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Abstract

Purpose—To study the association of clinical factors and optical coherence tomography (OCT) 

retinal imaging with axial length (AL) and AL growth in preterm infants

Methods—Among a subgroup of infants from the prospective BabySTEPS study who were 

screened for retinopathy of prematurity (ROP) and had both AL measured and OCT imaging 

performed, we analyzed data collected prior to 42 weeks postmenstrual age (PMA) and prior to 

ROP treatment. Using linear mixed effects models, we evaluated associations between AL and AL 
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growth with gestational age (GA), birthweight, PMA, sex, race, multiparity, maximum ROP stage, 

and OCT features.

Results—We included 66 infants (132 eyes), mean GA = 27.6 weeks (SD = 2.3; range: 23.0–

34.4) and mean birthweight = 961 g (SD = 269, range: 490–1580). In the final predictive model, 

longer AL was associated with earlier GA, higher birthweight, later PMA, non-White race, and 

thicker subfoveal choroid (all p values ≤ 0.01). AL increased linearly up to 42 weeks PMA. There 

was no difference in AL growth rate by GA, sex, race, multiparity, maximum ROP severity, central 

foveal thickness, or subfoveal choroidal thickness (all p values > 0.05); but AL growth rate was 

slower in infants with lower birthweight (p = 0.01).

Conclusions—Among preterm infants, those with earlier GA, higher birthweight, later PMA, 

non-White race, and thicker subfoveal choroid had the longest AL. AL increased linearly up to 42 

weeks PMA and lower birthweight was associated with slower AL growth. These findings may 

improve the accuracy of measurements taken on preterm infants using imaging techniques affected 

by AL (e.g., measuring lateral dimensions on OCT).

Trial registration https://clinicaltrials.gov/ct2/show/NCT02887157, date of registration: August 

25, 2016
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Introduction

Optical coherence tomography (OCT) imaging has revolutionized the practice of 

ophthalmology by providing high-resolution, cross-sectional images of the eye. OCT 

imaging is non-contact, does not require visible light, and is relatively quick to perform, 

making it well-suited for imaging infant eyes. While not routinely used to screen infants 

for retinopathy of prematurity (ROP), bedside OCT imaging of preterm infants has been 

able to elucidate findings not seen clinically using binocular indirect ophthalmoscopy 

and may help guide treatment decisions. Among preterm infants, OCT images have been 

shown to correlate with major histologic findings [1], to demonstrate delayed maturation of 

photoreceptors in very preterm compared to age-matched term infants [2], and to identify 

foveal involvement and help differentiate retinal detachment from retinoschisis among eyes 

with stage 4 ROP [3].

To increase the utility of OCT imaging, obtaining accurate measurements and understanding 

the relationships between eye size and ocular structures are important. Because axial length 

(AL) changes the magnification of lateral dimensions of retinal structures on OCT imaging 

[4], to calibrate OCT imaging to obtain accurate measurements, it is important to understand 

the “standard” AL and AL growth in eyes of preterm infants. It is known that AL increases 

with age, and the greatest increase in AL of the human eye occurs in the youngest age 

groups [5]. In studies of preterm infants in their first year of life, AL has been shown to have 

a linear growth pattern, both among eyes that do and do not develop ROP [6–9]. One study 

found that compared to age-matched full-term infants, the AL of preterm infants is shorter 
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up to 7 years of age, but this difference diminished over time, and there was no difference 

by 8–10 years of age [10]. Previous studies among preterm infants have found associations 

between increasing AL and later gestational age (GA) [11, 12], higher birthweight [10–12], 

and male sex [8] but mixed results regarding an association between AL and higher stage/

severity of ROP [7–9, 12, 13]. Among preterm infants, the relationship between AL and 

OCT measurements of ocular structures (e.g., subfoveal choroidal thickness and central 

foveal thickness) is unknown.

The purpose of this study was to evaluate the association of clinical factors (i.e., prematurity 

and severity of ROP) and OCT measurements of ocular structures (i.e., subfoveal choroidal 

thickness and central foveal thickness) with AL and AL growth in preterm infants.

Methods

This study was approved by the Duke Health System Institutional Review Board and 

adhered to the tenets of the Declaration of Helsinki.

