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Purposk. Long-term axial length (AL) shortening in myopia is uncommon but noteworthy.
Current understanding on the condition is limited due to difficulties in case collection.
The study reported percentage, probability, and time course of long-term AL shortening
in myopic orthokeratology based on a large database.

MerHops. This study reviewed 142,091 medical records from 29,825 subjects in a
single-hospital orthokeratology database that were collected over 10 years. Long-term AL
shortening was defined as a change in AL of —0.1 mm or less at any follow-up beyond
1 year. Incident probability was calculated based on multivariate logistic regression. Time
course was estimated using mixed-effect regression model.

Resurrs. A total of 10,093 subjects (mean initial age, 11.70 £ 2.52 years; 58.8% female)
with 80,778 visits were included. The number of subjects experienced long-term AL
shortening was 1,662 (16.47%; 95% confidence interval, 15.75%-17.21%). Initial age
showed significant impact on the incident occurrence (OR, 1.37; 95% confidence interval,
1.34-1.40; P < 0.001). The estimated probability of AL shortening was approximately 2%
for subjects with initial age of 6 years and 50% for those aged 18. Among the 1662 AL
shortening cases, the median magnitude of the maximum AL reduction was 0.19 mm.
The shortening process mostly occurred within the initial 2 years. Subject characteristics
had limited associations with the shortening rate.

Concrusions. Long-term AL shortening is possible in subjects receiving myopic orthok-
eratology. Although age notably affect the incident probability, the time course seems to
not vary significantly.
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yopia is an important public health issue that has

sparked great concerns worldwide.! In recent decades,
both the escalating prevalence and the tendency toward
earlier onset have compounded the global burden of the
condition.>* A key characteristic of myopia is the patho-
logically rapid elongation of axial length (AL). It has been
firmly established that accelerated AL growth manifests
years before disease onset.>® After myopia has developed,
the rapider than normal AL progression continues’ and typi-
cally stabilizes at approximately 16 years of age.® In some
instances, axial elongation endures into early adulthood,
albeit slower than that in children.’

The excessively elongated AL in myopia brings increased
risks of irreversible blinding complications.!®!! To retard
excessive eye growth, many myopia control strate-
gies have been developed and validated. These include
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low-concentration atropine,'?''3 orthokeratology,'*'> bifocal
and multifocal soft contact lenses,'®'” and spectacles with
specific optical designs.!®!® By far, all the currently avail-
able strategies, on average, can only slow down myopic axial
elongation. Nevertheless, there exist unusual but confirmed
cases presenting long-term AL shortening after some myopia
control interventions.

The phenomenon of reduced AL in myopia is intriguing
and noteworthy, challenging the conventional notion of axial
elongation as an irreversible process. A meticulous investiga-
tion of long-term AL-shortening cases might provide insight
into underlying mechanisms, potentially paving the way for
more effective myopia control strategies and even regression
of myopia. However, limited by the rarity of the condition,
some major questions remain unanswered. These include
the percentage of incident occurrence, predisposing subject
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characteristics, and detailed time course and influencing
factors of the AL change. Addressing these queries necessi-
tates systemic analyses within a sizable cohort with consider-
able follow-up. and the answers might vary among subjects
receiving different myopia control interventions.

Using a 10-year single-hospital database of medical
records of more than 140,000 patient visits related to orthok-
eratology, this study aimed to ascertain the percentage of
long-term AL shortening under orthokeratology treatment
and the incident probability for different subject characteris-
tics. As a secondary objective, we attempted to elucidate the
time course of AL shortening and identify potential factors
associated with this longitudinal change.

METHODS
Subjects

This was a hospital-based cohort study using data consec-
utively collected over 10 years (September 2010 to Octo-
ber 2020) at Zhongshan Ophthalmic Center, Sun Yat-sen
University. A total of 142,091 medical records from 29,825
subjects who were evaluated for orthokeratology were inclu-
sively reviewed. Exclusions were made for subjects with best
corrected visual acuity of less than 20/25 in either eye, miss-
ing data (including refraction, keratometry [K] values, visual
acuity, and AL data) at the visit of first orthokeratology lens
prescription, or the longest interval of AL measurements
between follow-up visit and the visit of first orthokeratol-
ogy lens prescription being less than 1 year. The proce-
dures used in this study conformed to the Declaration of
Helsinki. Approval from the Ethnic Committee of Zhongshan
Ophthalmic Center, Sun Yat-sen University was obtained.

