) and 
near visual display (black vertical lines).

To evaluate the dynamics of the changes from dis-
tance to near vision (FN) and from near to far vision (NF), 

(2)�F = tan−1
(
hF−E

lF

)
; with lF =

√(
dFN+dNE

)2
+ NPD2.

(3a)zq = z0

(
1 +

sin(q ∙ �) sin
(
�N

)

cos
(
q ∙ � + �N

)

)
; with z0 =

√
hN−E

2 + dNE
2
;

(3b)
yq =

zq − z0

tan
(
�N

) ;

(3c)xp,q = zqtan(p ∙ �);

(4)� = cos−1
�

vx

‖v‖

�
; � = cos−1

�
vy

‖v‖

�
; � = cos−1

�
vz

‖v‖

�
;
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the processed curves were subdivided from 1 s before to 
3 s after the stimulus change. Then, they were fitted to a 
hyperbolic tangent function (Equation 5), which provided 
four parameters (tm, k, yi and yf ) that can be related to the 
physical characteristics of changes. Note that the fitting 
to Equation  (5) does not depend on a by- hand threshold 
definition, unlike other previous studies.28– 38 The initial 
(yi) and final (yf) steady- state values (i.e., before and after 
the change) were determined, together with tm which cor-
responds to the time when the curve reached the mean 
value between yi and yf , while k refers to the slope of the 
change:

The fitted curves were derived a second time to define 
the start and end times (ti and tf ) from their maximum and 
minimum peaks, which corresponded to the maximum 
acceleration and deceleration of the studied parameters, 
respectively. Therefore, shifts in gaze angle and pupil ra-
dius following the stimulus change were characterised by 
a six- parameter vector. Figure 3 presents the fittings and 
characterising parameters obtained from one right eye 
during the NF change. The time was set to zero at the in-
stant when the target was presented on the far vision con-
ditions display.

In Figure 3c, the fitting of the pupil radii obtained follow-
ing the change from the far to the near conditions and its 
corresponding characteristic parameters are presented. The 
grey- shaded area indicates the interval where both fittings 
were superimposed. The grid time marks during that interval 
did not match because t = 0 s was set for each subsequent 
occurence,  as the instant when the target was presented 
on the screen. Due to delays in both the computation and 
representation of the targets, they were not screened ex-
actly every 4 s (see Figure  2). An additional inequality was 
the yf  value of the NF fitting not matching the ti value of the 
FN phase. This discrepancy was because the different time 
ranges used before and after the change in the stimulus (1 s 
before and 3 s after) resulted in different fitting parameters. 
However, these differences were subsequently averaged.

R ESULTS

Data from each eye were captured and processed sepa-
rately. After ruling out any incorrect measurements and/
or incomplete sequences, 108 sequences with gaze vector 
components and pupil radius data following a change in 
target position, that is, 3 changes × 9 subjects × 2 eye types 
(right and left) × 2 change types (NF and FN), were ana-
lysed. Each change was defined by the three characteristic 
vectors from Equation (5) and the subsequent peak detec-
tion in the second time derivatives for gaze angle and pupil 
radius. Table 1 shows the means (standard deviations) for 
all the parameters.

A two- way analysis of variance (ANOVA) with balanced 
design was performed to evaluate if eye side (right vs. left) 
and direction of change (NF and FN) affected the measured 
time parameters. Analysis of gaze angles � and � gave p- 
values of >0.05 (see Table  2) for parameters ti, tm and tf , 
which indicates that neither of the factors (eye side and di-
rection of change) affected any time parameters for � and 
�. Nor was there any evidence for an interaction effect be-
tween these factors. The ANOVAs of these time parameters 
for pupillary radii did not show any significant differences 
(p > 0.05) for the eye side effect and the interaction term 
but significant differences for the direction of change ef-
fect clearly appeared (see Table 2).

As significant differences between the right and left 
eyes were ruled out, the two subsets were merged and a 
one- way ANOVA was carried out to evaluate the processes 
in more depth. This analysis compared the time parameters 
for � and �. Parameter ti did not vary significantly (p = 0.67), 
but p- values of 0.02 and 0.002, respectively, were obtained 
for tm and tf . Figure 4 shows a boxplot of the temporal pa-
rameters for gaze vector components � and �. Note that 
tm and tf  were larger for � than for � . Furthermore, com-
parison of the time parameters for � and � to those of the 
pupil radius was made to show that they were significantly 
different.

With regard to the slope parameter k, ANOVAs were per-
formed to compare the three variables (�, � and r) to one 
another. They all showed significant differences (p < 0.05), 
as shown in Table 3.

