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Abstract

Background: Convergence insufficiency (CI) is a common binocular vision disorder that
causes eye strain, headaches, and blurriness. Although pencil push-ups (PPU) are widely
used to treat CI, their real-world effectiveness may be limited by inconsistent performance
and poor adherence. MobileS (the App) is an Al-based smartphone application that tracks
eye movements through the front camera, enabling guided “digital push-ups” with in-
stant visual feedback and automatic performance monitoring. This follow-up study eval-
uated the feasibility, recorded adherence, and preliminary clinical signals of MobileS as a
home-based therapy for CI compared with conventional PPU. Methods: Twenty-five par-
ticipants with CI were randomly assigned to either the App group (n = 12) or the PPU
group (n = 13) for 8 weeks of home-based training. Both groups performed convergence
push-ups—using the app or a pencil. NPC was measured using a RAF ruler at baseline,
mid-point, and endpoint. Symptom severity was assessed using the Convergence Insulffi-
ciency Symptom Survey (CISS), and adherence was recorded automatically by the app or
manually by participants. Results: All 25 randomized participants completed all three
NPC assessment points. The App group showed a statistically significant improvement in
NPC from baseline to study completion (mean improvement =2.81 cm, p = 0.007), whereas
the PPU group showed no significant change. Recorded adherence was higher in the App
group compared with the PPU group (90.1% vs. 75.4%, p = 0.0069). The App group
showed a significant reduction in symptom severity (p = 0.049). Between-group differ-
ences in symptom change were not statistically significant. Conclusions: MobileS appears
feasible as a home-based CI management tool, and was associated with higher recorded
adherence and preliminary NPC improvement signals. Larger, adequately powered stud-
ies are needed to confirm efficacy, particularly for symptoms, and guide teleophthalmol-
ogy implementation.

Keywords: convergence insufficiency; tele-ophthalmology; ophthalmic Al applications;
digital therapeutics; clinical Al integration; eye motility disorders; artificial intelligence
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1. Introduction

Convergence insufficiency (CI) is a common binocular vision disorder characterized
by difficulty maintaining convergence on near targets, leading to symptoms such as eye
strain, blurred vision, headaches, and difficulty concentrating [1-4]. The growing reliance
on digital screens has further amplified the clinical relevance of CI, particularly among
students and remote workers [5-8].

Conventional management of CI includes both home- and office-based vision ther-
apy, such as pencil push-ups (PPU), vergence or accommodative therapy, prism correc-
tion, and, in severe cases, surgery. Among these, PPU remains the most widely prescribed
method due to its simplicity, low cost, and ease of self-administration [9,10]. However,
the effectiveness of PPU has been increasingly questioned. Randomized controlled trials
have shown that while PPU may yield only modest short-term improvements, it often
fails to achieve sustained normalization of the near point of convergence (NPC) or a mean-
ingful reduction in symptoms [11-14]. These limitations have coincided with the emer-
gence of digital and Al-assisted technologies in ophthalmology.

In CI management, the near point of convergence (NPC) is a widely used, objective
marker of convergence performance and is commonly monitored over time to reflect clin-
ical change [1,3]. In home-based regimens, however, clinical benefit depends not only on
the prescribed exercise principle but also on how consistently it is performed. Adherence
is therefore a critical determinant of outcomes in unsupervised therapy, and improving
engagement and consistency remains a central challenge for conventional pencil push-
ups [3,10]. Digital, feedback-driven platforms may help address this gap by standardizing
practice and supporting sustained participation in daily training.

While augmented reality (AR) and virtual reality (VR) have been explored for oph-
thalmic rehabilitation, their application to CI remains limited [15]. Reported gains have
generally not surpassed those achieved with office-based therapy, and the cost and acces-
sibility of VR systems limit their scalability for widespread home use [16,17], which makes
mobile health (mhealth) tools particularly suited to address visual strain associated with
prolonged near work initially expressed by increased NPC [18-20].

However, a comprehensive analysis of 160 vision-related mobile apps found that the
vast majority targeted basic visual functions—such as acuity, colour vision, or field test-
ing—while only a handful addressed binocular parameters, and none offered therapeutic
functionality for binocular or accommodative dysfunctions [21]. Similarly, a systematic
review of 48 clinically evaluated ophthalmic mobile apps reported that fewer than 5%
were designed for therapeutic use, and most lacked clinical validation or professional
oversight [22]. These findings indicate a need for further validation of Al-driven platforms
capable of extending beyond screening toward autonomous diagnostic and therapeutic
applications in binocular vision care.

