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Understanding the ocular structural changes are fundamental to defining strategies for myopia
prevention and management. This study aimed to establish age-gender specific normative LMS
parameters for axial length to generate percentile and Z-score growth curves in a population of
Chinese schoolchildren. A total of 14,760 individuals aged 6 to 15 years from Wuhan, central China,
contributed to this study. The LMS method was used for the calculation of LMS parameters and the
generation of percentile and Z-score growth curves for axial length. Growth curves derived from the
LMS parameters were compared with those originally calculated. Axial elongation was age- and
percentile-dependent. The highest elongation rate occurred at the 98th percentile in the range 6 to
9 years, being up to 1.46 mm in boys and 1.42 mm in girls. The largest differences between original
and newly generated growth curves were detected at the 98th percentile at age 15; 0.78 mm (females)
and 0.63 mm (males). Multinomial logistic regression and receiver operating characteristic analyses
revealed Z-scores as a good predictor for estimating high myopia development. The axial length
growth curves presented in this study provide a technically solid instrument that depicts the best
description of physiological eye growth for Chinese schoolchildren aged 6 to 15 years.

Normative growth curves are an essential tool in pediatric primary health care. They help to assess the physi-
ological characteristics and development of children according to age, gender, and ethnicity". Since its appear-
ance more than two hundred years ago®, numerous charts have been generated for different anthropometric
variables*™. Over decades, growth chart development has been focused on the assessment of nutritional status
and growth of children through anthropometric variables such as height, weight, body circumferences and
skinfold thickness!*”. However, scientific publications on growth curves derived from ocular variables have
been scarce and recent. Concretely, axial length and refractive error have been the most common variables used
to generate ocular growth curves® >,

The construction of growth references and charts involves several aspects such as gathering specific anthropo-
metric data for a given age range and population, statistical data analysis and fitting methods and chart graphical
representation®. Statistical tools such as percentiles and Z-scores have been widely used to generate and describe
growth curves. Percentile indicates the percentage of observations that fall below a certain value, while Z-score
represents the distance and direction of an observation away from the population median’®. In comparison to
Z-score, percentiles are more widespread since they are easier to understand and use in clinical practice'®. Several
mathematical methods have been described for attained percentiles and Z-scores curves'’, which mainly differ
in the treatment of age as grouping variable and in the assessment of distributional assumptions'’. One of the
most well-known is the LMS method (Lambda Mu and Sigma method), which enables efficient calculation of
percentiles and Z-scores and smoothing of growth curves'®-*°. The LMS method was first developed by Cole'**
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Equivalent degrees of

freedom Female Male

edf (L) |edf(M) |edf(S) |SBC* Change in SBC* | SBC* Change in SBC®
0 1 1 17,8804 | - 19,568.3 | -

1 1 1 17,884.8 | +4.4 19,576.2 | +7.9

1 2 1 16,060.6 | —1824.2 17,4249 | -2151.3
1 2 2 16,0494 | —-11.2 17,4159 | -9.0

2 2 2 16,052.4 | +3.0 17,416.0 | +0.1

1 3 2 15,836.0 | —216.4 17,1739 | —242.1
2 3 2 15,8413 | +5.3 17,178.0 | +4.1

1 3 3 15,836.7 | —4.6 17,1782 | +0.2

0 4 2 15,824.7 | -12.0 17,1589 | -19.3

1 4 2 15,8329 | +8.2 17,165.7 | +6.8

1 4 3 15,833.4 | +0.5 17,1703 | +4.6

2 4 3 15,836.8 | +3.4 17,173.0 | +2.7

Table 1. Sequences of equivalent degrees of freedom (edf) chosen for L, M and S curve optimization process
in females and males. *Schwarz Bayesian Criterion (SBC) was used as a deviance measure for checking the
goodness of fit. *Change in SBC indicates the corresponding change in deviance values with the previous SBC
value.

and later extended by Cole and Green'®. The LMS method is based on the use of Box-Cox transformations®!
to normality through the calculation of a skewness parameter®?. Given its efficiency and flexibility it has been
applied as a standard method in many benchmark studies"**-**. Particularly, LMS technique has not been pre-
viously used for the generation of growth curves for ocular variables, such as axial length. Therefore, in this
paper, we aim at demonstrating the application of the LMS method for population-based ocular axial length
data. We report the basis for the calculation of LMS parameters and the subsequent estimation of axial length
growth curves in a Chinese school-age population. In addition, the new percentile growth curves derived from
the LMS parameters are compared with the original percentile curves previously calculated and published from
the same study population.

Results

LMS parameters. Table 1 shows the different combinations of edf values chosen for the modelling and
optimization process of the new calculated percentile curves. The edf values were increased and reduced one at
a time until the smallest SBC value was found. First, we set the initial edf values for L to 0 and for M and S to 1.
Considering edf (M) > edf (S) > edf (L), edf values for M were increased first, followed by edf values for S. While
higher edf values for M and S generated smaller SBC values, greater edf values for L produced higher SBC values
(Table 1). For both genders, the best model optimization was achieved with edf values of L=0, M=4, and S=2,
as they provided the highest reduction in SBC and a reasonable smoothing. As seen in Table 1, a subsequent
increase in edf values did not lead to a reduction in SBC values. Tables 2 and 3 show the LMS parameters for axial
length. In both females and males, value of 1 was used to represent the L curve at all ages. M curve increased with
age in both genders. On average, males presented higher but not significantly different than females (average
difference=0.54+0.04 mm; p=0.10, t-value= — 1.75, df=18; two-sample t-test). S curve increased with age in
both genders, reaching the highest values at age 15. Both groups showed similar S curves (p=0.81, t-value=0.24,
df=18; two-sample t-test).

