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Abstract

Purpose: We aimed to compare the real-world effectiveness of four myopia-control specta-
cle lens interventions for childhood myopia control using a doubly robust causal inference
framework. Design: This was a retrospective cohort study with multi-treatment augmented
inverse probability weighting. Participants: A total of 2764 myopic children (right eyes)
aged 3-18 years were included, screened from 13,071 electronic medical records at Ineye
Hospital, Chengdu University of Traditional Chinese Medicine, between January 2023
and January 2026. Methods: Participants were allocated to four myopia-control spectacle
lens groups and one single-vision spectacle lens group: Higher-Order Aberration Defocus
(n = 912), Defocus Incorporated Multiple Segments (n = 800), Highly Aspherical Lenslets
(n = 476), Diversified Segmental Defocus Optimization (n = 238), and single-vision lenses
(n =338). A doubly robust estimator combining multinomial propensity-score weighting
with outcome regression was applied to adjust for confounding. Outcome Measures: The
primary outcomes were one-year changes in axial length and spherical equivalent. The
secondary outcomes were the rates of rapid progression. Treatment-effect heterogeneity
was explored across prespecified baseline age, refractive error, and axial length subgroups.
Results: After adjustment, all four myopia-control designs significantly outperformed
single-vision correction (p < 0.05). The design based on Higher-Order Aberration Defo-
cus demonstrated the greatest efficacy, with an axial length change of 0.107 mm and a
spherical equivalent change of —0.146 D. Within this group, 25.5% of children exhibited
rapid axial elongation (>0.36 mm/year) and 8.3% exhibited rapid myopic progression
(>—0.50 D/year). The treatment effect was statistically significant in children with low
myopia or an axial length no greater than 26 mm (p < 0.05), but not in those with high
myopia or pathological axial elongation. Conclusions: All four myopia-control spectacle
lens designs demonstrated significant advantages over single-vision correction in real-
world clinical practice. Particular emphasis should be placed on the role of myopia-control
spectacles during the early stages of myopia. As myopia progresses to high myopia or
pathological axial elongation, the efficacy of myopia-control spectacle lenses as a stan-
dalone intervention diminishes, and combined approaches incorporating multiple myopia
management strategies may be warranted.

Keywords: myopia control; spectacle lenses; axial length; real-world evidence

1. Introduction

Myopia has become one of the most prevalent visual disorders of the modern era.
Global projections indicate that by 2050, nearly half of the world’s population will be
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myopic, affecting approximately 5 billion people [1]. Among children and adolescents
specifically, the prevalence is expected to reach 39.8% by 2050, with over 740 million young
people affected [2]. The burden is disproportionately concentrated in East and Southeast
Asia, where urban school-age children exhibit prevalence rates exceeding 80% in some
cohorts [3]. Progressive high myopia is of particular clinical concern because irreversible
axial elongation is strongly associated with a dramatically elevated lifetime risk of sight-
threatening complications, including myopic maculopathy, retinal detachment, open-angle
glaucoma, and cataract [4-6]. Therefore, effective strategies to slow myopia progression are
of paramount importance.

Spectacle-based optical interventions have emerged as frontline myopia-control modal-
ities owing to their excellent non-invasive safety profile, simplicity of use, and superior
long-term adherence compared with contact lenses or pharmacotherapy [7]. Several op-
tical architectures have been developed to impose myopic peripheral defocus signals
on the retina, thereby modulating scleral remodeling through retinal growth-signaling
pathways [8]. Among the most extensively evaluated are Defocus Incorporated Multiple
Segments (DIMS) and Highly Aspherical Lenslets (HAL) spectacle lenses, each demon-
strated to significantly slow axial elongation and refractive progression in randomized
controlled trials (RCTs) [9,10]. More recently, Diversified Segmental Defocus Optimization
(DSDO) lenses have been introduced, with initial RCT evidence supporting their efficacy
in delaying myopia onset in premyopic children [11]. Emerging designs such as Higher-
Order Aberration Defocus (HOAD) lenses have also shown promise in early studies [12].
However, direct head-to-head comparative evidence among these designs under routine
clinical conditions remains limited.

Observational real-world evidence (RWE) studies are essential to complement RCT
data, but they are inherently susceptible to confounding by indication, creating baseline
imbalances that invalidate standard regression comparisons [13,14]. Augmented inverse
probability weighting (AIPW) addresses this limitation through a doubly robust causal
inference architecture that fuses propensity-score weighting with outcome regression
modeling, yielding consistent average treatment effect (ATE) estimates when at least one of
the two component models is correctly specified [15,16]. This framework is particularly
suited to multi-treatment real-world comparisons because it preserves the entire study
cohort and provides formal robustness guarantees against partial model misspecification.

The present study applies a multi-treatment AIPW framework to a large institutional
cohort to compare the real-world effectiveness of four myopia-control spectacle lens inter-
ventions against single-vision correction in children with myopia.