A recent review of mobile health technologies in ophthalmology identified signifi-
cant gaps among existing applications —most lacked specialized functionality for binocu-
lar or accommodative dysfunction, relied on external hardware, or required clinician val-
idation of Al-generated data. The system proposed by Subbiah et al. [23] specifically
aimed to address some of these gaps by introducing a smartphone-based diagnostic tool
for NPC measurement, offering an accessible yet clinician-supervised approach to binoc-
ular assessment.

Advancing beyond these limitations, we developed MobileS, a smartphone-based
application that utilizes artificial intelligence to estimate the near point of convergence
(NPC) from live video captured by the devices front-facing camera [24]. In preliminary
validation, the system showed good agreement with standard clinical measurements,
supporting its potential use for remote assessment [24].
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Our prior work established MobileS as a smartphone-based system for automated
NPC estimation and CI screening under controlled conditions [24]. Our broader MobileS
research program has also shown that Al-derived graphical outputs from the platform
can improve ophthalmologistseaccuracy and consistency in interpreting NPC-related con-
vergence data [25]. The present study extends this line of work from assessment to inter-
vention by exploring whether the same platform can support home-based convergence
training in a real-world setting. We compare App-guided therapy with conventional PPUs
over an 8-week period, emphasizing applicability outcomes (including adherence and
completion) alongside preliminary clinical signals (NPC and symptoms). These findings
are intended to facilitate the design of future trials and the potential integration of
smartphone-based CI therapy within tele-ophthalmology workflows.

Unlike earlier mobile-based systems—such as those described by Subbiah et al.
[23] —which focused solely on accommodative assessment and required clinician verifica-
tion of Al-generated results, MobileS was designed to operate autonomously. By integrat-
ing both measurement and user guidance within a single platform, it enables repeated,
self-administered convergence tasks without external equipment or direct supervision.

While the platform was initially intended for diagnostic purposes, its interactive
guidance features, reminders, and progress tracking suggest broader therapeutic applica-
bility. Because repeated NPC measurements follow the same fundamental mechanism as
conventional PPU—focusing on a near accommodative target and bringing it progres-
sively toward the face until loss of fusion and recovery—the procedure may inherently
function as a form of “digital push-up” training. The present study therefore examines the
feasibility, recorded adherence, and preliminary clinical signals of MobileS-guided home-
based training compared with conventional PPU exercises.

MobileS uses an interactive mechanism—to strengthen convergence performance by
reinforcing motivation and precision during exercises. Evidence from teleophthalmology
and digital health applications further suggests that platforms incorporating adaptive
user feedback may support engagement, and remote monitoring [26-29].

2. Materials and Methods
2.1. Study Design

This was a prospective, two-arm, home-based interventional study comparing an Al-
based mobile application (MobileS) with conventional PPU exercises for the treatment of
CL The study was approved by the institutional Ethics Committee and conducted in ac-
cordance with the Declaration of Helsinki.

Participants with convergence insufficiency (CI) were identified from our previous
research dataset and contacted by telephone for preliminary screening, explanation of the
study purpose, and confirmation of eligibility and willingness to participate. Eligible in-
dividuals were then randomly assigned to either the App group or the PPU group using
a computer-based simple randomization procedure without blocking or stratification. The
random allocation sequence was generated by the study team before participant assign-
ment. After eligibility was confirmed, participants were assigned to the next allocation in
the sequence and were then scheduled for an in-person baseline visit. Participants were
not aware of their allocation before assignment.

This study was designed as a pilot feasibility trial; therefore, no a priori sample-size
calculation was performed. The overall study workflow, including participant allocation
and follow-up timeline, is illustrated in Figure 1.
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Figure 1. Overview of the study design. Participants with CI were randomly assigned to the App or
PPU group and completed baseline, midpoint, and final assessments over an eight-week home-

based training period; PPU, pencil push-ups.