Lens Fitting and Measurements

Orthokeratology lenses, including Euclid (Euclid Systems
Corporation, Herndon, VA, USA), Paragon CRT (Paragon
Vision Sciences, Gilbert, AZ, USA), DreamlLite Orthoker-
atology (CooperVision, Saffron Walden, UK), « ORTHO-
K (ALPHA Corporation, Nagoya, Japan), LUCID ORTHO-K
(LUCID Corporation, Fenghua County, Korea), and DreamVi-
sion Orthokeratology (Ovctec China Incorporation, Hefei,
China), were fitted by experienced ophthalmologists and
optometrists in accordance with the manufacturer’s recom-
mended procedures. Subjects were advised to wear their
lenses every night for at least 7 consecutive hours unless
otherwise instructed.

Before orthokeratology lens fitting, comprehensive
assessments were conducted, encompassing medical history
collection, visual acuity, slit-lamp and fundus examinations,
autorefraction, subjective refraction, keratometric measure-
ment, corneal topography, measurement of IOP, corneal
specular microscopy, and measurement of AL. Follow-up
schedules were recommended at 1 day, 1 week, 2 weeks,
1 month, 3 months, and thereafter quarterly after orthok-
eratology lens dispensing. At every follow-up visit, visual
acuity, slit-lamp examination, refractions, and corneal topog-
raphy were performed. AL was evaluated at clinician
discretion during follow-up, usually every 3 or 6 months.
AL was measured without cycloplegia, using a partial
coherence interferometry device (IOLMaster 500; Zeiss,
Jena, Germany). Five consecutive AL measurements were
collected, and the average was used as a representative
value.
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Statistical Analyses

Longitudinal data underwent thorough cleansing. For each
subject, the visit of first orthokeratology lens prescription
was defined as the initial visit. Given the high correlation of
AL change between the eyes (Pearson correlation coefficient
= 0.89; P < 0.0001) and greater relevance of AL shortening
in the more myopic eye, data of the initially more myopic eye
(defined as the eye with greater myopic spherical equivalent
at the visit of first lens prescription) were used in the current
analysis. Descriptive statistics were applied. Means =+ stan-
dard deviations, medians (interquartile ranges [IQRs]), and
numbers and percentages were reported where appropriate.

Incident long-term AL shortening was defined as a
change in AL of —0.1 mm or less at any follow-up visit
beyond 1 year. This cut-off value was determined based on
the reported possible AL measurement error using IOLMas-
ter 500,2%%' in conjunction with clinical significance of
AL change. The probability of long-term AL shortening,
by subject initial characteristics, were determined using
multivariate logistic regression models. Given the high
correlation between spherical power and AL, two models
were constructed, with initial age and sex mandatorily
included and additional independent variables determined
via forward stepwise selection: model 1 included initial
age, sex, initial spherical power, cylindrical power, and
anisometropia; and model 2 included initial age, sex, initial
cylindrical power, anisometropia, average K, and AL.

Mixed-effect regression models were established to
decern AL change over time and factors associated with
the rate of change. Time since initial visit was used as the
variable time factor. Quadratic regression models, including
terms of time and time square, were developed to describe
the AL change over time. To investigate potential differ-
ences in AL evolution between subjects with and without
AL shortening, an interaction term of time factor with AL
shortening (whether AL shortened or not) was examined
in models 3 and 4. Interactions of time factor with initial
age (both models), sex (both models), initial spherical power
(model 3), cylindrical power (both models), anisometropia
(both models), average K (model 4), and AL (model 4) were
included to adjust for their potential impacts. If AL evolution
was proved different between subjects with and without AL
shortening, the time course of AL change was further sepa-
rately established for the two groups of people, and asso-
ciations of initial characteristics with AL change rate were
determined by examining interaction terms of initial charac-
teristics with time factor. A statistically significant interaction
would indicate that the AL change rate was associated with
the initial characteristic.