2. Methods
2.1. Study Design and Ethics

This retrospective, comparative cohort study was conducted at Ineye Hospital of
Chengdu University of Traditional Chinese Medicine (Chengdu, China). The study was
approved by the institutional review board (Approval No. 2025YH003) and adhered to the
tenets of the Declaration of Helsinki. Individual informed consent was waived because of
the retrospective, anonymized design. Participant screening and attrition are detailed in
the STROBE-compliant flowchart (Figure 1). Reporting followed the STROBE guidelines
for observational studies [17].
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COMPARATIVE EFFECTIVENESS OF FIVE MYOPIA-CONTROL SPECTACLES:
A REAL-WORLD AIPW COHORT STUDY

Flow Diagram of Patient Selection and Analysis
January 1, 2023 — January 1, 2026

Electronic Medical Records (EMR) Retrospective Database Query
3-18 years old patients with spectacle lens prescriptions

Il

Total Patient Records Identified

N =13,071
Inclusion Criteria Applied Excluded (n = 9877)
« Cycloplegic SER < -0.50 D; astigmatism < 2.00 D «+ No 1-year follow-up data: n = 7506
« Complete 1-year (+1 month) follow-up data available + Other lens types: n = 1395
+ « Did not meet SER/astigmatism criteria: n =
« Right eye only
944
l « Missing key variables: n = 32
Eligible After Inclusion Criteria
N = 3194
(13,071 - 9877 = 3194)
Exclusion Criteria Applied Excluded (n = 430)
= Concurrent/prior other myopia-control treatments (orthokeratology, « Other myopia-control treatments: n = 396
low-dose atropine, or multifocal SCL) « Ocular pathology / prior refractive surgery: n
« Ocular pathology affecting axial length or refraction =34
« Prior refractive surgery

]

Final Study Cohort
N = 2764 eyes
(Right Eye Only / Included in primary analysis)
1

@ DIMS @ DSDO ® HAL @ HOAD ® sV
n =800 n =238 n =476 n=912 n =338
(28.9%) (8.6%) (17.2%) (33.0%) (12.2%)

+

Baseline Assessment

Demographics: Age, sex
Ocular Parameters: Spherical Equivalent (SE), axial length (AL), corneal radius, anterior chamber depth,
lens thickness, central corneal thickness

12-Month Follow-up Assessment

Primary Outcomes: Change in Axial Length (AAL), Change in Spherical Equivalent (ASE)
Secondary Outcomes: AL growth rate, SE progression rate, percentage of fast progressors (AAL > 0.20
mmlyear or ASE < -0.50 Dlyear)

N ——— | S \

Statistical Analysis Plan

' '
' '
' '
: « Causal Inference: Augmented Inverse Probability Weighting (AIPW) to adjust for baseline confounding 1
! Mulliple Comparison Correction: Bonferroni method for all pair-wise contrasts 1

'
' '
' '
' '
' '
' '

& itivity A (1) Weight trimming at 1% & 4% extreme values (0.5th/99.5th and 2nd/

98th percentiles); (2) Restriction to the common propensity score support region (PS 0.05-0.95); (3) Subgroup
exploration by baseline myopia tiers (Low, Moderate, High) with interaction Wald test.

AIPW = Inverse Probability Weighting; AL = Axial Length; DIMS = Defocus Incorporated Multiple Segments; DSDO =
Defocus-Signaling Dual-Optic; EMR = Electronic Medical Record; HAL = Highly Aspherical Lenses; HOAD = Highly Aspherical Orthokeratology
Design; PS = Propensity Score; SCL = Soft Contact Lens; SE = Spherical Equivalent; SER = Spherical Equivalent Refraction; SV = Single Vision.

Figure 1. STROBE-compliant flowchart of participant screening and multi-treatment attrition. Se-
quential inclusion and exclusion criteria are presented with patient counts at each stage. The final
cohort of 2764 right eyes was stratified into five intervention groups for primary analysis.

2.2. Participants

Electronic medical records for initial visits between 1 January 2023 and 1 January 2025
were screened, with 1-year follow-up assessments completed by 1 January 2026. From
an initial base of 13,071 records, participants were excluded sequentially for absence of
one-year follow-up data (1 = 7506); non-study lens types (n = 1395); baseline cycloplegic
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spherical equivalent refraction (SE) > —0.50 D or astigmatism < —2.00 D (n = 944); missing
baseline biometric variables (n = 32); concurrent or prior use of alternative myopia-control
therapies (orthokeratology, low-dose atropine, or multifocal contact lenses) (n = 396); and
prior refractive surgery including posterior scleral reinforcement (1 = 34). All included
participants had consistently worn their prescribed spectacle lens design for at least 1 year
without lens replacement during the follow-up period. To eliminate inter-eye dependency,
only the right eye of each participant was included. The final analytic cohort comprised
2764 children stratified by prescribed lens type: HOAD (n = 912), DIMS (n = 800), HAL
(n = 476), single-vision (SV, n = 338), and DSDO (n = 238). In real-world clinical practice,
spectacle lens allocation was not randomized but determined by a combined clinical and
familial decision-making process based on baseline refractive error, axial elongation history,
device availability, physician preference, and parental economic willingness. A detailed
comparison of optical architectures, design mechanisms, and peripheral defocus profiles
across all five spectacle lens groups is summarized in Supplementary Table S1.