(5)g(t) =
yi + yf

2

(
1 + tan h

[
k ∙

(
t − tm

)])
;

F I G U R E  2  Change in gaze angle and pupil radius during an example sequence from a left eye. Time is set at zero at the beginning of the 
sequence when the target was first presented on the far display. Magenta and black vertical lines mark the points when the target appeared on the 
far and near displays, respectively. Blue markers represent gaze angles � and �, and red markers indicate the pupil radius. The left Y- axis corresponds 
to gaze angles while the right- side Y- axis indicates the pupil radius.
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Finally, the steady- state values for the far and near 
conditions were compared, that is, yi and yf . Note that 
as the final state for NF corresponded to the initial 
state for FN and vice versa, the parameters from each 
condition were merged to make comparisons. Figure  5 
shows comparison of the far pupillary radii versus the 
near condition values, together with fitting to the gen-
eral model f (x) = ax. The result of the least square fit-
ting was a parameter with 95% confidence intervals of 
a = 1.14 (1.12, 1.15) with R2 = 0.93 and root mean squared 
error (RMSE) of 0.14 mm.

The angular components of the gaze vector were 
analysed in a similar manner to the pupillary radius, al-
beit with a selected general model, f (x) = x + b. The re-
sults (95% CI) of fitting were b� = 4.81◦ (4.47, 5.15) and 
b� = − 4.98◦ ( − 5.29, − 4.68), with R2 values of 0.48 and 
0.35 and RMSE of 1.77° and 1.59°, respectively. Figure  6 

shows both comparisons and their respective least- square 
fittings.

D ISCUSSIO N AN D CO NCLUSIO NS

A high- speed video- based eye- tracking platform, used to 
analyse the pupil radius and variations in gaze following 
a shift in focus between far and near targets, made it pos-
sible to determine a number of parameters by fitting to hy-
perbolic tangent functions. These described not only the 
dynamics of the muscles involved in the process but also 
steady- state values under different stimulus conditions.

The overshooting that appeared in the response sig-
nals should be noted, specifically in the angular compo-
nents (Figure  3). This is likely due to the involvement of 
saccadic movements, which contribute to overshoots in 

F I G U R E  3  Fitting curves (red lines) following Equation (5) for gaze vector components � = 180 ◦ − � (a) and � (b), obtained from Equation (4), 
and the pupil radius (c) for a right eye when changing from the near to the far (NF) target (t = 0 s). Figure 3c also shows the fitting curve immediately 
following the change from the far to the near (FN) vision conditions. The grey- shaded area marks the interval where the two fittings are 
superimposed. The horizontal red dashed lines mark the initial and final steady- state values (yi and yf , respectively). The black, green and pink vertical 
lines correspond to the initial, mean and final times (ti, tm and tf) respectively.
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the angular components but may not have a significant 
impact on pupil dynamics. Hampson et al.40 employed a 
fitting procedure using a Boltzmann sigmoidal function 
to determine the latency of the accommodation response. 
They disregarded the magnitude of overshooting and fit-
ted the data to a similar function to the hyperbolic tan-
gent function used here. After determining the latency 
period, they then fitted the responses to a damped sinu-
soid and extended the analysis to the overshoots. In the 
present work, the overshoots were also underestimated 
by the fitting of hyperbolic tangent functions. While it is 
possible that the absolute amplitude of the response may 
be slightly underestimated with this approach, it provides 
a reasonable approximation of the first- order dynamics of 
the eye movement.

The � angular components of the gaze vector in steady 
phases can be used to evaluate the angular accuracy of 
the proposed system. From the comparison plotted in 
Figure  6a, we obtained b� = 4.81◦ (95%CI: 4.47, 5.15) and 
R2 value of 0.48 and RMSE = 1.77°. This is directly related to 
the vertical angular difference between the target in the 
far and near positions, which can be determined as the 

angular difference between the subtending angles �N and 
�F . The average (SD) nasopupillary distance for all the par-
ticipants was 28.65 mm (1.32). Thus, from Equations (1) and 
(2), we obtain:

Note that the theoretical Δ� falls within the confidence 
limits of b� defined by the RMSE from the fitting procedure.