Statistical analyses were performed using STATA, version
15.0 (StataCorp LLC, College Station, TX, USA) and R, version
4.1.3 (R Project for Statistical Computing, Vienna, Austria).
All P values were two-sided, and no adjustments were made
to the P values for the analyses undertaken. A P value of less
than 0.01 was deemed statistically significant.

RESULTS

A flowchart of study inclusion is shown in Figure 1. A total
of 80,778 medical records from 10,093 subjects were iden-
tified eligible. At the initial visit, the mean age was 11.70
+ 2.52 years (range, 5.23-29.16 years), with 5930 subjects
(58.75%) being female. The mean spherical equivalent was
—3.87 + 1.71 diopters (D) (range, —13.00 to —0.50 D).
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Collected from Sep, 2010, to Oct, 2020

Ortho-K database

l

29,825 subjects (142,091 records)

Subject exclusion criteria
8,496 subjects (14,671 records) excluded
713 subjects (886 records)
Consult only and without lens prescription
2,014 subjects (8,016 records)
Without records at the initial visit
5,769 subjects (5,769 records)

Lost to follow-up after lens prescription

21,329 subjects (127,420 records)

Data cleansing for the initial visit
3,277 subjects (19,457 records) excluded
814 subjects (4,784 records)
Missing data on initial refraction
270 subjects (1,411 records)
Missing data on initial keratometry values
286 subjects (1,578 records)

Initial best corrected visual acuity less than 20/25 in either eye

Or missing data on initial visual acuity
1,880 subjects (11,684 records)

Missing data on initial axial length

18,052 subjects (107,963 records)

Follow-up exclusion criteria
7,959 subjects (27,185 records) excluded
4,095 subjects (11,155 records)
Without axial length measurement at any follow-up visits
3,864 subjects (16,030 records)

With last axial length measurement < 1 year from initial visit

10,093 subjects (80,778 records)