2.3. Outcome Measures and Biometric Assessment

The primary endpoints were one-year changes in axial length (AAL, mm) and cy-
cloplegic refraction (ASE, D). Secondary binary outcomes were the annual incidence
of rapid axial progression (AAL > 0.2 mm/year) and rapid refractive progression
(ASE < —0.75 D/year), calculated as the number of participants meeting the threshold
divided by the total number of participants in each group, with thresholds representing
clinically significant progression in school-age children [18,19]. The thresholds were se-
lected as clinically relevant categorical indicators of relatively rapid progression and were
used only for secondary binary outcomes; the primary analyses remained based on the con-
tinuous changes in axial length and spherical equivalent. The 0.20 mm/year AL threshold
has been widely used as an indicator of clinically meaningful axial elongation in pediatric
myopia studies, whereas the —0.75 D/year SE threshold was selected to identify relatively
rapid refractive progression. Because progression rates vary substantially with age and
baseline myopia severity, these binary thresholds were not used to define treatment efficacy
across age groups; age-stratified analyses of the continuous AAL and ASE outcomes were
additionally performed. To explore potential treatment-effect heterogeneity across clini-
cally relevant patient subgroups, we conducted prespecified subgroup analyses stratified
by age (<6, 7-12, >12 years), baseline spherical equivalent (mild myopia: SE > —3.00 D;
moderate myopia: —3.00 D to —6.00 D; high myopia: SE < —6.00 D), and baseline axial
length (normal/short: AL < 24.5 mm; elongated: 24.5-26.0 mm; pathologically elongated:
AL > 26.0 mm). All biometric parameters—axial length (AL), mean corneal radius of cur-
vature (R), anterior chamber depth (ACD), central corneal thickness (CCT), and crystalline
lens thickness (LT)—were measured using high-precision optical biometry (IOLMaster
700; Carl Zeiss Meditec, Jena, Germany). All biometric parameters were measured at
baseline and 1-year follow-up using the same IOLMaster 700 device (minimum 5 readings
averaged, SNR > 2.0). Cycloplegic refraction was performed 30 min after 1% cyclopentolate
instillation using auto-refraction (3 readings averaged), followed by subjective refinement
with phoropter (RT-5100; NIDEK Co., Ltd., Gamagori, Japan) by certified optometrists.

2.4. Statistical Analysis

All analyses were conducted in R (v4.3; R Foundation for Statistical Computing,
Vienna, Austria). The primary target estimand was the ATE in the overall eligible my-
opic pediatric population, with treatment defined according to the initially prescribed
spectacle lens type. Propensity scores were estimated by multinomial logistic regression
incorporating eight prespecified baseline covariates: age, sex, AL, SE, R, ACD, CCT, and LT.
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Multi-treatment AIPW estimators integrated these propensity scores with separate linear
regression (for AAL and ASE) and logistic regression (for the rapid progression rate of AL
and SE) outcome models [18,20]. This doubly robust architecture yields consistent ATEs
when at least one component model is correctly specified.

Inverse-probability weights were trimmed at the 1st and 99th percentiles within
each arm to mitigate the influence of extreme weights. Uncertainty was quantified by
500-replicate nonparametric bootstrap, with the entire AIPW pipeline re-estimated within
each replicate. A fixed random seed (set.seed = 42) was used for reproducibility. A
complete-case analysis was performed, with no missing-data imputation. No additional
transformations or nonlinear terms were applied to the prespecified continuous covariates.
Overall group differences were assessed by global Wald x? tests; pairwise comparisons
were Bonferroni-corrected for multiple testing. For binary outcomes, AIPW-adjusted
absolute risks were estimated, and NNT was derived as the reciprocal of the absolute risk
difference between active treatment and single-vision controls. Uncertainty was quantified
using 500 bootstrap replicates; if an absolute risk difference was non-significant (95% CI
crossing zero), NNT was not interpreted as a single point estimate to avoid potential
distortion. Covariate balance was assessed by standardized mean differences (SMDs),
with SMD < 0.10 considered well balanced and SMD < 0.20 acceptable [20]. Positivity was
assessed by visual inspection of the overlap in generalized propensity-score distributions
across treatment groups.

Three prespecified sensitivity analyses were conducted to evaluate robustness:
(1) weight trimming at the 0.5th and 99.5th percentiles; (2) trimming at the 2nd and 98th
percentiles; and (3) restriction to the common propensity-score support region (0.05-0.95).
The full results are reported in Supplementary Table S2.

3. Results
3.1. Baseline Characteristics and Confounding Diagnostics

Table 1 presents the baseline characteristics of the 2764 enrolled children. To ensure
a fair clinical comparison despite baseline differences (e.g., initial age or axial length),
statistical weighting (AIPW) was used to balance patient profiles across all groups. After
balancing, clinical outcomes directly reflected lens efficacy rather than patient baseline
differences. Before weighting, statistically significant imbalances were present across age,
AL, R and SE (all p < 0.05), confirming strong confounding. After multi-treatment AIPW, co-
variate balance improved substantially: the majority of baseline parameters achieved SMD
< 0.10, and residual imbalances in age and LT remained within the acceptable threshold
of SMD < 0.20, as shown in the Love plot (Figure 2A). Detailed pairwise SMDs, effective
sample sizes, and weight distributions are provided in Supplementary Tables S3 and S4.
Propensity-score density distributions confirmed adequate positivity support across all
five groups (Figure 2B).