Percentile growth curves derived from LMS parameters. Figure la and Table 2 exhibit the new
percentile growth curves for axial length generated using the LMS parameters. In both genders, all percentiles
trended upward with age. The higher the percentile rank, the greater the increase in axial length. From 6 to
15 years, the 2nd percentile had a total axial elongation of 1.59 mm (females) and 1.71 mm (males), while the
98th increased by 2.35 mm (females) and 2.46 mm (males). Concretely, in the female group, the 10th percentile
increased by 1.74 mm (21.47 mm at 6 years of age and 23.21 mm at 15 years of age), the 50th percentile increased
by 1.97 (22.52 mm at 6 years of age and 24.49 mm at 15 years of age), and the 95th percentile increased by
2.28 mm (23.86 mm at 6 years of age and 26.14 mm at 15 years of age). In the male group, the 10th percentile
increased by 1.85 mm (21.91 mm at 6 years of age and 23.76 mm at 15 years of age), the 50th increased by 2.09
(22.98 mm at 6 years of age and 25.07 mm at 15 years of age), and the 95th percentile increased by 2.39 mm
(24.35 mm at 6 years of age and 26.74 mm at 15 years of age). Considering all percentile cut-off values at 6 and
15 years, total axial elongation was statistically significant in both females and males (two-sample t-test: p<0.01,
t-value= —3.05, 95% CI [-3.34 to—0.60], for females; and p<0.01, t-value= —3.17, 95% CI [-3.48 to—0.69],
for males).

Percentile axial elongation rates trended positively but unevenly with age. From 6 to 9 years of age, in females,
the elongation rate between the 2nd and 98th percentiles ranged from 0.97 to 1.42 mm (4.67-5.85%), while
in males ranged from 1.04 to 1.46 mm (4.87-5.93%). In this age range, those percentiles below and above the
median showed a significant increase in axial length (two-sample t-test: p=0.03, t-value= —2.89, 95% CI [ 1.92
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Percentiles (axial length in mm)

Age |L |M s 2nd [5th [10th [25th [50th [75th [90th [95th |[9sth
Female

6 10 [2252 00362 |2084 |21.18 |2147 [2197 |2252 |23.07 | 2356 |23.86 |24.19
7 10 2294 [00372 |21.19 |2154 |21.85 |2237 |2294 |23.52 |24.04 |2435 |2470
8 10 2337 00381 |2154 |21.90 |2222 2277 |23.37 |23.97 | 2451 |24.83 |2520
9 10 2371 00389 |21.82 2219 |2253 |23.09 | 2371 |24.34 |2490 |2523 |2561
10 |10 |2394 |0.0395 |2200 |2238 |2273 |2330 |23.94 |2458 |2515 |2549 |25.88
11 |10 |2409 |0.0399 |2212 |2251 |22.86 |2344 |24.09 |2473 |2532 |2567 |26.06

12 1.0 | 2421 |0.0402 |22.21 |22.61 |22.96 |23.55 |24.21 |24.87 |2546 |2581 |26.21
13 1.0 |24.32 |0.0405 |22.30 |22.70 |23.06 |23.66 |24.32 |24.98 |25.58 |25.94 |26.34
14 1.0 |24.41 |0.0407 |22.37 |22.77 |23.13 |23.74 |24.41 |25.08 |25.68 |26.04 |26.45
15 1.0 |24.49 |0.0409 |22.43 |22.84 |23.21 |23.82 |2449 |25.17 |25.78 |26.14 |26.55

Male

6 1.0 {2298 |0.0363 |21.27 |21.61 |21.91 |22.42 |2298 |23.54 |24.05 |24.35 |24.70
7 1.0 |23.42 |0.0372 |21.63 |21.99 |22.31 |22.84 |23.42 |24.01 |2454 |24.86 |25.21
8 1.0 |23.87 |0.0381 |22.00 |[22.37 |22.70 |23.25 |23.87 |24.48 |25.03 |25.36 |25.73
9 1.0 |24.23 |0.0388 |22.30 |[22.69 |23.03 |23.60 |24.23 |24.86 |25.43 |25.78 |26.16
10 1.0 |24.48 |0.0393 |22.50 |[22.89 |23.24 |23.83 |24.48 |25.12 |25.71 |26.06 |26.45
11 1.0 |24.64 |0.0397 |22.64 |[23.04 [23.39 |2398 |24.64 |25.30 |25.89 [26.25 |26.65

12 1.0 |24.78 [0.0400 |22.75 |23.15 |23.51 |24.11 |24.78 |2545 |26.05 |26.41 |26.81
13 1.0 [24.90 |0.0402 |22.84 |23.25 |23.61 |[24.22 |2490 |2557 |[26.18 |[26.54 |26.95
14 1.0 2498 |0.0404 |2291 |23.32 |23.69 |24.30 |24.98 |25.66 |26.28 |26.64 |27.05
15 1.0 [25.07 |0.0406 |22.98 |23.39 |23.76 |[24.38 |25.07 |2575 |[26.37 |[26.74 |27.16

Table 2. LMS parameters and axial length percentiles in millimeters, as a function of age and gender.