Included in current analysis

Investigative Ophthalmology & Visual Science
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Figure 1. Flowchart of study inclusion.
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Additional initial characteristics are detailed in Table 1.
5} 2 Subjects were followed up for durations ranging from 1.00
° S R 2 s ® K to 9.54 years, with a median of 2.12 years (IQR, 1.51-
S ; Nt ; 2 g j :-I 3.22 years). Orthokeratology lens wear was throughout the
I I3 2 ? U g 5@ follow-up period, unless transient cessation was advised to
) s 9 ~|1 R =0 < manage complications.
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o Percentage and Probability of Long-term AL
Safe3sR Shortening
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o § H E \-I; e H H Table'2 presents the per@qtage; of long-te?m AL shortening
" % 2 Q3 both in aggregate and within different periods of lens wear.
S«wf RS Overall, 1662 subjects (16.47%; 95% confidence interval [CI],
I~ T S 15.75%-17.21%) experienced AL shortening of 0.1 mm or
g ~ greater. Compared with those without AL shortening, these
E:: - o g 3 - o subjects were initially older (13.57 + 2.50 years vs. 11.34 £+
S| : ﬁ RS % g\ © 2.35 years; P < 0.0001), more likely to be female (1058/1662
% VIR g H e i H [63.66%] vs. 4872/8431 [57.79%]; P < 0.001), had more
g g|lg =2l 29w myopic spherical power (—4.32 + 1.42 D vs. —3.40 + 1.55
» - =0 «I\ Rrale D; P < 0.0001), greater magnitude of anisometropia (0.50 D
° s3d [IQR, 0.25-0.88 D] vs. 0.25 D [IQR, 0.13-0.75 DJ; P = 0.0001),
'g and longer AL (25.51 £+ 0.89 mm vs. 25.09 £+ 0.94 mm; P
g S i < 0.0001). The percentage of long-term AL shortening by
& JoR8ecs3%48 subject initial characteristics is demonstrated in Supplemen-
gy 8:5;8831 tary Table S1.
g I © E Ca e In multivariate logistic regression models, initial age,
ale ©3a 2 ere sex, spherical power, cylindrical power, anisometropia, AL,
& RS S and average K were significantly associated with inci-
:F: e dent long-term AL shortening (all P < 0.002). Subject
B SR characteristic-specified probabilities of AL shortening are
FRRE S FARNY presented in Figure 2. Initial age demonstrated the great-
R fg “8goc est impact on probability of the incident occurrence (odds
g| &1 < R ratio [OR], 1.37 [95% CI, 1.34-1.40]; Z value, 25.59; P <
~ N esS T 0.001). The estimated probability changed from 2.41% (95%
RN S CI, 2.01%-2.88%) for girls aged 6 years to 51.47% (95% CI,
Ie 47.84%— 55.09%) for those aged 18 years and from 2.21%
3@ (95% CI, 1.84%-2.64%) for boys aged 6 years to 49.26% (95%
SRR e S 0 CI, 45.17%-53.36%) for those aged 18 years. Other factors
V| pd % =8 oS- that showed considerable impacts included initial spherical
o| & HL H o H power (OR, 0.76 [95% CI, 0.73-0.78]; Z value, —14.45; P <
o) S| *8gnzcAaR 0.001) and AL (OR, 1.54 [95% CI, 1.42-1.67]; Z value, 10.35;
o FRTERAEE P < 0.001).
() =}
O ~
n P 3 ‘§ i Change in AL Over Time
g Tl g ; n 8gco~ Among the 1662 subjects demonstrating long-term AL short-
R g § g;l o j TR ﬂ ;l ening, the maximum magnitude of AL decrease occurred
> = S § M) = at 1.00 to 7.16 years of lens wear (median, 1.53 year[IQR,
o 3 = 2 % A 1.20-2.07 year]) and ranged from 0.10 to 0.73 mm (median,
a & Ie 0.19 mm [IQR, 0.14-0.26 mm)]). The distribution of magni-
e} g A tude of maximum AL shortening is demonstrated in Figure 3.
[e) % ~2A Although there was a statistically significant trend of greater
§ 8 g g; = maximum AL reduction for older initial age, more myopic
© 2 ac g, ~ spherical power, greater anisometropia, and longer AL (all P
= g HES 8 for trend < 0.005), the variabilities were modest (Fig. 3).
e S o) =T g =) . . . .
o g § g g ks 2@ Individual evolutions and estimated time course of AL
(@) 5 S E & T £ change are demonstrated in Figures 4A and 4B. For subjects
) = 2 g 2 Eﬁ E g demonstrating AL shortening, the process of AL reduction
> p= ~g 087 % I e i
= = HEggaed g mostly occurred within the initial 2 years; thereafter, the
®© 8 g = L:‘Tg 5o process slowed down, stabilized, and rebounded slightly
._g’ - g EYZEET S (Fig. 4A). This pattern of AL change was different from that
N g EgE8E 2 Eﬁ % among subjects without AL shortening (8 for the interaction
g = 2225552 = between time factor and AL shortening, —0.17 and —0.18 in

mixed-effect models 3 and 4, respectively; both P < 0.001),
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TaBLE 2. Percentage of Long-term AL Shortening in Subjects Who Underwent Orthokeratology, as a Whole and Within Different Periods of

Lens Wear
Total Number Number of AL Shortening AL Shortening Percentage (%) 95% CI (%)
Overall 10,093 1662 16.47 15.75-17.21
Within different periods of lens wear (years)
1to <2 8905 1408 15.81 15.06-16.59
2to <3 4945 643 13.00 12.08-13.97
3to <4 2526 278 11.01 9.81-12.29
4 to <5 1235 109 8.83 7.30-10.55
5to <6 589 49 8.32 6.22-10.85
6to <10 247 11 4.45 2.24-7.83
184 41,001 04
174 -1.501 0254
16 S 2001 8 050
154 g 2501 & 0751
o 14 T -3.00 T -1.001
S 134 = 350 @ -1254
2 12 g 4.001 3 1501
[ Q
o 11 9 4501 < 1751
< 0 2 5001 2 2001
9 2 550 2 2251
81 & 6001 3- -2.50
74 -6.50 1 2,751
61 -7.00 -3.00
60 50 40 30 20 10 O 10 20 30 40 S50 60 60 50 40 30 20 10 0 10 20 30 40 50 60 6 S0 40 30 20 10 0 10 20 3 40 50 60
Probability (%) Probability (%) Probability (%)
3.00 28.00 5000
275 27.50 49.001
T 2501 27.00 4800
Q. 2251 gzs.so- o 47.00
2 2001 £ 26001 B 46,00
o 1751 £ 25507 T 45.00
[RES 2 25,00 X 44.00
5 1251 2 2450 & 43.00
E 1001 S 24001 S 4200
2 075 < 2350 Z 4100
[
< 050 23.00 40.00 -~
025 2250 39.00 Famaie
0 22,004 38.00