This study was conducted as part of a prospective study, BabySTEPS (clinical trials.gov 

identifier: NCT02887157). As part of the BabySTEPS study, infants undergoing routine 

ROP screening in the neonatal intensive care unit at Duke University Hospital were 

prospectively enrolled, OCT images were collected, and in a subset of infants, ALs 

were measured on the same day. The imaging process and system used have been 

previously described [14]. Briefly, certified imagers imaged non-sedated infants lying supine 

using an investigational hand-held swept-source OCT system (Department of Biomedical 

Engineering, Duke University, Durham, NC) with one of two non-contact, ultra-compact 

(UC) probes: the UC2 captured 6.93 × 6.39 mm scans with 512 A-scans per each of 112 

B-scans from September 13, 2016, to October 2, 2018, and the UC3 captured 10 × 10 

mm scans with 1000 A-scans per each of 256 B-scans from October 9, 2018, onward. The 

center foveal scan for each eye was identified by a certified grader and segmented using a 

custom semi-automated proprietary infant-specific software, the Duke OCT Retinal Analysis 

Program Marking Code Baby version 2.0 (MATLAB R2017b; Mathworks, Natick, MA). 

After routine ROP screening was performed with binocular indirect ophthalmoscopy by a 

fellowship-trained pediatric ophthalmologist, an A-scan biometer (Sonomed Master-Vu® 

universal serial bus (USB) ultrasound system, Lake Success, NY) was used to measure 

the AL of both eyes. At the beginning of each day, prior to acquiring ALs, the A-scan 

was calibrated per the manufacturer’s operators’ manual. The 10 MHz A-scan probe was 

connected by a USB cable to a laptop computer. To measure AL, the manual mode was 

selected, and a sanitized A-scan probe was gently placed on the anesthetized infant’s cornea, 

along the visual axis until an image with a steeply rising retinal spike was captured. If more 

than one scan was captured, we used an average of the 2 scans.

For this study, we included all infants who had both OCT images acquired and ALs 

measured prior to 42 weeks postmenstrual age (PMA). Both eyes were included. We 

excluded any data collected ≥ 42 weeks PMA and any data collected after an eye was treated 

for ROP. We included infant demographics, AL, and the following OCT measurements: 

retinal thickness at the foveal center and subfoveal choroidal thickness (center 1 mm).
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All statistical analysis was performed using R (v 3.5.1, R Foundation for Statistical 

Computing, Vienna, Austria). We evaluated the association between AL and each of 

the following variables: GA, birthweight, PMA at the time of OCT imaging and AL 

measurements, sex, race (White, non-White), multiparity (singleton, multiple gestation), 

highest ROP stage ever present (stages 0, 1, 2, ≥ 3), and OCT measurements (central foveal 

and subfoveal choroidal thicknesses) using linear mixed effect models, where random effects 

for subject and eye were used to account for inter-eye correlation within a subject and 

repeated measure correlation for an eye. Simple associations with AL were tested with a 

univariate model and a multivariate model adjusted for PMA. A final predictive model for 

AL was developed using the forward selection approach using a p < 0.05 significance level 

for covariate inclusion. We calculated AL growth rate by modeling PMA as a continuous 

variable and evaluated the effect of each covariate on AL growth rate using a model that 

included the covariate, PMA, and the interaction between them (to compare rates of AL 

growth across groups). Continuous covariates were divided into subsets to provide model 

estimates for AL at PMA = 40 weeks and AL growth rate (in mm/week) for each subset, 

while tests for statistical significance were performed using continuous covariates when 

applicable.

Results

Sixty-six infants (132 eyes) undergoing routine ROP screening fulfilled inclusion criteria 

for this study. Mean GA was 27.6 weeks (standard deviation (SD) = 2.3; range: 23.0–34.4), 

mean birthweight was 961 g (SD = 269, range: 490–1580), 50% were males, 50% were 

White, and 42.4% Black (Table 1). Four (6.1%) infants (8 eyes) were treated for ROP at a 

mean PMA = 36.2 weeks (SD 1.1; range: 35.3–38.0). The highest stage of ROP ever present 

prior to 42 weeks PMA was stage 0 in 45 (34%) eyes, stage 1 in 25 (19%) eyes, stage 2 in 

48 (36%) eyes, stage 3 in 13 (10%) eyes, and stage 4 in 1 (0.8%) eye (Table 1).