2.2. Participants

A total of 25 participants with CI (NPC > 10 cm) were recruited and randomly allo-
cated into two intervention groups: the App group (n = 12), which used the MobileS ap-
plication, and the PPU group (1 = 13), which performed PPU exercises. Inclusion criteria
included age 18 years or older, best corrected visual acuity of 6/12 or better in each eye,
and the ability to perform exercises independently at home. Exclusion criteria included
previous ocular or strabismus surgery, or inability to complete follow-up assessments.

(I eligibility was confirmed by an ophthalmologist during the in-clinic assessment
using standard NPC measurement with a RAF ruler. NPC was selected as the primary
objective clinical endpoint because it is a widely used marker of convergence performance
in CI, can be measured repeatedly using a standard RAF ruler, and directly corresponds
to the convergence behavior captured by the MobileS platform. Participants performed
both the baseline assessment and the home-training exercises with their habitual near cor-
rection when applicable. None of the included participants had received prior CI-directed
vision therapy before enrolment.

2.3. Intervention Protocol

Participants in both groups followed a structured home-based training regimen over
a period of eight weeks. The training frequency was identical for both groups: two ses-
sions per day, four days per week. Each session included ten convergence repetitions.

PPU Group: Participants held a pencil at arme length and slowly brought it toward
their nose while maintaining single, clear vision. They were instructed to stop when blur-
riness or diplopia occurred and to repeat the motion ten times per session. Adherence was
recorded using a paper log.

App Group: Participants used the MobileS smartphone application (App-guided
therapy), which guides convergence exercises through a visual interface and monitors
performance using the front-facing camera. As previously described [24], the exercise in-
volves following an on-screen target until the phone reaches the nose. The app provides
both written and voice instructions, along with instant visual guidance and session re-
minders, and progress is automatically logged.
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Participants were instructed to perform training while seated, under typical room
lighting, and with the target held slightly downward in the natural gaze position, con-
sistent with the in-clinic RAF ruler assessment posture. The operational definitions of a
repetition and a session were identical across groups.

The application was installed directly on each participantes own smartphone; no ded-
icated device was provided, and no specialized hardware was required. MobileS is com-
patible with most standard Android devices, making it widely accessible without addi-
tional cost. Following installation, participants received a brief initial training session to
ensure proper use, after which they continued independently at home. To promote regu-
lar practice, the application displayed instant results, including a graphical summary of
progress over time (Figure 2). The longitudinal display of results demonstrated stable
measurement patterns across repeated trials under everyday conditions.

10 Name Gender Birth Day video date NPC

] 1988-11-26 2024-11-23 23:20:23 15.60

] 1988-11-26 2024-11-23 23:21:14 15.45

] 1988-11-26 2024-11-24 00:47:09 18.11

] 1988-11-26 2024-11-24 14:28:12 15.99

] 1988-11-26 2024-11-24 14:28:35 17.35

] 1988-11-26 2024-11-24 14:29:00 17.15

] 1988-11-26 2024-11-24 14:29:34 17.46

] 1988-11-26 2024-11-24 14:29:57 17.50

N 1988-11-26 2024-11-24 14:30:32 16.56

[] 1988-11-26 2024-11-24 14:30:58 16.99

] 1988-11-26 2024-11-24 14:31:43 17.01

] 1988-11-26 2024-11-24 14:32:08 17.02

] 1988-11-26 2024-11-24 14:32:40 15.30

] 1988-11-26 2024-11-24 14:33:54 16.80

2024-12-23 00:22:32 2025-01-09 12:34:48

Figure 2. Example of the MobileS application output. The platform automatically records NPC val-
ues during home-based training and provides both a graphical summary of progress over time,
showing a steady downward trend in NPC values across repeated trials (left), and a detailed session
log of individual measurements (right). This on-screen visual feedback, available directly on partic-
ipantseown smartphones, was intended to support engagement and improve adherence throughout
the study.

2.4. Assessment Procedure and Masking

Participants were assessed at three time points: baseline (week 0), midpoint (week 4),
and study completion (week 8). At each visit, NPC was measured using a standard RAF
ruler.

Participants were not blinded because the interventions were visibly different. NPC
outcome assessors were masked to group allocation, and participants were instructed not
to disclose their assigned intervention during clinical NPC assessment. Data analysts were
not blinded because of the clear differences in data format and intervention-specific ad-
herence records between the MobileS and PPU groups.