Z-scores (axial length in mm)
Age [L |M s -3.08D [ -2.55D | -2.08D | -1.55D [ -1.0SD | -0.55D [0.0SD | +0.55D | +1.0SD | +1.5SD | +2.0D | +2.55D | +3.0SD
Female
6 10 [2252 00362 [2007 |2048  [2089  [2130 |2170 |2211  |2252 2293  |2333 |2374 |2415 |2456 | 2497
7 10 |2294 |00372 [2038  |2081  |2124  |2166 |2209 |2252  |2294 |2337  |2380 |2422 |2465 |2508 | 2550
8 10 | 2337 |00381 2069 |21.14  |2158 | 2203 | 2248  |2292  |2337 |2381  |2426 |2470  |2515 | 2560 | 26.04
9 10 2371 00389 |2094 |2141  |2187  |2233  |2279  |2325 |2371 |2417  |2464 |2510 |2556 |2602 | 2648
10 |10 |2394 00395 |21.10 |21.58 |2205 |2252 |2299 | 2347 | 2394 |2441 | 2488 | 2536 | 2583  |2630 |2677
11 |10 | 2409 |00399 | 2121 |21.69 | 2217 | 2265 | 2303 | 2361 | 2409 |2457  |2505 |2553  |2601 | 2649 | 2697
12 1.0 |24.21 |0.0402 |21.29 21.78 2227 22.75 23.24 23.72 24.21 24.70 25.18 25.67 26.16 26.64 27.13
13 |10 |2432 |00405 | 2137 |21.86 | 2235 |2284 | 2334 | 2383 | 2432 |2481 |2531 |2580 |2629 |2678 | 27.27
14 |10 2441 |00407 [2143 [2192 [2242 [2292 |2341 | 2391 |2441 |2490 |2540 2590 |2639 |2689 | 27.38
15 |10 |2449 |00409 | 2149 [2199 |2249  |2299 | 2349 | 2399 | 2449 |2499 |2549 2599  |2649 |27.00 | 27.50
Male
6 10 2298 [0.0363 2048 |2089 |2131 |2173 |2215 | 2256 |2298 |2340 |2382 |2423 |2465 |2507 | 2549
7 1.0 | 2342 |0.0372 | 20.81 21.24 21.68 22.12 22.55 22.99 23.42 23.86 24.30 24.73 25.17 25.60 26.04
8 1.0 | 23.87 | 0.0381 | 21.14 21.59 22.05 22.50 22.96 23.41 23.87 24.32 24.77 25.23 25.68 26.14 26.59
9 10 |2423 |00388 | 2141 | 2188 | 2235 | 2282 |2329 |2376 |2423 |2470 |2517 |2564 |2611 | 2658 | 27.05
10 |10 |2448 |00393 |21.59 | 2207 | 2255 | 2303 | 2351 | 2400 |2448 |2496 2544 |2592 |2640 | 2688 | 27.36
11 1.0 | 24.64 | 0.0397 | 21.71 22.20 22.69 23.18 23.67 24.15 24.64 25.13 25.62 26.11 26.60 27.09 27.57
12 |10 |2478 |00400 | 21.81 |2231 | 2280 | 2330 |2379 | 2429 | 2478 |2528 |2577 |2627 |2676 | 2726 | 27.75
13 |10 |2490 |00402 |21.89 | 2239 | 2289 | 2339 | 2389 | 2440 | 2490 |2540 2590 |2640 |2690 | 2740 | 27.90
14 |10 |2498 | 00404 | 21.95 | 2246 | 2296 | 2347 | 2397 | 2448 | 2498 |2549 | 2599 | 2650 |27.00 | 27.51 | 28.01
15 1.0 | 25.07 | 0.0406 | 22.02 22.52 23.03 23.54 24.05 24.56 25.07 25.58 26.09 26.59 27.10 27.61 28.12

Table 3. LMS parameters and axial length Z-scores in millimeters, as a function of age and gender.
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Figure 1. Growth curves of axial length derived from the LMS values. Female group (left) and male group
(right). (a) Percentile curves of axial length derived from the LMS values. Nine percentile curves are displayed:
2nd, 5th, 10th, 25th, 50th, 75th, 90th, 95th and 98th. (b) Comparison of the axial length percentile growth
curves as originally published by Sanz Diez et al.' (blue dashed line) with those derived from the LMS values
(black solid line). (c) Z-score growth curves of axial length derived from the LMS values. Z-scores range
from—3to+3in 0.5 SD steps.
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to—0.16], for females; and p =0.02, t-value = —3.00, 95% CI [-2.00 to — 0.20], for males). From 9 years onwards,
the older the child, the lower the axial elongation rate. In the range 9-12 years, the elongation rate between the
2nd and 98th percentiles ranged from 0.40 to 0.60 mm (1.81-2.35%) in females. In males, ranged from 0.45 to
0.65 mm (2.00-2.50%). Compared to the 6-9-year range, this meant an average reduction in elongation rate of
61% in females and 58% in males at all percentiles. In the range 12-15 years, the elongation rate between the 2nd
and 98th percentiles ranged from 0.22 to 0.34 mm (1.00-1.29%) in females, while ranged from 0.23 to 0.34 mm
(1.02-1.28%) in males. Compared to the 6-9-year range this represented an average reduction in elongation rate
of 79% in females and 78% in males at all percentiles. Specifically, between 12 and 15 years, no significant axial
elongation was found in any of the generated percentiles (two-sample t-test: p =0.69, t-value = —0.40, 95% CI
[-1.76 to 1.20], for females; and p=0.69, t-value= — 0.40, 95% CI [-1.79 to 1.23], for males).