6 50 40 3 20 10 0 10 20 30 40 50 60
Probability (%)

FIGURe 2.
performed using multivariate logistic regression models.

which demonstrated approximately linear axial elongation
over time (Fig. 4B).

Associations of initial characteristics with rate of AL
change is shown in Table 3. Compared with subjects with-
out AL shortening, the association between age and short-
ening rate was subtle (Figs. 4C and 4D, Table 3). Simi-
larly, initial myopic spherical power, anisometropia, and AL
demonstrated statistically significant, but delicate associa-
tions with the AL-shortening rate (Table 3).

DiscussIoN

Ocular axial elongation is observed throughout the human
lifespan,’?2-2* traditionally considered irreversible. The
current study, based on a considerable hospital database
with adequate periods of follow-up, summarized uncommon
instances of long-term AL shortening in myopic orthokera-
tology. The study provided subject characteristic-specified
probability of the incident and gave a picture of the time
course of AL reduction.

Previous reports have sporadically noted long-term nega-
tive axial growth. Qi et al.®® observed negative axial growth
(mean, —0.06 mm) in 9 of 73 children at 1 year after orthok-
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Initial characteristic-specified probability of long-term AL shortening in subjects who underwent orthokeratology. Estimation

eratology. In 34 adults receiving the same intervention, a
mean AL reduction of 0.16 mm was observed after 1 year.2
Negative axial growth has also been documented in children
treated with atropine eye drops.?”-?® In the Atropine for the
Treatment of Myopia (ATOM) 1 study, a mean AL decrease
of 0.14 mm was observed after 1 year of treatment with 1%
atropine.?’ These reports, although with limited numbers of
cases, have provided evidence for the possibility of AL short-
ening in the long term. Despite variations in interventions,
subject characteristics, and definitions of the condition, the
magnitude of shortening seemed to be comparable with the
current study data.

Referring to previous studies,?*-?! it seemed that AL short-
ening in orthokeratology could not be attributed solely to
choroidal thickening and changes in the anterior segment.
This study was not able to provide sufficient information on
biometric changes related to the shortening. As a supple-
ment, we identified and reviewed cases in our prospective
investigations (Supplementary Table S2) and speculate that
a shrunken vitreous chamber might be one major change.
The underlying mechanisms behind AL shortening remain
elusive. Animal experiments indicate that the shortened eye
might be a compensation to imposed myopic defocus.?
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Ficure 3. Distributions of magnitude of maximum AL shortening in subjects underwent orthokeratology and experienced long-term
AL shortening, stratified by initial age (A), spherical power (B), anisometropia (C), and AL (D).

To the best of the authors’ knowledge, this study is the
first to delineate a detailed time course of long-term AL
shortening in subjects underwent orthokeratology. There
seemed to be a ceiling effect: the majority of shortening
occurred within the first 2 years of lens wear; thereafter,
the process decelerated, stabilized, and displayed a slight
rebound. The phenomenon warrants further investigation
to unveil its underlying causes and to develop strategies to
break through.

This study found that older initial age and a higher
degree of myopia were associated with a higher probabil-
ity of long-term AL shortening. The finding is in consis-
tent with a prior report suggesting that children with nega-
tive axial growth were initially older, had a higher myopic
spherical equivalent, and greater corneal power compared
with those who experienced AL elongation.”> Interestingly,
despite the pronounced propensity for axial shortening in
some subject characteristics, the shortening process seemed
to be less likely to diverge: the majority of the shortening
cases exhibited a maximum AL decrease of approximately
0.2 mm and subject characteristics had limited impact on
the shortening rate. However, in our database, there were
rare yet noteworthy cases with a maximum AL decrease
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of 0.5 mm or greater. These cases might offer valuable
insights into identifying key factors determining the short-
ening process. Further investigations exploring potential
factors to amplify the process of AL shortening would be
beneficial.