In addition, participants completed the Convergence Insufficiency Symptom Survey
(CISS) at baseline and at the end of the study. This validated 15-item questionnaire as-
sesses visual discomfort and difficulty during near tasks. Higher scores reflect greater
symptom severity [3].
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2.5. Adherence Monitoring and Statistical Analysis

Adherence was calculated as the percentage of completed sessions out of the total
prescribed. In the App group, session completion was recorded automatically by the Mo-
bileS application. In the PPU group, session completion was recorded manually by par-
ticipants using a paper diary. Although the operational definition of a completed session
was identical for both interventions, the recording methods differed.

Statistical analysis was performed using a linear mixed-effects model with repeated
measures to evaluate time, method, and their interaction. All outcome means reported in
the results represent model-estimated least-squares means (LSMeans) derived from this
model. Confidence intervals were calculated at the 95% level. Bonferroni adjustment was
applied for multiple comparisons, and a significance threshold of p < 0.05 was used.

All randomized participants were included in the analysis according to their as-
signed intervention group. All 25 participants completed baseline, midpoint, and end-
point NPC assessments; therefore, no missing NPC data were present for the primary out-
come. All 25 participants also completed baseline and endpoint CISS assessments.

2.6. MobileS Al System

MobileS uses the smartphones front camera to capture video during each conver-
gence repetition and processes it with an Al model based on MediaPipes eye-tracking
framework, which employs a single RGB camera to generate a dense 3D mesh of the face
and eyes (478 key points). From these data, the system calculates pupillary distance (PD),
smartphone-to-eye distance, and eye motion relative to the nasal bridge [30]. A technical
overview of the MobileS model is provided in Appendix A, while a full detailed explana-
tion is available in our previous publication that presented its value in diagnosing CI [24].
Session data are transmitted via encrypted channels (HTTPS/TLS) and stored in an access-
controlled, HIPAA-compliant cloud environment for secure processing and analysis. To
minimize device-related variability in camera resolution and aspect ratio, all recordings
are standardized to a fixed square (1:1) format and a uniform input size prior to analysis,
ensuring consistent processing across different smartphones. The on-screen fixation target
is rendered at a fixed size independent of smartphone screen size to maintain a consistent
stimulus during App-guided therapy. In addition, distance estimation accounts for de-
vice-specific camera parameters, including focal length (Appendix A), to reduce scaling
differences across devices.

Each therapeutic repetition (bringing the phone toward the nose, like PPU) is pro-
cessed frame-by-frame, so the same Al signals validated for diagnosis provide objective,
dynamic convergence metrics and are automatically analyzed and logged (Figure 2).

3. Results
3.1. Participant Flow and Baseline Characteristics

A total of 25 participants were enrolled and randomized: 12 to the App group and 13
to the PPU group. All randomized participants received the assigned intervention and
completed baseline, midpoint, and endpoint NPC assessments. No participants were lost
to follow-up, and no participants were excluded after randomization.

Baseline demographic and clinical characteristics are summarized in Table 1. The
mean age was 32.50 + 7.83 years in the App group and 37.54 + 6.81 years in the PPU group.
The App group included 2 females and 10 males, whereas the PPU group included 5 fe-
males and 8 males. The observed mean baseline NPC was 15.65 +2.89 cm in the App group
and 14.92 + 4.83 cm in the PPU group. Baseline CISS scores were 18.00 + 10.97 and 20.46 +
14.32 in the App and PPU groups, respectively.
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Bioengineering 2026, 13, 828 7 of 16
Table 1. Baseline demographic and clinical characteristics by intervention group.
. App Grou PPU Grou

Variable 1211: -12) P (n=13) P
Age, mean + SD 32.50+7.83 37.54 +6.81
Female, n (%) 2 (16.7%) 5 (38.5%)
Male, n (%) 10 (83.3%) 8 (61.5%)
Baseline NPC, mean + SD, cm 15.65 +2.89 14.92 +4.83
Baseline CISS, mean + SD 18.00 £ 10.97 20.46 +14.32
Emmetropia, n (%) 11 (91.7%) 11 (84.6%)
Myopia, n (%) 1 (8.3%) 1(7.7%)
Hyperopia, n (%) 0 (0.0%) 0 (0.0%)
Presbyopia, n (%) 0 (0.0%) 1(7.7%)

Values are presented as observed mean + standard deviation or n (%). Refractive status was classi-
fied according to spherical equivalent refraction: emmetropia was defined as >-0.50 D and <+0.50 D,
myopia as <-0.50 D, and hyperopia as >+0.50 D. NPC, near point of convergence; CISS, Convergence
Insufficiency Symptom Survey; PPU, pencil push-ups; D, diopter.