Table 1. Baseline characteristics of the study population by intervention group.

Variable SV (n =338) HAL (n = 476) DIMS (n = 800) DSDO (n = 238) HOAD (n =912) p Value
Male sex, 1 (%) 182 (53.8) 240 (50.4) 408 (51.0) 136 (57.1) 480 (52.6) 0.431
Age, yrs * 11 (9-14) 10 (9-12) 11 (9-12) 10 (9-12) 10 (9-12) <0.001
AL, mm * 24.52 (23.84-25.10) 24.34 (23.89-24.97) 24.49 (23.88-25.16) 24.67 (24.05-25.33) 24.37 (23.79-25.08) <0.001
R, mm * 7.80 (7.64-7.98) 7.85 (7.67-8.00) 7.84 (7.68-8.01) 7.80 (7.66-7.97) 7.80 (7.64-8.00) 0.035
ACD, mm 3.75 (3.56-3.92) 3.71 (3.58-3.85) 3.73 (3.58-3.91) 3.71 (3.56-3.87) 3.74 (3.59-3.87) 0.159
LT, mm 3.34 (3.24-3.44) 3.35(3.25-3.44) 3.35 (3.25-3.46) 3.37 (3.25-3.46) 3.36 (3.26-3.46) 0.264
CCT, mm 0.54 (0.52-0.56) 0.54 (0.52-0.56) 0.54 (0.52-0.56) 0.54 (0.52-0.56) 0.54 (0.52-0.57) 0.319
SE,D* —225(-3.38,—-1.38)  —2.00(—3.00, —1.25)  —2.00 (—3.00, —1.25)  —2.75(—4.13, —1.75)  —2.00 (—3.00, —1.25) <0.001

Data presented as median (interquartile range). ACD = anterior chamber depth; CCT = central
corneal thickness; LT = lens thickness; SE = spherical equivalent. * denotes statistically significant
inter-group differences (p < 0.05; continuous variables were compared using Kruskal-Wallis tests and
categorical variables using x? tests).
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3.2. Primary Continuous Outcomes (AAL and ASE)

Clinically, the most relevant finding was that all four myopia-control lens designs
were associated with smaller one-year axial elongation than SV correction, with the largest
adjusted difference observed for HOAD. AIPW-adjusted marginal potential outcomes are
summarized in Table 2 and illustrated in Figure 3. Compared with SV correction (AAL:
0.258 mm/year; ASE: —0.514 D/year), all four myopia-control spectacle lenses significantly
decelerated axial elongation and myopic shift (all p < 0.01). The ATEs for AL ranged from
—0.052 mm/year (DSDO) to —0.150 mm/year (HOAD), and for SE from +0.198 D/year
(DSDO) to +0.368 D/year (HOAD). HOAD demonstrated the most effective myopia control,
with AAL of 0.107 mm, ASE of —0.146 D, and a 58.1% deceleration in annual axial elongation
relative to SV.

3.3. Secondary Binary Outcomes: Rapid Progression Rates

The rates of rapid axial length progression (defined as AAL > 0.2 mm/year) and rapid
spherical equivalent progression (defined as ASE < —0.75 D/year) are summarized in
Table 3 and Figure 4. In the single-vision (SV) reference group, 58.1% of children exhibited
rapid axial length progression and 36.6% showed rapid spherical equivalent progression
over the 1-year follow-up period.

Covariate Balance (Weighted vs Unweighted)
Max across treatment pairs

se0 -

ALO

Year

CCT A

ACD A

LT+

Sample
Unweighted
®  Weighted

02 04 06
Absolute Mean Differences

(A)

Figure 2. Cont.
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Propensity Score Distribution by Group

DIMS DSDO
10.0
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7.5 15
5.0 10
25 5
0.0 0
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5
5 5
0 0
sv 0.00 0.25 0.50 0.75
10
5
0
0.00 0.25 0.50 0.76
Propensity Score
Actual [:] Actual Group I:l Other Groups
(B)
Figure 2. Covariate balance diagnostics after multi-treatment AIPW. (A) Love plot displaying
maximum standardized mean differences (SMDs) across all treatment pairs before (salmon) and after
(teal) weighting. The dashed vertical line represents SMD = 0.10. Note on interpretation: Points
further to the right reflect greater baseline imbalances between treatment groups. Weighting (teal
points) successfully shifts nearly all variables to the left of the dashed line (SMD < 0.10), indicating that
baseline clinical differences between groups were effectively balanced, making the treatment groups
directly comparable. (B) Propensity-score density distributions by treatment group, confirming
substantial distributional overlap (positivity) across all five intervention arms.
Table 2. AIPW-adjusted primary continuous outcomes and pairwise ATE vs. SV.
Axial Length (mm/Year) Spherical Equivalent (D/Year)
Group AAL (95% CI) ATE vs. SV (95% CI) ASE (95% CI) ATE vs. SV (95% CI)
SV (reference) 0.258 (0.238, 0.277) — —0.514 (—0.570, —0.457) —
DSDO 0.205 (0.185, 0.226) —0.052 (—0.080, —0.024) **  —0.316 (—0.368, —0.264)  +0.198 (+0.121, +0.274) ***
DIMS 0.175 (0.165, 0.186) —0.082 (—0.104, —0.060) ***  —0.276 (—0.306, —0.245)  +0.238 (+0.175, +0.301) ***
HAL 0.149 (0.136, 0.162) —0.109 (—0.132, —0.085) ***  —0.253 (—0.290, —0.217)  +0.260 (+0.193, +0.327) ***
HOAD 0.107 (0.097, 0.118) —0.150 (—=0.172, —0.128) *** ~ —0.146 (—0.172, —0.120)  +0.368 (+0.306, +0.430) ***