Supplementary Table 1 provides additional axial length percentiles (1st, 3rd, 97th and 99th) intended to
facilitate comparison with other studies.

Comparison with original growth curves (Sanz Diez et al.1%). Figure 1b shows the comparison
between the originally published axial length growth curves'® and those derived from the LMS parameters. In
females, between 6 and 15 years, the new percentile cut-off values ranged from 20.97 to 27.32 mm, while the
originals ranged from 20.84 to 26.55 mm. The maximum discrepancies between the original percentiles and
those newly generated appeared at the 95th and 98th percentiles at 15 years, where the differences were equal to
0.63 mm and 0.78 mm, respectively. Along the 50th and 90th percentiles, the highest differences between axial
length curves were also found at 15 years of age, being 0.13 and 0.15 mm respectively. Along the 2nd, 5th and
10th percentiles, the maximum differences were on average 0.13 mm within the age range of 6 to 7 years. The
minimum differences occurred along the 25th, 50th and 75th percentiles (mean difference: 0.05+0.01 mm). In
females, no significant differences between original and newly generated percentile curves were found (p>0.77,
t-value=[-0.12, 0.29], df = 18; all superimposed percentile curves, two-sample t-test).

In males, between 6 and 15 years of age, the new percentile cut-off values ranged from 21.27 to 27.16 mm,
while the originals ranged from 21.44 to 27.78 mm. The greatest discrepancies also appeared at 15 years at the
95th and 98th percentiles. Axial length differences were 0.54 mm for the 95th and 0.63 mm for the 98th percen-
tile. Along the 2nd, 5th and 90th percentiles, the largest differences were also found at the age of 15 years (mean
difference: 0.23+0.01 mm). The smallest differences were also observed at the 25th, 50th and 75th percentiles
(mean difference: 0.05+0.03 mm). In males, no statistical differences were found between the original curves
and those derived from the LMS parameters (p > 0.62, t-value = [-0.02, 0.50], df=18; all superimposed percentile
curves, two-sample t-test).

Z-scores. Z-score curves are given for axial length based on age and gender (Fig. 1¢, Table 3). From Eq. (2),
the age-gender-specific LMS parameters provided in Tables 2 and 3 allow to calculate the Z-score corresponding
to individual child’s axial length data. For example: a 7-year-old boy with an axial length of 24.51 mm would
have a Z-score of 1.25. A 10-year-old girl with an axial length of 22.75 mm would have a Z-score of—1.26.
Accordingly, using age, gender, and axial length data from the second cross-sectional dataset, the correspond-
ing Z-scores were calculated and graphically superimposed over the reference Z-scores curves for both gender
groups (Fig. 2a). As depicted in Fig. 2a,b, there is a clear distribution of Z-scores according to the refractive
status and age. From 6 to 15 years, in females, 82.35% of hyperopes and 64.71% of emmetropes were below
the zero Z-score (0.0 SD or median) while 60% of myopes and 100% of high myopes were above it. Particu-
larly, in females, the refractive values of those myopes located below (- 1.49+0.88D) and above (-2.49+1.36D)
the median differed statistically (p <0.001, Mann-Whitney test). In males, 80.56% of hyperopes and 68.75% of
emmetropes were below the 0.0 SD curve, whereas 64.14% of myopes and 90.91% of high myopes were above
it. In males, refractive errors were also significantly different between those myopes below (-1.60+0.93D) and
above (-2.37+£1.29D) the 0.0 SD curve (p <0.001, Mann-Whitney test).

Specifically, the most positive refractive values were in the range of 6 to 10 years of age and below 0.0 SD
(Fig. 2b). In contrast, the most negative refractive values were mostly observed from 12 years and above + 1.0 SD
curve (Fig. 2b). In both genders, the greater the Z-score rank, the higher the myopic refraction. In fact, Z-scores
differed significantly based on refractive error (Fig. 2c). On average, Z-scores in females were —0.94+0.96 (hyper-
opes), — 0.34£0.75 (emmetropes), 0.30+0.90 (myopes) and 2.03 +1.36 (high myopes) (x?=179.25, p<0.001;
Kruskal-Wallis test followed by Dunn-Sidak post-hoc test). In males, mean Z-scores were —0.94 +1.06 (hyper-
opes), —0.40 £0.81 (emmetropes), 0.33+0.87 (myopes) and 2.25 + 1.38 (high myopes) (x*=181.45, p<0.001;
Kruskal-Wallis test followed by Dunn-Sidak post-hoc test).