3.2. Recorded Adherence

Participants in the App group had higher recorded training completion than partici-
pants in the PPU group. Mean recorded adherence was 90.1% in the App group compared
with 75.4% in the PPU group (p = 0.0069; Table 2). Because adherence was recorded auto-
matically in the App group and manually by a paper diary in the PPU group, this com-
parison was interpreted as a recorded adherence measure.

Table 2. Comparison of recorded adherence rates between App and PPU groups.

N Recorded Adherence
E % CI
Methods (Subjects) (Mean, %) S 95% C
App 12 90.1 3.25 (82.95, 97.25)
PPU 13 75.4 3.71 (67.27, 83.45)

Abbreviations: SE, Standard Error; 95% CI, Confidence Interval.

In addition to higher mean recorded adherence, the App group showed a favourable
adherence distribution, with a median of 93.8% compared with 76.6% in the PPU group.
In the App group, 10 of 12 participants (83.3%) completed >80% of prescribed sessions
and 7 of 12 (58.3%) completed >90%, compared with 5 of 13 (38.5%) and 1 of 13 (7.7%) in
the PPU group, respectively. Full completion (100%) was achieved by 3 of 12 App partic-
ipants (25.0%) versus 1 of 13 PPU participants (7.7%).

3.3. Clinical Outcomes—NPC Measurements
NPC was assessed at baseline, midpoint (4 weeks), and endpoint (8 weeks). All 25
randomized participants completed all three NPC assessment points; therefore, the num-

ber of participants contributing data at each time point was 12 in the App group and 13
in the PPU group (Table 3).
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Table 3. Model-estimated NPC values by intervention group and time point.
N NPC

h Time Poi % CI
Methods (Subjects) ime Point (Mean, cm) 95% C

App 12 Begin 16.31 (14.37, 18.26)

App 12 Med 15.13 (13.18, 17.07)

App 12 End 13.50 (11.55, 15.45)

PPU 13 Begin 14.31 (12.44, 16.18)

PPU 13 Med 15.31 (13.44, 17.18)

PPU 13 End 15.50 (13.63, 17.37)

Near Point of Convergence (cm)

30+
A. App group

N
(&
i

N
o
L

=
v
L

=
o
L

\’ ’ 1 —

Values represent least-squares means estimated from the repeated-measures mixed-effects model.
The standard error associated with the model-estimated means was 0.97 for the App group and 0.93
for the PPU group across time points. 95% CI, confidence interval; NPC, near point of convergence;

PPU, pencil push-ups.

The repeated-measures mixed-effects model showed a significant time-by-method
interaction for NPC (F(2,46) = 7.50, p = 0.0015), indicating that NPC trajectories differed
between intervention groups over time. The model-estimated App-group baseline-to-
endpoint improvement was 2.81 cm (SE =0.75; 95% CI: 1.31 to 4.32; t(46) = 3.77; Bonferroni-
adjusted p = 0.007).

Over the 8-week intervention period, the App group demonstrated numerical im-
provement in NPC across all the assessment time points. In contrast, the PPU group
showed no significant change in NPC values over time (Figure 3).

Participant-level trajectories are shown in Figure 3. From baseline to midpoint assess-
ment, 9 participants in the App group and 5 in the PPU group showed improvement.
From midpoint to endpoint, 11 participants in the App group improved compared with 6
in the PPU group. When comparing baseline to endpoint, 11 of 12 App participants
demonstrated improvement versus only 3 of 13 in the PPU group.

—o— Mean B. PPU group == Mean

T
Baseline

T T T T T
Midpoint Endpoint  Baseline Midpoint Endpoint

Assessment time point Assessment time point

Figure 3. Individual NPC trajectories by intervention group. Thin gray lines represent individual
participants, and the colored line represents the group mean. NPC was measured at baseline, mid-
point, and endpoint. All randomized participants completed all three assessment points.