The main limitation of this study is its retrospective
nature. However, it is not easy to obtain an adequate sample
size for an uncommon condition using a prospective study
design. The information provided herein might serve as a
foundation for establishing a prospective cohort for further
validation and deepening the findings of this study. Addi-
tionally, the unavailability of certain ocular biometric param-
eters hindered our understanding on the specifics of AL
shortening. In compensation, we reported available data
from some prospective cases and proposed a reasonable
speculation.

In conclusion, this study reported that 16% myopic
orthokeratology lens wearers would experience long-term
ocular axial shortening. Age exerts a significant influence
on the incident occurrence. The shortening process is domi-
nantly accomplished within the initial 2 years of lens wear
and does not vary significantly with subject characteristics.
Further studies are warranted to elucidate detailed ocular
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Ficure 4. Time course of AL change in subjects underwent orthokeratology, with and without long-term AL shortening. Individual (gray
solid lines) and estimated (black solid lines) evolutions in subjects with (A; estimated rate of change, —0.138 + 0.024*time mm/year) and
without long-term AL shortening (B; estimated rate of change, 0.183-0.005*time mm/year); Estimated evolution by different initial ages in
subjects with (C) and without long-term AL shortening (D). Estimated evolution lines generated using mixed-effect regression models.

TaBLE 3. Associations of Initial Characteristics With Rate of AL Change (mm/year) in Subjects Who Underwent Orthokeratology, With and
Without Long-term AL Shortening

AL Change Rate (mm/year)

Mixed-Effect Model With Mixed-Effect Model With Multiple

1 Interaction Term Included” Interaction Terms Included’
) Initial Characteristics B (95% CI) P Value B (95% CI) P
8 Subjects with AL shortening (n = 1662)
Q0 Aget —0.008 (—0.009 to —0.006) <0.001 —0.007 (—0.009 to —0.006) <0.001
(% Sex (male? 0.010 (0.003 to 0.017) 0.003 0.006 (0 to 0.013) 0.049
—_ Spherical power 0.005 (0.003 to 0.008) <0.001 0.005 (0.003 to 0.007) <0.001
g Cylindrical power* 0 (—0.005 to 0.005) 0.980 —0.003 (—0.008 to 0.002) 0.230
0 Anisometropiai —0.006 (—0.010 to —0.003) 0.001 —0.006 (—0.010 to —0.003) <0.001
> AL —0.009 (—0.013 to —0.005) <0.001 —0.011 (—0.015 to —0.006) <0.001
o Average K 0.002 (0 to 0.004) 0.117 —0.002 (—0.005 to 0.001) 0.200
> Subjects without AL shortening (n = 8431)
g Age* —0.034 (—0.035 to —0.032) <0.001 —0.031 (—0.032 to —0.030) <0.001
Ke) Sex (male)* 0.010 (0.003 to 0.017) 0.003 0.005 (0 to 0.011) 0.059
E Spherical power 0.025 (0.023 to 0.027) <0.001 0.014 (0.012 to 0.016) <0.001
© Cylindrical powerT' 0.014 (0.010 to 0.019) <0.001 —0.003 (—0.007 to 0.001) 0.185
_.C_, Anisometropia* —0.019 (—0.024 to —0.015) <0.001 —0.004 (—0.008 to 0) 0.028
e AL —0.040 (—0.043 to —0.037) <0.001 —0.030 (—0.034 to —0.026) <0.001
8‘ Average K 0.001 (—0.001 to 0.003) 0.475 —0.013 (—0.015 to —0.010) <0.001
) * Models included initial age, sex, time, time square, and one interaction term;
= "Models included initial age, sex, time, time square, and multiple interaction terms (interactions of initial age, sex, spherical power,
@  cvlindrical power, and anisometropia with time factor or interactions of initial age, sex, cylindrical power, anisometropia, average K, and AL
O) with time factor);
'-la #For models with multiple interaction terms included, statistics of the model that included interaction term of initial spherical power with
) time factor are presented and are similar in the other model that included interaction terms of initial AL and average K with time factor.
>
[
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biometric changes and potential mechanisms underlying this
phenomenon.
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