Z-scores as a predictor variable.  To assess the predictive role of Z-scores on axial and refractive develop-
ment, the longitudinal dataset (226 children) was employed. Age, gender, and axial length data at the first visit
were used to determine the Z-scores. A linear regression analysis between Z-scores (first visit) and axial length
values (third visit) revealed a significant direct relationship in females (F(1,85)=143.77, r=0.79, p<0.001) and
males (F(1,128)=164.43, r=0.75, p<0.001). The linear regression analysis between Z-scores (first visit) and
refractive errors at the third visit showed a significant negative correlation in females (F(1,85)=56.53, r= —0.63,
p<0.001) and males (F(1,128)=40.66, r= -0.49, p<0.001). In contrast, the total change in axial length and
refractive error (difference between first and third visits) were not associated with the Z-scores, in females (axial
length: F(1,85)=0.31, r= —0.06, p=0.58 and refractive error: F(1,85)=1.51, r= —0.13, p=0.22) and males (axial
length: F(1,128)=0.66, r=0.07, p=0.42 and refractive error: F(1,128)=0.01, r=0.01, p=0.95). The lower the
Z-scores at the first visit, the lower the axial length and the more positive the refractive errors at the third visit.
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Figure 2. Z-scores based on axial length, age, and refraction. Female group (left) and male group (right).
(a) Z-scores calculated from the second cross-sectional dataset and superimposed on the Z-score curves
derived from the first cross-sectional dataset. (b) Refractive error distribution as a function of Z-scores and

age. (c) Boxplots of Z-scores as a function of refractive condition. Statistical significance: *p <0.05, **p <0.01,
%%
p<0.001.
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B Standard error | Chi-square(df=1) | OR (95% CI) p-value

Intercept | —1.30 | 1.02 1.63 - 0.20
Hyperopia

Z-scores -3.12 |0.77 16.46 0.044 (0.01-0.20) <0.001

Intercept 0.50 |0.65 0.59 - 0.44
Emmetropia

Z-scores | —1.94 |0.63 9.52 0.144 (0.04-0.49) 0.002

Intercept 373 ]0.53 50.10 - <0.001
Myopia

Z-scores | —1.22 |0.47 6.70 0.297 (0.12-0.74) 0.01

Table 4. Multinomial logistic regression model used to predict high myopia at third visit given Z-score from
first visit. The reference category is high myopia.

A multinomial logistic regression was performed to predict the refractive condition at third visit (hyperopia,
emmetropia, myopia or high myopia) from the first visit Z-scores. The final model significantly predicted the
dependent variable better than the intercept-only model alone in females (x*(3) =18.47, p <0.001) and males
(x*(3)=14.42, p=0.002). Particularly, Z-scores were able to significantly discriminate high myopia from the other
three types of refractive errors developed at the third visit (*(3) =26.96, p <0.001). For each one unit increase
in Z-score, the log-odds of an individual falling into the hyperopia, emmetropia or myopia categories (relative
to the high myopia category) is predicted to decrease by 3.12, 1.94 and 1.22 units, respectively. Moreover, as
reported in the odds ratio (OR) column, with increasing Z-score values, the odds of falling into the hyperopia,
emmetropia and myopia categories as changing by a factor of 0.044, 0.144 and 0.297 (Table 4). In both genders,
those individuals classified as high myopes at the third visit were more likely to have higher Z-scores at the
first visit (female group: p=4.02, Std. error=2.03, Xz(l) =3.92, p<0.05; male group: f=1.46, Std. error=0.65,
x2(1)=5.07, p=0.02).

The ROC analysis revealed Z-scores as a good predictive factor for high myopia, with an area under the curve
of 0.84 for females (standard error: 0.04; 95% CI 0.76-0.92, p <0.001) and 0.76 for males (standard error: 0.12;
95% CI 0.52-0.99, p=0.03). As mentioned earlier for both genders, high myopia developed in most of those
children whose Z-score (calculated from axial length) at the first visit was near to or above + 1.0 SD. In females,
the Z-score cut-off value of + 0.88 SD showed sensitivity and specificity of 100.00% and 83.70%, respectively. In
males, the Z-score cut-off value of + 0.91 SD exhibited sensitivity of 71.40% and specificity of 89.40%.

Discussion

In this paper we have illustrated the use of the LMS method for the development of axial length growth curves in
a Chinese school-age population. The LMS method has been used to calculate the LMS parameters, from which
the percentile and Z-score growth curves for axial length have been generated. Additionally, a comparison was
made between the growth curves derived from the LMS parameters and the original curves calculated from the
same study population.

Interestingly, we have observed a close agreement between the percentiles derived from the LMS parameters
and those originally developed'®. Both methodologies showed comparable percentile trends with larger dis-
crepancies at ages 14 and 15. Percentile curves have exhibited an increase in axial length with age. Particularly,
the increase in axial length was percentile-dependent and inconsistent across different ages, with the youngest
individuals increasing the fastest. These findings agree with the trends reported by other percentile growth
studies. However, the rate of axial elongation differs considerably from those reported in European population
studies'"'>13, Interestingly, the largest discrepancies between cohorts occur in the 6 to 9-year age range. In fact,
this is consistent with the annual changes observed within this range, being on average 0.19 mm/year in the
European cohort, while 0.41 mm/year in the Asian. Similar axial elongation rates have been reported by other
authors, who have showed variances based on the refractive condition®. This emphasizes the importance of a
close monitoring of the ocular components during the school years to carefully supervise possible structural
and refractive changes®*?’.

Given the LMS parameters calculated from the reference population, Z-score of any child can be calculated
from their age and axial length. Z-scores showed a defined distribution pattern according to individuals’ refractive
condition and age. Considering the median as a reference, all hyperopic and emmetropic subjects were below it.
In contrast, myopic and high myopic subjects were above it. Z-scores were found to be good predictors for high
myopia. Multinomial analysis revealed Z-scores to be able to discriminate high myopia from the other refractive
conditions. Moreover, ROC analysis revealed good performance values. These findings suggest the feasibility of
Z-scores in the study of ocular component growth patterns, since are based on a reference population and can
be studied as a continuous variable'®.