To provide a clinically interpretable threshold-based description, we also examined
the number of participants who reached the commonly used clinical NPC threshold of <10
cm at the endpoint assessment. At this time point, 2 of 12 App participants reached NPC
<10 cm, compared with 1 of 13 PPU participants.
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3.4. Symptom Severity —CISS Results

The App group demonstrated a significant within-group reduction in symptom se-
verity from baseline to endpoint (mean change =-5.08; 95% CI: -10.16 to —0.01; p = 0.0498),
whereas the PPU group showed no significant within-group change (mean change =-2.62;
95% CI: =7.99 to 2.77; p = 0.339). However, the direct between-group comparison of CISS
change scores did not reach statistical significance (mean difference = -2.47; 95% CI: -9.56
to 4.62; p = 0.487).

Exploratory item-level inspection of the CISS suggested broader symptom improve-
ment in the App group across multiple near-work complaints, most notably ocular fatigue
or eye discomfort during reading and intermittent blur or words going in and out of focus.
In the PPU group, item-level changes were generally smaller, with improvement mainly
observed in ocular fatigue.

These symptom findings should be interpreted cautiously because the between-
group difference in symptom change was not statistically significant.

4. Discussion

This study expands upon our previous research on MobileS, a smartphone-based
system initially developed for automated NPC estimation and CI screening. While our
earlier work validated its diagnostic performance using front-facing camera tracking of
eye convergence behavior, the current investigation evaluated whether the same platform
could support home-based convergence training in a real-world, unsupervised setting.
Although many mobile tools support home vision therapy by scheduling exercises or tim-
ing sessions, MobileS is Al-driven: it computes objective convergence metrics from video,
detects NPC break continuously during the therapeutic session itself. This differentiates
it from the standard digital therapeutics that lack direct, vision-based and autonomous
measurement. This integration of diagnostic and training-related functions may enhance
the clinical applicability of the system. To our knowledge, this is among the first pilot
studies to compare Al-guided mobile convergence training for CI against the standard
PPU in a home-based environment.

NPC improved over time in the App group, while no meaningful change was ob-
served in the PPU group. In the App group, the model-estimated baseline-to-endpoint
NPC improvement was 2.81 cm. At the participant level, 11 of 12 App participants showed
improvement from baseline to endpoint, compared with 3 of 13 participants in the PPU
group. However, normalization was limited: only 2 of 12 App participants reached an
endpoint NPC value within the commonly used clinical threshold of <10 cm, compared
with 1 of 13 participants in the PPU group. These findings suggest a preliminary signal of
improved convergence performance, but they do not establish full clinical normalization
or definitive treatment efficacy.

These NPC findings are consistent with previous studies reporting limited clinical
benefits of PPU alone, particularly regarding long-term symptom relief and objective con-
vergence gains [11-14]. However, this was a pilot feasibility and proof-of-concept study
rather than a definitive efficacy trial. The small sample size, short follow-up period, and
baseline imbalance between groups limit the strength of treatment-effect conclusions.

Recorded adherence was higher in the App group than in the PPU group (90.1% vs.
75.4%). This difference may have contributed to the preliminary NPC improvement ob-
served in the App group. Notably, recorded adherence was not only higher on average
but also more consistently high across participants in the App group, with a larger pro-
portion completing most prescribed sessions. This pattern may be partly attributed to the
platformes integrated feedback and monitoring features, which address the well-docu-
mented challenge of maintaining engagement in unsupervised home-based therapy
[21,26]. The applicatione accessibility —requiring only a personal smartphone with no ad-
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ditional hardware —and its use of visual progress tracking may also have reduced barriers
to regular use.

Nevertheless, adherence results require cautious interpretation because adherence
was not recorded using identical methods in both arms. Session completion was recorded
automatically in the App group but relied on self-reported paper logs in the PPU group.
These methods are not fully equivalent, and self-reporting may be affected by recall bias,
social-desirability bias, and reporting bias. Therefore, we considered adherence compari-
sons as recorded adherence and feasibility indicators rather than as definitive evidence of
superior behavioral compliance.

Symptom severity improved within the App group, whereas no significant change
was observed in the PPU group. However, the between-group difference in CISS change
did not reach statistical significance. Given the modest sample size and short follow-up,
symptom-related findings should be interpreted cautiously and confirmed in larger trials
with longer follow-up. Exploratory item-level patterns suggested broader improvement
across several near-work complaints in the App group, whereas changes in the PPU group
appeared smaller and mainly related to ocular fatigue.