Values are AIPW-estimated marginal means with 95% bootstrap confidence intervals (500 replicates).
ATE = average treatment effect (active group minus SV); CI = confidence interval; AL = axial length;
SE = spherical equivalent. ** p < 0.01, *** p < 0.001 after Bonferroni correction. A positive AAL reflects
axial elongation, and a negative ASE reflects myopic progression. ATE = active lens group.
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A. Axial Length Change B. Spherical Equivalent Change
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0.05 0.10 0.15 0.20 0.25 0.30 0.6 05 0.4 0.3 ~0.2 —0.1
AAL (mm/year) Intervention Group ASE (D/year)
m sV mmm DIMS DSDO  mmm HAL HOAD

Figure 3. Marginal potential outcomes of AAL and ASE after AIPW adjustment. Points represent
AIPW-estimated marginal means; error bars represent 95% bootstrap confidence intervals.

Table 3. Rapid progression rates, odds ratios (SV vs. intervention), and number needed to treat vs. SV.

Rapid Progression—AAL > 0.2 mm/yr Rapid Progression—ASE < —0.75 D/yr
Group Rate SV OR vs. Intervention (95% CI) NNTs Rate SV OR vs. Intervention (95% CI) NNTs
SV (reference) 58.1% — — 36.6% — —
DSDO 45.1% 1.69 (1.23-2.31) ** 7.7 17.9% 2.65 (1.73-4.04) *** 53
DIMS 38.1% 2.25 (1.74-2.92) *** 5.0 15.2% 3.21 (2.41-4.27) *** 47
HAL 30.7% 3.13 (2.35-4.16) *** 3.7 13.2% 3.79 (2.67-5.38) *** 4.3
HOAD 25.5% 4.04 (3.14-5.21) *** 3.1 8.3% 6.34 (4.62-8.72) *** 3.5

OR = odds ratio; CI = 95% bootstrap confidence interval; NNT = number needed to treat (to prevent
one additional case of rapid progression vs. single-vision control). ** p < 0.01. ** p < 0.001 after
Bonferroni correction.

A. Axial Length Fast Progression B. Spherical Equivalent Fast Progression

10 - 10 -
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4 2
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0.0~ v v U 0.0 - v 0 U
sv DSDO DIMS HAL HOAD sV DSDO DIMS HAL HOAD
Intervention Group Intervention Group

Figure 4. Rapid myopia progression rates across different spectacle lens groups.

All four myopia-control spectacle lens designs were associated with significantly
reduced risks of rapid progression compared with SV. For rapid axial length progression
(AAL > 0.2 mm/yr), all active lenses reduced absolute risks compared with SV (58.1%),
yielding risk reductions of 13.0% for DSDO, 20.0% for DIMS, 27.4% for HAL, and 32.6%
for HOAD. The ORs of rapid progression for SV relative to each intervention lens were
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Baseline SE | Severe Myopia (n=132)

Baseline SE | Moderate Myopia (n=581)

Baseline SE | Mild Myopia (n=2051)

Baseline AL | Pathological AL (n=186)

Baseline AL | Normal/Short AL (n=852)

Baseline AL | Intermediate AL (n=1726)

Subgroup Stratification

Age Group | 7-12 years (n=2018)

Age Group | <6 years (n=80)

Age Group | >12 years (n=666)

1.69 (DSDO), 2.25 (DIMS), 3.13 (HAL), and 4.04 (HOAD). These values indicate that the
odds of rapid axial progression were higher in the SV group relative to each intervention.
The NNTs to prevent one case of rapid axial length progression were 7.7 for DSDO, 5.0 for
DIMS, 3.7 for HAL, and 3.1 for HOAD.

Similarly, for rapid spherical equivalent progression (ASE < —0.75 D/yr), all active
lenses reduced absolute risks compared with SV (36.6%), yielding risk reductions of 18.7%
for DSDO, 21.4% for DIMS, 23.4% for HAL, and 28.3% for HOAD. The ORs of rapid
progression for SV relative to each intervention lens were 2.65 (DSDO), 3.21 (DIMS), 3.79
(HAL), and 6.34 (HOAD). The corresponding NNTs were 5.3 for DSDO, 4.7 for DIMS, 4.3
for HAL, and 3.5 for HOAD.

HOAD demonstrated the most favorable outcomes, with the lowest rapid progression
rates (25.5% for axial length and 8.3% for spherical equivalent), the lowest NNTs, and the
highest odds ratios for SV relative to this lens.