Despite the reported findings, the main limitation of the study is the failure to consider myopia risk factors
in the generation of the percentile and Z-score growth curves. Applying the effect of risk factors could result in
improved accuracy. Another limitation is the extrapolation of results to other populations. The development
and application of axial length growth curves should consider the geographic area and ethnicity of the study
population. Axial length percentile growth curves for different geographic regions are needed to define global
strategies for myopia prevention.

In summary, we provide a demonstration of the LMS method on ocular axial length data. While the
LMS method has been widely applied in the anthropometric assessment for children and adolescents, its
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implementation has not been extended to the analysis of ocular axial length growth patterns. In this research
we have established for the first time the LMS parameters for axial length, from which we have generated axial
length growth curves comparable to those originally published. Additionally, we have observed the practicality
and helpfulness of the LMS methodology for the calculation of axial length Z-score curves, which enable a more
precise assessment of eye growth during childhood.

We believe, the comprehensive study of ocular growth patterns in school children necessitates the use of valid
methodologies to generate percentile growth curves and Z-scores that can shed light on the field of vision sci-
ence. These findings may assist organizations and governments in evaluating and designing appropriate myopia
prevention programs for children and adolescents.

Methods

Study population and data collection. The current study is based on a secondary analysis of the pop-
ulation from a previously published prospective cross-sectional study of school-aged children from Wuhan,
China'®. Eye data was collected by the Wuhan Center for Adolescent Poor Vision Prevention and Control. A
total of 14,760 individuals (7133 girls and 7627 boys) were included in the study. Three datasets were used: two
cross-sectional datasets and one longitudinal dataset. The first cross-sectional dataset was composed of 6054
girls (9.99+2.47 years) and 6500 boys (9.90 +2.48 years) and was used to generate the growth curves for axial
length, which served as a reference. The second cross-sectional set of data included 987 girls (9.36 +2.39 years)
and 993 boys (9.32 +2.45 years) and assisted in showing the methodology implementation and in observing the
distribution of generated growth curves as a function of refractive errors and axial length data. The longitudinal
dataset consisted of 226 children (92 girls and 134 boys) with a total of three appointments over time and a mean
time difference between the first and the third appointment of 2.67 +2.96 years for girls and 2.57 +2.77 years for
boys. The longitudinal dataset was used to explore the efficiency of the newly calculated curves in predicting
high myopic values.

Cycloplegic spherical refractive error data was obtained using the Topcon CV-3000 autorefractometer (Top-
con, Tokyo, Japan). Axial length data was measured using a non-contact optical biometer, Lenstar LS900 (Haag-
Streit AG, Koeniz, Switzerland). For more information on the study population and data acquisition, see Sanz
Diez et al.!’.

The study and data acquisition were approved by the Ethical Committee of the Wuhan Center for Adolescent
Poor Vision Prevention and Control. Written and oral information was given, after which written informed
consent was obtained from all participants or legal representatives. The study was conducted in accordance with
the Declaration of Helsinki.

Percentile curves based on LMS method. Considering the purposes of the current study and the per-
centile range chosen in groundbreaking studies on axial length percentiles'®!!, nine percentile curves (2nd, 5th,
10th, 25th, 50th, 75th, 90th, 95th and 98th) were generated. Here, percentiles were constructed through the LMS
method, described by Cole'®2°. The LMS method is a mathematical model that allows to fit longitudinal and
cross-sectional anthropometric data, ocular axial length here, to obtain normalized percentile curves®>?!. LMS
method summarizes the distribution of the variable of interest according to age, based on three parameters or
curves: L (A\), M (p), and S (o). These three parameters indicate the power in the Box-Cox transformation for
the skewness adjustment (L), the median (M), and the generalized coefficient of variation (S) for each annual
measurement. Assuming the residuals follow a normal distribution and by using the three estimated parameters
(L(x), M(x) and S(x)) for each age (x), axial length values can be converted into percentiles and Z-scores. Percen-
tiles at age (x) can be calculated from Eq. (1), where C,4,(x) is the 100,-th percentile rank and Z, is the desired
percentile in standard deviation units.

1

M@)[14+ L(x)S(x)Ze]™™ 5 L(x) #0
Crooa (%) = . (1)
M(x)exp[S(x)Zy]; L(x) =0

The corresponding Z-scores at age (x) can be obtained from Eq. (2), where y indicates the individual axial
length measurement.

[ V[{x) ]L(X) -1
Soofco > L) #0
Z= )
il g1
G Lx) =0

Based on the maximum penalized likelihood methodology, LMS curves can be fitted as cubic splines by non-
linear regression'®. The degree of smoothness is defined by three smoothing parameters or equivalent degrees of
freedom (edf). Each edf indicates the complexity of each L, M and S curve. A more detailed description of the
LMS method can be found elsewhere!®-2.

Curve modelling. LMSchartmaker Pro software (version 2.54, Medical Research Council, UK) was used
to calculate the LMS parameters and subsequently construct the axial length growth curves based on the LMS
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method. LMSchartmaker is a software developed by Pan and Cole to fit smooth percentile curves to reference
data using the LMS method?.

Under the software protocol, curve modelling involves selecting the appropriate age scale and choosing the
proper edf values to optimize the L, M and S curves. Deviance measure is the benchmark for model fitting and
curves optimization: the smaller the deviance measure, the better the optimization of the L, M and S curves. As a
deviance measure, this study followed the authors’ recommendations, and therefore Schwarz Bayesian Criterion
(SBC) was used as a deviance measure for model fitting®. A more complete information of the software model-
ling statistics can be seen elsewhere?®. Following Sanz Diez et al., axial length growth curves were computed
considering both gender and age'’.