From a clinical standpoint, the observed NPC improvement pattern, together with
higher recorded adherence and full completion of follow-up assessments, supports the
feasibility of MobileS-guided home-based convergence training.

A key implication of this study is the demonstration that MobileS can integrate meas-
urement and guided training functions within a single smartphone-based framework.
Most existing applications focus primarily on diagnosis and lack built-in treatment capa-
bilities [21,22]. In contrast, MobileS automates data capture and analysis through Al-
driven live eye-tracking and feedback, enabling objective home-based NPC measure-
ments and guided convergence exercises without direct clinician supervision.

A subsequent study in the MobileS research program showed that ophthalmologists
interpreted NPC-related convergence data more accurately and consistently when pre-
sented with Al-derived graphical outputs than with video recordings alone [25]. Together,
these findings suggest that the MobileS platform may support both home-based training
by patients and clinical interpretation of convergence data by clinicians.

From a public-health perspective, MobileS may help expand access to binocular vi-
sion therapy. Operating entirely on standard smartphones without external hardware, it
could be suitable for patients in rural or resource-limited environments, and may support
teleophthalmology workflows by enabling remote monitoring of convergence-related
data.

This study has several limitations. First, the sample size was small and follow-up was
limited to 8 weeks; therefore, the study may be underpowered to detect modest between-
group differences, particularly for symptom outcomes. Non-significant between-group
findings should be interpreted cautiously.

Second, because simple non-blocked and non-stratified randomization was used,
baseline imbalance between groups is possible. Although the App group had a higher
observed baseline NPC than the PPU group, this baseline difference should be interpreted
descriptively in the context of the small sample size. This imbalance is relevant because
participants with higher baseline values may show apparent improvement on repeated
testing partly due to regression to the mean, independent of the intervention effect. There-
fore, some of the observed NPC improvement in the App group may reflect greater base-
line severity rather than the effect of MobileS alone. At the same time, the participant-level
trajectories showed that 11 of 12 App participants improved from baseline to endpoint,
suggesting that the observed pattern was not driven solely by one or two extreme baseline
values. Nevertheless, because the study was small and not stratified by baseline NPC se-
verity, the treatment-related effect cannot be estimated definitively. Future studies should
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use blocked or stratified randomization according to baseline NPC severity and key de-
mographic variables and consider statistical models adjusted for baseline NPC to reduce
the influence of regression-to-the-mean effects.

Third, although NPC was selected as the primary objective clinical endpoint because
it is widely used in CI assessment and directly corresponds to the MobileS measurement
mechanism, CI is multidimensional. We did not include other standard binocular vision
measures, such as accommodative function, fusional vergence, or stereoacuity. Therefore,
the present findings should be interpreted as preliminary NPC-related signals rather than
a comprehensive assessment of full CI resolution. Future studies should incorporate these
outcomes to provide a more precise evaluation of the therapeutic response.

Fourth, self-reported symptoms measured by CISS may introduce subjectivity, and
although objective NPC measurements were performed under standardized conditions,
variations in home environments could influence training consistency.

Fifth, as noted above, adherence was recorded automatically in the App group but
relied on self-reported logs in the PPU group. Future studies may reduce this source of
bias by using more comparable adherence monitoring methods across intervention arms,
while still preserving the real-world nature of independent home-based training.

Few technical constraints also merit consideration. As a video-based system, MobileS
depends on adequate lighting, a stable frontal view, and minimal occlusions, such as hair
or spectacle glare. Extreme head positions or rapid device motion can transiently affect
landmark stability and tracking precision. The original MediaPipe algorithm attempted
to address some of these challenges through built-in stabilization and tracking mecha-
nisms, complemented by on-screen guidance and repetition prompts within the user in-
terface.

In addition, algorithmic factors related to ocular anatomy may influence absolute
distance estimation. Subtle limbal irregularities that obscure part of the iris margin, as
well as natural interindividual variation in the white-to-white (WTW) corneal diameter
used for scaling —typically assumed to be about 11.7 mm —may introduce some variation
in absolute distance estimation. Because this variability remains consistent within each
subject, it does not affect the longitudinal trend or direction of measured improvement.
These factors should nevertheless be considered when generalizing the results to broader
populations and environmental conditions.