The angular component of the gaze vector in the 
steady- state τ can be used to assess the accommodative 
response from its relation with convergence. From the fit-
ting shown in Figure  6b, the obtained convergence was 
C(SD) = − 2b� ≅ 10◦ (3). Assuming all of the change was 
due to accommodative convergence and proximal ver-
gence did not vary, then convergence would correspond 
to an accommodative convergence of AC(SD) = 18Δ(5). 
Under that assumption, the accommodative response can 
be theoretically set as A = 2.4 D, and therefore, AC/A can be 
obtained as follows:

(6)�N = 7.0◦ (0.2); �F = 0.93◦ (0.01); Δ� = �N − �F = 6.1◦ (0.2)

(7)
AC

A
=

18 (5)

2.4
= 7.5 (2.1)(Δ ∕D); 5 − 10: 1;

T A B L E  1  Mean (standard deviations) for the start and end times (ti and tf , respectively), the time (tm) when the curve reached the mean value 
between yi and yf  (the initial and final steady- states value, respectively) and the slope of the change (k) for the variables (Var.) pupil radius (r) and the 
gaze vector angles (� and � convergence angles) following the changes (Chg.) from near to far (NF) and far to near (FN) for each eye (OD, right eye; OS, 
left eye).

Chg. Var. Eye ti(s) tf (s) tm(s) k
(
deg−1

)
yi(deg) yf (deg)

NF � OD 0.37 (0.13) 0.60 (0.22) 0.49 (0.13) 30 (50) 95.7 (2.3) 90.9 (2.1)

OS 0.42 (0.12) 0.58 (0.10) 0.50 (0.10) 13 (12) 95.2 (1.7) 89.7 (1.7)

𝛽 OD 0.41 (0.14) 0.52 (0.16) 0.46 (0.13) 30 (30) 90.2 (2.1) 95.5 (3.1)

OS 0.36 (0.07) 0.44 (0.09) 0.40 (0.07) 40 (40) 89.6 (1.3) 94.7 (2.3)

FN � OD 0.41 (0.08) 0.51 (0.11) 0.46 (0.09) 40 (40) 90.5 (2.0) 94.7 (1.8)

OS 0.38 (0.12) 0.55 (0.11) 0.47 (0.11) 13 (9) 90.0 (2.0) 95.4 (1.7)

� OD 0.36 (0.07) 0.44 (0.08) 0.40 (0.07) 60 (50) 94.0 (1.9) 89.7 (1.2)

OS 0.37 (0.10) 0.48 (0.08) 0.42 (0.07) 40 (30) 94.5 (2.3) 89.9 (1.1)

Chg. Var. Eye ti(s) tf (s) tm(s) k
(
mm−1

)
yi(mm) yf (mm)

NF r OD 1.3 (0.6) 2.0 (0.6) 1.7 (0.6) 4 (6) 1.9 (0.6) 2.1 (0.5)

OS 1.1 (0.6) 2.2 (0.6) 1.6 (0.5) 1.6 (0.8) 1.7 (0.5) 2.0 (0.6)

FN r OD 0.54 (0.16) 0.78 (0.12) 0.66 (0.12) 7 (4) 2.4 (0.5) 2.0 (0.5)

OS 0.62 (0.14) 0.83 (0.12) 0.72 (0.13) 6.8 (2.1) 2.1 (0.6) 1.8 (0.5)

T A B L E  2  p- Values resulting from the two- way ANOVAs to evaluate the effects of eye side (Eye) and direction of change (Chg.) and their 
interaction (Int.) over the start time (ti), the time when the curve reached the mean value between the initial and final steady states (tm) and the end 
time (tf) for the gaze angles (� and �) and the pupillary radius (r ).

ti tm tf

τ β r τ β r τ β r

Eye 0.34 0.92 0.22 0.30 0.47 0.47 0.39 0.39 0.92

Chg. 0.25 0.99 4 × 10−10 0.96 0.63 6 × 10−21 0.31 0.63 7 × 10−25

Int. 0.18 0.18 0.06 0.70 0.09 0.21 0.68 0.14 0.77
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As the proposed setup can provide closed- loop re-
sponse measurements, with convergence due to both ac-
commodative convergence and proximal vergence, then 
the close- loop response can be related to an AC/A ratio of 
6:1 with a normal range of 4– 8:1.9 By making comparison to 
the AC/A ratio calculated in Equation (7), it is concluded that 
the proposed method provides an approximate accommo-
dative measurement of the accommodative response.

The measured pupillary responses indicate that the 
pupil radius for the far condition was 1.14 (0.14) times larger 
than that for the near condition, as depicted in Figure  5. 
These findings are consistent with Kubota et al.,48 who 
reported that the maximum pupillary diameter was 1.25 
(0.42)- fold bigger than the minimum diameter when con-
sidering an accommodative response of 4.04 (2.00) D for a 
group of individuals <45 years of age. Similarly, Subbaram 
and Bullimore45 reported a factor of 1.12 (0.36) times be-
tween the maximum and minimum pupillary diameters of 
30 emmetropes using a 2D stimulus.