3.4. Subgroup Analysis of Treatment Effects

To investigate potential treatment-effect heterogeneity according to baseline charac-
teristics, prespecified subgroup analyses were performed according to age, baseline SE,
and baseline AL, and treatment-by-subgroup interactions were formally tested. Figure 5
presents the 1-year ATEs of the four myopia-control designs versus SV lenses on AAL
and ASE. Formal tests of treatment-by-subgroup interactions showed significant inter-
actions for age, baseline SE, and baseline AL for both AAL and ASE (all p < 0.05;
Supplementary Table S6).

Subgroup Analysis for Axial Length Change (AAL) Subgroup Analysis for Spherical Equivalent Change (ASE)
0.009 -0.150 0.010 0.061 Baseline SE | Severe Myopia (n=132) 0.182 0.297 -0.708 0.054
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Figure 5. Subgroup analysis of axial length and spherical equivalent changes.

Age-stratified analysis. In children aged 6 years or younger (n = 80), the average
treatment effects (ATEs) of the four myopia-control spectacle lenses versus single-vision
(SV) correction did not reach statistical significance for either axial length or spherical
equivalent (all p > 0.05), likely attributable to the limited sample size in this subgroup.
In contrast, among children aged 7 to 12 years (n = 2018) and those older than 12 years
(n = 666), all four lens designs demonstrated statistically significant ATEs compared with
SV for both outcomes (all p < 0.05).

Myopia-severity-stratified analysis. In the low-myopia subgroup (n = 2051), all four
myopia-control lenses showed statistically significant ATEs versus SV for both axial length
and spherical equivalent (all p < 0.05). In the moderate-myopia subgroup (1 = 581), only
HOAD exhibited a statistically significant treatment effect. In smaller subgroups (such
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as children aged <6 years [n = 80], high myopia [n = 132], and pathological axial length
[n = 186]), the sample sizes per active treatment arm were inherently constrained (e.g.,
n =10 to 50; Supplementary Table S5). Consequently, the wide 95% CIs and non-significant
ATEs observed in these strata primarily reflect low statistical precision and reduced power
rather than definitive clinical ineffectiveness.

Axial-length-stratified analysis. In children with a normal or shorter axial length
(n = 852) and those with a longer axial length (n = 1726), all myopia-control lenses except
DSDO showed statistically significant ATEs versus SV for both axial length and spherical
equivalent (all p < 0.05); specifically, the ATE of DSDO for spherical equivalent did not
reach statistical significance in these subgroups. In the pathologically elongated axial
length subgroup (n = 186), no significant treatment effects were observed for any of the
four lens designs.

3.5. Sensitivity Analyses

The results of the three prespecified sensitivity analyses are reported in Supplementary
Table S2. Across all outcomes and analytical conditions, treatment-effect directions, efficacy
rankings, and patterns of statistical significance were fully consistent with those observed in
the primary analysis. No reversal of treatment effects was observed. Point estimates showed
minimal variation across analytical strategies, indicating that the findings were robust to
alternative propensity-score trimming specifications. Notably, these sensitivity analyses
primarily assessed the influence of extreme weights and treatment-overlap assumptions
and were not intended to eliminate residual confounding from unmeasured factors.

4. Discussion

Axial length has emerged as the definitive clinical endpoint for myopia management,
as it is the primary structural determinant of myopia-related ocular morbidity. Epidemi-
ological data demonstrate a steep dose-response relationship between increasing axial
length and lifetime visual impairment risk: approximately 3-fold at 2628 mm, 10-fold at
28-30 mm, and exceeding 90-fold at >30 mm [6]. As Brennan et al. have emphasized, even
modest annual decelerations in axial elongation—when accumulated across the childhood
progression window—represent clinically important reductions in the probability of reach-
ing high myopia and its attendant morbidity [19]. Within this framework, comparative
real-world evidence on the axial length efficacy of available spectacle-based interventions
carries direct clinical relevance.

This study provides one of the first large-scale real-world comparative evaluations of
five spectacle-based interventions for childhood myopia control using a causal inference
framework. These findings represent comparative effectiveness estimates conditional
on measured baseline confounders rather than definitive causal superiority. All four
myopia-control spectacle lens designs demonstrated superior performance to SV correction
in decelerating axial elongation and myopic refractive progression, with a consistent
efficacy hierarchy observed across multiple outcome measures: HOAD showed the greatest
effectiveness, followed by HAL, DIMS, and DSDO. This overall treatment ranking remained
stable across sensitivity analyses, supporting the robustness of the findings despite the
observational study design.

The real-world effectiveness of DIMS and HAL documented in this cohort validates
and contextualizes established RCT evidence. Lam et al. demonstrated that DIMS lenses
reduced myopic progression by 52% and axial elongation by 62% relative to SV controls
over two years [9], with sustained efficacy confirmed through six years [21]. For HAL,
Bao et al. demonstrated robust two-year axial growth reductions versus SV controls [10],
subsequently confirmed over five years without evidence of rebound [22]. The present
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real-world data confirm that both designs deliver clinically meaningful myopia-slowing
benefits in routine practice, supporting the external generalizability of these pivotal tri-
als to heterogeneous clinical populations. The absolute magnitudes of treatment effects
were modestly attenuated relative to the RCT findings—a well-recognized phenomenon
attributed to variable wearing compliance, heterogeneous near-work and outdoor light
exposure, and broader patient characteristics typical of clinical practice [13]. Nonetheless,
the ATEs observed in this cohort are consistent with the pooled axial length treatment effect
of approximately 0.15 mm reported in a recent meta-analysis of 21 randomized trials [23],
suggesting that our estimates represent realistic clinical expectations.