Larger multicentre trials with longer observation periods are needed to confirm the
durability, clinical efficacy, and scalability of these findings. Future versions of the system
could incorporate adaptive Al algorithms that adjust exercise intensity, frequency, or
feedback based on each useres ongoing performance patterns—potentially further sup-
porting adherence and individualized home-based training.

5. Conclusions

This pilot study suggests that App-guided convergence training using the Al-based
MobileS application is feasible as a home-based approach for CI management. Compared
with conventional PPU, the App-based approach was associated with higher recorded
adherence and preliminary NPC improvement signals over the 8-week training period.
Symptom severity improved within the App group; however, between-group differences
in symptom change were not statistically significant.

By combining guided “digital push-ups” with automated, objective convergence
monitoring using only a standard smartphone, MobileS may help address a key limitation
of home therapy, including variable performance, limited feedback, and lack of objective
monitoring, while supporting remote follow-up within teleophthalmology workflows.

Larger, adequately powered trials with longer follow-up and more comparable ad-
herence monitoring methods are warranted to confirm clinical efficacy, particularly for
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symptom outcomes. Future studies should also include additional binocular vision
measures, such as accommodative function, fusional vergence, and stereoacuity, and
should evaluate longer-term maintenance, usability across diverse devices and settings,
and implementation pathways in routine clinical care.

6. Patents

This work is protected by U.S. Patent Application CRML-P-047-USP, titled “System
and Method for Diagnosis and Treatment of Various Movement Disorders and Diseases
of the Eye.” Please note that the patent application is currently pending and has not yet
been granted.
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Abbreviations

The following abbreviations are used in this manuscript:

Al Artificial Intelligence

CcI Convergence Insufficiency
NPC Near Point of Convergence
MobileS Mobile application System
HVT home vision therapy
OBVT  office-based vision therapy
PPU pencil push-ups therapy
VR Virtual Reality

CISS Convergence Insufficiency Symptom Survey
WTW  White-to-white

LSMeans Least-Squares Means

95% CI  95% Confidence Interval
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Appendix A

The model generates a dense face/eye mesh and localizes the iris centers and limbus
contours. From these landmarks, key static parameters are derived, including pupillary
distance (PD), white-to-white (WTW) corneal diameter, and smartphone-to-eye distance.

PD (in mm) is computed by scaling the pixel distance between the two iris centers
using the iris diameter as a reference. Assuming a constant anatomical iris diameter
(WTW) of approximately 11.7 + 0.5 mm [31-33], the following formula is applied:

_ (RightEyeCenter. X — LeftEyeCenter.X) x 11.7

PD
IrisDiameter

(AT)

where RightEyeCenter.X and LeftEyeCenter.X denote the horizontal coordinates of the
iris centers in pixels, and IrisDiameter is measured in pixels.

Smartphone-to-eye distance is estimated using the camerae focal length and the de-
tected iris diameter, according to:

FocalLength (f) x 11.7 mm

~— (A2)
IrisDiameter

DistanceFromCamera (d) =

where (d) is the distance from the eye to the camera in millimeters, (f) is the focal length
of the smartphone camera in pixels, and IrisDiameter is again the diameter of the iris in
pixels.

Using the device-specific focal length (in pixels) accounts for inter-device FoV differ-
ences during distance estimation. Together, PD and smartphone-to-eye distance jointly
describe the convergence trajectory as the phone approaches the nose. Tracking the rela-
tive motion of each eye to the nasal bridge further enhances stability of the NPC measure-
ment.

During normal convergence, PD and phone-eye distance decrease smoothly ((A) in
Figure A1). NPC “break” is identified when PD increases while the phone continues to
approach the nose, indicating loss of fusion ((B) in Figure Al); recovery is detected when
PD resumes its expected course. The algorithm also flags binocular outward eye drifts
(exodeviation episodes; ExoCounter) that often accompany blur or diplopia near the
break, and integration with PD dynamics refines NPC detection ((C) in Figure Al).
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Figure Al. Ref. [24] (A) Shows PD variation with phone distance. The subject converges smoothly
without interruption; (B) depicts CI with a “breaking point” around 16 cm from the face; (C) outlines
NPC determination, refining PD shift, and integrating ExoCounter by phone distance. P1, last local
minimum of the PD; P2, chosen NPC; PD, pupillary distance; DistFromFace, distance from face;

ExoCounter, exodeviation episodes counter; NPC, Near Point of Convergence.
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