Statistical analysis. Statistical analyses were performed using the MATLAB R2020a statistical toolbox
(MathWorks, USA) and SPSS statistical software package, v-27.0 (SPSS, Chicago, Illinois, USA). Data distri-
bution was inspected visually (frequency distribution and quantile-quantile plot) and statistically (Kolmogo-
rov-Smirnov test). Statistical analyses were done using the appropriate tests depending on the data distribu-
tion. Differences were considered statistically significant when p <0.05. Results are provided as mean + standard
deviations. Multinomial logistic regression was performed, with refractive state condition as dependent outcome
variable. Cox and Snell’s, Nagelkerke’s and McFadden’s goodness-of-fit tests were used to evaluate the fit of the
model. Likelihood ratio tests were used to assess the contribution of the independent variable to the model.
Receiver operating characteristic (ROC) analysis was conducted to assess the diagnostic performance of Z-scores
as a prediction model. ROC area of 1.0 indicates an ideal test, while an area of 0.5 describes an inaccurate test.
Comparisons of percentile curves of axial length data between original growth curves!® and growth curves
derived from the LMS method were performed in two ways. First, a comparison of the original and the newly
calculated percentiles was prepared by means of a graphical superimposition of each of them. Second, differ-
ences between the percentile cut-off values of both growth curves were assessed by the Student’s t-test at all ages.
To cluster the results according to the spherical refractive error (SR), four conditions were used: hyperopia
(SR> +0.50D), emmetropia (—0.50 < SR< +0.50D), myopia (SR< —0.50D), and high myopia (SR< —6.00D).

Data availability
The datasets generated during the current study are available from the corresponding author on reasonable
request.

Received: 20 October 2021; Accepted: 10 March 2022
Published online: 22 March 2022

References

1. WHO Multicentre Growth Reference Study Group. WHO Child Growth Standards based on length/height, weight and age. Acta
Paediatr. Suppl. 450, 76-85. https://doi.org/10.1111/j.1651-2227.2006.tb02378.x (2006).

2. WHO Multicentre Growth Reference Study Group. An evaluation of infant growth: The use and interpretation of anthropometry
in infants. WHO Working Group on Infant Growth. Bull. World Health Organ. 73, 165-174 (1995).

3. Cole, T.]. The development of growth references and growth charts. Ann. Hum. Biol. 39, 382-394. https://doi.org/10.3109/03014
460.2012.694475 (2012).

4. Roche, A. F. & Himes, J. H. Incremental growth charts. Am. J. Clin. Nutr. 33, 2041-2052. https://doi.org/10.1093/ajcn/33.9.2041
(1980).

5. Cacciari, E. et al. Italian cross-sectional growth charts for height, weight and BMI (2 to 20 yr). J. Endocrinol. Investig. 29, 581-593.
https://doi.org/10.1007/BF03344156 (2006).

6. Wright, C. M. et al. Using the new UK-WHO growth charts. BMJ 340, c1140. https://doi.org/10.1136/bmj.c1140 (2010).

7. Waterlow, J. C. et al. The presentation and use of height and weight data for comparing the nutritional status of groups of children
under the age of 10 years. Bull. World Health Organ. 55, 489-498 (1977).

8. Jones, L. A. et al. Comparison of ocular component growth curves among refractive error groups in children. Investig. Ophthalmol.
Vis. Sci. 46, 2317-2327. https://doi.org/10.1167/i0vs.04-0945 (2005).

9. Wong, H. B., Machin, D., Tan, S. B., Wong, T. Y. & Saw, S. M. Ocular component growth curves among Singaporean children with
different refractive error status. Investig. Ophthalmol. Vis. Sci. 51, 1341-1347. https://doi.org/10.1167/i0vs.09-3431 (2010).

10. Sanz Diez, P, Yang, L. H., Lu, M. X., Wahl, S. & Ohlendorf, A. Growth curves of myopia-related parameters to clinically monitor
the refractive development in Chinese schoolchildren. Graefes Arch. Clin. Exp. Ophthalmol. 257, 1045-1053. https://doi.org/10.
1007/500417-019-04290-6 (2019).

11. Tideman, J. W. L. et al. Axial length growth and the risk of developing myopia in European children. Acta Ophthalmol. 96, 301-309.
https://doi.org/10.1111/a0s.13603 (2018).

12. Chen, Y., Zhang, J., Morgan, I. G. & He, M. Identifying children at risk of high myopia using population centile curves of refrac-
tion. PLoS ONE 11, e0167642. https://doi.org/10.1371/journal.pone.0167642 (2016).

13. McCullough, S. et al. Axial growth and refractive change in white European children and young adults: Predictive factors for
myopia. Sci. Rep. 10, 15189. https://doi.org/10.1038/541598-020-72240-y (2020).

14. Truckenbrod, C. et al. Reference curves for refraction in a German cohort of healthy children and adolescents. PLoS ONE 15,
€0230291. https://doi.org/10.1371/journal.pone.0230291 (2020).

15. Truckenbrod, C. et al. Longitudinal analysis of axial length growth in a German cohort of healthy children and adolescents. Oph-
thalmic Physiol. Opt. https://doi.org/10.1111/0p0.12817 (2021).