Within this validated efficacy landscape, a clinically meaningful hierarchy emerged
between the established designs. HAL consistently outperformed DIMS for axial elonga-
tion control and rapid-progression risk reduction—a finding concordant with the direct
comparative study by Guo et al., which reported significantly slower axial elongation
in children wearing HAL than those wearing DIMS over one year in an independent
Chinese cohort [24]. The structural basis for this advantage likely resides in the spatial
architecture of peripheral defocus: DIMS generates discrete focal points through spherical
micro-lenslets separated by clear single-vision zones [9], whereas HAL employs contiguous,
highly aspherical lenslets in concentric rings, producing a continuous volume of peripheral
myopic defocus [10]. This continuous defocus volume may provide a spatially stable retinal
signal. Nevertheless, the observational design precludes definitive mechanistic conclusions,
and prospective trials incorporating peripheral wavefront aberrometry are required to
confirm HOAD'’s optical advantage. Although the between-group difference in annual
axial elongation was modest, accumulated over the childhood progression window, this
translates into a meaningfully lower lifetime risk of high myopia [19]. By contrast, pairwise
differences between DIMS and DSDO were uniformly non-significant after Bonferroni
correction in this cohort, suggesting broadly equivalent first-year outcomes. Notably, this
finding differs from a recent 12-month prospective study reporting DSDO superiority
over DIMS (p = 0.0202), highlighting the need for larger, longer-term comparative trials
to resolve this discrepancy [25]. Given the limited DSDO sub-cohort size (n = 238) and
single-year follow-up in the present study, longer-term multicenter studies are warranted
to characterize its efficacy trajectory fully.

The most salient finding of this study is the consistently lower rate of axial elongation
observed in the HOAD group across evaluated outcomes. HOAD achieved the smallest an-
nual axial elongation (0.107 mm/year), the lowest refractive progression (—0.146 D/year),
and the lowest probability of rapid progression (SV OR vs. HOAD 4.04), with all pairwise
differences versus other active lens designs being statistically significant for axial elonga-
tion. To our knowledge, this is among the first real-world studies to characterize HOAD
effectiveness in a multi-arm comparison using a rigorous causal inference approach. The
mechanistic basis for HOAD’s superiority lies in its dual-mechanism optical framework
combining peripheral myopic defocus with Higher-Order Aberration (HOA) modulation.
While DIMS and HAL rely solely on peripheral myopic defocus—through discrete spher-
ical micro-lenslets and contiguous aspherical lenslet rings, respectively [9,10]—HOAD
additionally modulates peripheral spherical aberration and coma. If, as suggested by
IMI experimental models, accommodation lag during sustained near work and oblique-
gaze-induced aberrations contribute to peripheral hyperopic image degradation, then this
dual strategy might address optical limitations that single-mechanism designs do not fully
resolve [8]. These findings suggest that future spectacle lens development should consider
multi-mechanism optical designs, as combining complementary optical strategies may
potentiate myopia control efficacy. However, given the observational nature of our dataset,
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this optical mechanism remains a theoretical hypothesis that warrants validation through
prospective wavefront aberrometry studies.

Our subgroup analyses revealed a loss in treatment efficacy with increasing myopia
severity and axial elongation. This may be attributable to the more pronounced peripheral
retinal stretching in high myopia, which could diminish the effectiveness of optical designs
based on peripheral defocus principles. In a large-scale 1-year multicenter study, it was
confirmed that higher baseline SER predicted poorer myopia control outcomes. The au-
thors speculated that even the maximum +5.00 D myopic defocus embedded in the lens
design may not provide a sufficient or effective defocus signal in subjects with increased
baseline SER, as the relative peripheral refraction (RPR) profile in more myopic eyes tends
to be more myopic, thereby partially neutralizing or overloading the imposed optical
signal [26]. Beyond optical considerations, the biological plausibility of this diminishing
returns phenomenon lies in the structural and biomechanical changes in the sclera in more
advanced myopia. Myopia progression is fundamentally driven by scleral extracellular
matrix (ECM) remodeling, characterized by reduced collagen synthesis, increased matrix
metalloproteinase (MMP) activity, and decreased tissue inhibitor of metalloproteinase
(TIMP) levels, leading to scleral thinning and biomechanical weakening [27]. In eyes with
longer baseline AL and higher myopia, the sclera has already undergone substantial ECM
degradation and biomechanical weakening. Consequently, the “inertia” of axial elongation
is greater, and the same optical defocus signal may be less capable of reversing or halting
the established pathological remodeling cascade. As noted in longitudinal orthokeratology
studies, the first-year AL change has been shown to be a strong predictor of long-term
progression, suggesting that the eye’s early response may reflect its sensitivity to biome-
chanical stimuli; once unfavorable scleral remodeling is established, the compensatory
capacity of the choroid and retina to defocus signals diminishes [28]. Additionally, baseline
RPR profiles differ across the myopia severity spectrum. Eyes with higher central myopia
tend to exhibit more myopic RPR (i.e., greater relative peripheral myopia). When such eyes
are fitted with defocus lenses providing a uniform +3.50 D peripheral myopic defocus, the
net defocus signal at the peripheral retina may be excessive or poorly matched, thereby
reducing treatment efficacy. This has been specifically demonstrated in children wearing
DIMS lenses, where baseline myopic RPR was associated with significantly worse 2-year
outcomes compared to baseline hyperopic RPR [29]. Therefore, particular emphasis should
be placed on the early deployment of myopia-control spectacles during the initial stages of
myopia development, when optical interventions are most effective. As myopia progresses
to high myopia or pathological axial elongation, relying solely on spectacle-based optical
interventions appears insufficient. In these advanced stages, combination approaches
incorporating multiple myopia management modalities may be warranted to achieve
meaningful therapeutic outcomes.