Analysis of factors (eye side and direction of change, 
i.e., NF or FN) that might affect time parameters describ-
ing the changes between the far and near targets did not 
reveal significant differences for any of the variables (α, β, 
and r) or a significant interaction. While the time parame-
ters for gaze angle also showed no significant differences 
between the direction of change, significant differences 
for the change type effect on the pupil radius were clearly 
indicated, as shown by the p- values presented in Table 2.

Differences in the dynamics of pupillary constriction 
and dilation were probably due to the distinct nerve and 
muscle forces involved in each process. Pupillary con-
striction (miosis) during accommodation involves the iris 
sphincter muscle, which is parasympathetically inner-
vated via the short ciliary nerves. The parasympathetic 
fibres that serve the sphincter muscle originate from the 
Edinger– Westphal nucleus of cranial nerve III. The signal 
synapses in the ciliary ganglia terminate on the muscarinic 
receptors within the muscle. Sympathetic innervation 
from the superior cervical ganglia is responsible for dila-
tion by helping to relax the sphincter muscle. This inner-
vation projects to the iris dilator muscle via the long ciliary 
nerves to control pupil dilation.49 The sphincter muscle 
contracts the pupil in a circular motion, while the dilator 
muscles enlarge the pupil by expanding the iris radially.50 
By comparing the temporal parameters obtained for the 
pupillary responses, as presented in Table 1, it may be ob-
served that the NF change was larger than the FN change 
(p < 0.001). Moreover, the slope parameter k was smaller 
for NF shifts than for FN. This implies that miosis is faster 
than mydriasis during the accommodation/disaccommo-
dation process, much like the pupillary response to light.

Temporal parameters for the three variables were com-
pared. The pupil radius measurements were longer than 
the gaze vector components (see Table 1). The latter were 
compared with one another, and while no significant differ-
ence was found for the latency ti of � and �, significant dif-
ferences were observed for tf  and tm. These differences can 

F I G U R E  4  Boxplot of temporal parameters start time (ti), the time 
when the curve reached the mean value between the initial and final 
steady states (tm) and the end time (tf) for the gaze vector components 
(� and �, added to the different time parameters as subindexes). The 
Y- axis indicates the time in seconds.

T A B L E  3  p- Values resulting from the ANOVAs comparing the slope 
parameter k obtained for the gaze vector components (τ and β) and the 
pupillary radius (r) for both directions of change (NF, near to far; and FN, 
far to near).

β r

τ

NF 3 × 10−3 1 × 10−5

FN 6 × 10−3 9 × 10−6

β

NF 2 × 10−11

FN 4 × 10−11

F I G U R E  5  Steady- state pupillary radius for the far vision conditions 
versus the corresponding value for the near condition (black dots) 
together with fitting (blue line) to the general model f (x) = ax and the 
95% prediction boundaries (dashed blue lines).

 14751313, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/opo.13203 by U

niversidad D
e A

licante A
dquisiciones Y

 G
estión D

e, W
iley O

nline L
ibrary on [20/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



1548 |   BINOCULAR NEAR- REFLEX RESPONSE BY AN EYE TRACKER

be attributed to the fact that � is related to convergence, 
whereas � relates to saccades due to the vertical change 
in the position of the near and far targets. Indeed, it can 
be concluded from Figure 4 and Table 1 that tf  and tm are 
shorter for � than for �, which is consistent with the find-
ing that accommodative responses take longer than eye 
movements,31 even though their latencies are the same. 
Comparison of the k values lead to the same conclusion be-
cause the values for the � angle were lower than those for �,  
which implies that the vertical component of the gaze vec-
tor changes more quickly than the horizontal component.

A comprehensive analysis of the three- component near 
reflex by simultaneously measuring pupillary changes, 
convergence and accommodation when switching be-
tween distance and near fixation is presented. A calibra-
tion process was developed and a set of parameters were 
computed to describe the dynamics of both processes. 
This comprehensive approach included an analysis of the 
interrelation among these three components, provided a 
more complete understanding of the near reflex and con-
tributes to the existing literature by examining the intricate 
dynamics of the accommodative process.

One of the noteworthy features of this system is the si-
multaneous measurement of eye convergence or diver-
gence and pupil size under natural viewing conditions. This 
aspect sets the present study apart from previous research 
that has often employed subjective or objective techniques 
in controlled laboratory settings. By capturing these param-
eters in real- world scenarios, this study not only advanced 
our understanding of the adaptive mechanisms of the vi-
sual system and vergence dynamics but also has practical 
implications for clinical diagnosis and research.
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