16. Preedy, V. R. (ed.) Handbook of Anthropometry Physical Measures of Human Form in Health and Disease (Springer, 2012).

17. Borghi, E. et al. Construction of the World Health Organization child growth standards: Selection of methods for attained growth
curves. Stat. Med. 25, 247-265. https://doi.org/10.1002/sim.2227 (2006).

18. Cole, T.]. & Green, P. J. Smoothing reference centile curves: The LMS method and penalized likelihood. Stat. Med. 11, 1305-1319.
https://doi.org/10.1002/sim.4780111005 (1992).

19. Cole, T. J. The LMS method for constructing normalized growth standards. Eur. J. Clin. Nutr. 44, 45-60 (1990).

20. Cole, T.]. Fitting smoothed centile curves to reference data. J. R. Stat. Soc. 151, 385-418. https://doi.org/10.2307/2982992 (1988).

21. Box, G. & Cox, D. An analysis of transformations. J. R. Stat. Soc. 26, 211-252 (1964).

Scientific Reports |

(2022) 12:4850 | https://doi.org/10.1038/s41598-022-08907-5 nature portfolio


https://doi.org/10.1111/j.1651-2227.2006.tb02378.x
https://doi.org/10.3109/03014460.2012.694475
https://doi.org/10.3109/03014460.2012.694475
https://doi.org/10.1093/ajcn/33.9.2041
https://doi.org/10.1007/BF03344156
https://doi.org/10.1136/bmj.c1140
https://doi.org/10.1167/iovs.04-0945
https://doi.org/10.1167/iovs.09-3431
https://doi.org/10.1007/s00417-019-04290-6
https://doi.org/10.1007/s00417-019-04290-6
https://doi.org/10.1111/aos.13603
https://doi.org/10.1371/journal.pone.0167642
https://doi.org/10.1038/s41598-020-72240-y
https://doi.org/10.1371/journal.pone.0230291
https://doi.org/10.1111/opo.12817
https://doi.org/10.1002/sim.2227
https://doi.org/10.1002/sim.4780111005
https://doi.org/10.2307/2982992

www.nature.com/scientificreports/

22. Flegal, K. M. & Cole, T. J. Construction of LMS parameters for the Centers for Disease Control and Prevention 2000 growth charts.
Natl. Health Stat. Rep. 11, 1-3 (2013).

23. Kuczmarski, R. J. et al. 2000 CDC growth charts for the United States: Methods and development. Vital Health Stat. 11, 1-190
(2002).

24. Fenton, T. R. & Sauve, R. S. Using the LMS method to calculate z-scores for the Fenton preterm infant growth chart. Eur. J. Clin.
Nutr. 61, 1380-1385. https://doi.org/10.1038/sj.ejcn.1602667 (2007).

25. Cole, T.]., Bellizzi, M. C., Flegal, K. M. & Dietz, W. H. Establishing a standard definition for child overweight and obesity worldwide:
International survey. BMJ 320, 1240-1243. https://doi.org/10.1136/bmj.320.7244.1240 (2000).

26. Brennan, N. A., Toubouti, Y. M., Cheng, X. & Bullimore, M. A. Efficacy in myopia control. Prog. Retin. Eye Res. https://doi.org/10.
1016/j.preteyeres.2020.100923 (2020).

27. Chamberlain, P, Lazon de la Jara, P, Arumugam, B. & Bullimore, M. A. Axial length targets for myopia control. Ophthalmic Physiol.
Opt. 41, 523-531. https://doi.org/10.1111/0po.12812 (2021).

28. LMSchartmaker, a program to construct growth references using the LMS method. Version 2.54 (2011).

Acknowledgements

We acknowledge support by Open Access Publishing Fund of University of Tuebingen. Eberhard-Karls-Uni-
versity Tuebingen (ZUK 63) as part of the German Excellence Initiative from the Federal Ministry of Education
and Research (BMBF).

Author contributions

P.S.D.: Conceptualization, Planning, Methodology, Formal analysis, Data curation, Writing—Original draft
preparation and Visualization. L.H.Y.: Methodology, Data curation, Writing—Review & Editing. M.X.L.: Meth-
odology, Data curation, Writing—Review & Editing. W.K.: Methodology, Writing—Review & Editing. S.W.:
Supervision, Funding acquisition, Project administration, and Writing—Review & Editing.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-08907-5.

Correspondence and requests for materials should be addressed to P.S.D.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:4850 | https://doi.org/10.1038/s41598-022-08907-5 nature portfolio


https://doi.org/10.1038/sj.ejcn.1602667
https://doi.org/10.1136/bmj.320.7244.1240
https://doi.org/10.1016/j.preteyeres.2020.100923
https://doi.org/10.1016/j.preteyeres.2020.100923
https://doi.org/10.1111/opo.12812
https://doi.org/10.1038/s41598-022-08907-5
https://doi.org/10.1038/s41598-022-08907-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	LMS parameters, percentile, and Z-score growth curves for axial length in Chinese schoolchildren in Wuhan
	Results
	LMS parameters. 
	Percentile growth curves derived from LMS parameters. 
	Comparison with original growth curves (Sanz Diez et al.10). 
	Z-scores. 
	Z-scores as a predictor variable. 

	Discussion
	Methods
	Study population and data collection. 
	Percentile curves based on LMS method. 
	Curve modelling. 
	Statistical analysis. 

	References
	Acknowledgements