This study illustrates the value of AIPW for multi-treatment comparative effective-
ness research in ophthalmology. Traditional propensity-score matching reduces analytical
sample size and is difficult to extend beyond two treatment arms [11]. AIPW avoids these
limitations by weighting the full cohort and simultaneously fitting outcome regression
models, with formal doubly robust consistency properties [12,13]. While the stability of
treatment rankings across sensitivity analyses supports the methodological consistency of
the AIPW framework, these statistical adjustments cannot fully account for unmeasured
behavioral variables, such as daily spectacle wear time, outdoor activity, or near-work inten-
sity. Consequently, these findings should be interpreted as real-world clinical associations
rather than definitive causal proof.
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5. Limitations

Several limitations of this study merit explicit acknowledgment. First, marked dispari-
ties in sample size were observed across the intervention groups (ranging from n = 238 in
the DSDO group to n = 912 in the HOAD group). This imbalance inherently reflects routine
real-world clinical prescribing patterns, market availability, and parental or physician pref-
erences during the study period. Although unequal sample sizes across treatment arms can
potentially influence statistical power and variance estimation, our analytical framework
explicitly mitigated this issue. Second, due to the retrospective nature of electronic medical
record data, exact daily spectacle wear time (e.g., hours per day), adherence during specific
activities (such as near work, visual display terminal use, or sports), and temporary non-
wear periods caused by lost or damaged glasses were not systematically recorded. Variation
in compliance and daily wearing habits is a well-recognized source of residual confounding
in real-world evidence, which could have impacted treatment efficacy. Additionally, prior
spectacle correction history before entering the cohort was not systematically recorded
in the EMRs, which precludes assessment of potential carryover effects from previous
lens designs. Third, although all spectacles were dispensed according to standard clinical
protocols by certified optometric staff at a tertiary university eye hospital, procedural
details regarding physical frame fitting—such as precise optical centration, pantoscopic
tilt, back vertex distance, and differential vertical prism in anisometropic cases—were not
standardized or tracked as study variables. Minor variations in these practical optical
parameters could subtly influence the peripheral defocus profiles delivered to the retina.
Fourth, despite doubly robust AIPW adjustment, the retrospective observational design
cannot exclude residual confounding from unmeasured baseline environmental factors,
such as daily outdoor light exposure, time spent on near work, and parental myopia status.
Finally, the one-year follow-up period precludes the evaluation of long-term control efficacy,
potential treatment deceleration, or rebound effects following treatment cessation.

6. Conclusions

In this large real-world cohort of 2764 myopic children, all four myopia-control specta-
cle lens designs significantly outperformed conventional single-vision correction in limiting
one-year axial elongation and refractive progression. Among the evaluated designs, HOAD
showed the strongest adjusted association with slowed axial elongation, followed by
HAL, while DIMS and DSDO showed broadly comparable estimates after adjusting for
measured confounders. The doubly robust AIPW framework successfully adjusted for
pronounced channel-prescribing confounding and yielded estimates that were stable across
all sensitivity analyses. These findings provide initial real-world comparative effectiveness
estimates conditional on measured confounders to help generate hypotheses for pediatric
myopia management. Prospective multicenter trials with longer follow-up and standard-
ized compliance monitoring are warranted to confirm these observations. Given potential
unmeasured behavioral confounders, these comparative estimates should be interpreted as
hypothesis-generating and require confirmation in prospective multicenter studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /healthcare14182958 /s1. Supplementary Table S1: Compari-
son of optical architecture among five spectacle lens groups. Supplementary Table S2: Sensitivity
analyses of pairwise comparisons across outcomes. Supplementary Table S3: AIPW Diagnostic
Summary: Covariate Balance, Weight Distribution, Effective Sample Size, and Positivity Assessment.
Supplementary Table S4: Pairwise Covariate-Specific Standardized Mean Differences (SMD), Pre-
and Post-AIPW Weighting. Supplementary Table S5: Subgroup analysis of the 1-year ATEs of the
four myopia-control designs versus SV lenses on AAL and ASE. Supplementary Table S6: Tests for
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interaction between treatment assignment and subgroup variables on 12-month axial length and
spherical equivalent changes.
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