Each eye had AL measured longitudinally on average 4 times (SD = 2.3; range: 1–12). 

The mean PMA of the first and last AL measurements were 33.0 (SD = 2.0; range: 30.0–

38.7) and 38.3 (SD = 2.8; range: 30.4–41.7) weeks, respectively. In the univariate analysis, 

longer AL was associated with later GA, higher birthweight, later PMA, highest ROP stage 

ever present, thicker central fovea, and thicker subfoveal choroid (all p values < 0.001, 

Table 2). When adjusted for PMA, longer AL was associated only with later GA (p = 

0.03), higher birthweight (p < 0.001), non-White race (p = 0.014), and thicker subfoveal 

choroid (p < 0.001) (Table 2). In the final predictive model including GA, birthweight, 

PMA, race, and subfoveal choroidal thickness; longer AL was associated with earlier GA 

(p < 0.001), non-White race (p < 0.001), thicker subfoveal choroid (p = 0.003), higher 

birthweight (p = 0.001), and later PMA (p = 0.004), where the birthweight effect increases 

with later PMA (p = 0.01) (Table 3). For PMA < 42 weeks, AL can be estimated using our 

final predictive model by inputting GA, birthweight, PMA, race, and subfoveal choroidal 

thickness (Electronic supplementary information).

Overall, AL increased linearly up to 42 weeks PMA. At PMA = 40 weeks, mean AL 

was 16.07 mm (95% confidence interval (CI): 15.89–16.24) and mean AL growth rate 

was 0.22 mm/week (95% CI: 0.20–0.24). In the model including the covariate, PMA, and 
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their interaction (to compare rates of AL growth across groups), there was no statistically 

significant difference in rate of AL growth by GA (p = 0.14), sex (p = 0.14), highest ROP 

stage ever present (p = 0.08), race (p = 0.29), multiparity (p = 0.70), central foveal thickness 

(p = 0.26), or subfoveal choroidal thickness (p = 0.63); but there was slower AL growth for 

those with lower birthweight (p = 0.02) (Table 4, Fig. 1). While there was no statistically 

significant difference in rate of AL growth by highest ROP stage ever present (p = 0.08), the 

rate of AL growth for stage 0–2 ROP ranged from 0.20 to 0.26 mm/week, while the rate of 

AL growth for stage ≥ 3 ROP was 0.12 mm/week.

Discussion

We found that among preterm infants at risk for ROP, longer AL was associated with earlier 

GA, non-White race, a thicker subfoveal choroid, higher birthweight, and later PMA, where 

the birthweight effect increases with later PMA. We have developed an online calculator 

to estimate AL from the inputs of GA, birthweight, PMA, race, and subfoveal choroidal 

thickness. We found that up to 42 weeks PMA, AL increased linearly, and there was no 

difference in AL growth rate by GA, highest ROP stage, sex, race, multiparity, central foveal 

thickness, or subfoveal choroidal thickness; but those with lower birthweight had slower AL 

growth.

GA is associated with AL. This association held true even after adjusting for PMA and 

creating our final predictive model, which also included birthweight, race, and subfoveal 

choroidal thickness. Interestingly, in both the univariate analysis and the model adjusted 

for PMA, later GA was associated with longer AL; however, in our final predictive model, 

earlier GA was associated with longer AL. While our data supports the positive association 

between GA and AL, the negative association we found in our final predictive model could 

be due to multicollinearity, i.e., more than one variable in our final model is highly linearly 

related, for example, GA is highly correlated to birthweight. The likely positive association 

between GA and AL is supported by other studies which have found AL to be positively 

associated with GA in young children [11, 12].

Higher birthweight is associated with longer AL. This association held true even after 

adjusting for PMA and creating our final predictive model, which also included GA, 

race, and subfoveal choroidal thickness. Interestingly, our final predictive model included 

an interaction term between PMA and birthweight, meaning that the birthweight effect 

increases with later PMA. Our finding is supported by other studies which have found AL 

to be positively associated with birthweight in young children, including former preterm 

infants with and without ROP and term infants [10–12].

We found that among preterm infants, non-White race (predominantly Black in our study) is 

associated with longer AL. This association held true when adjusting for PMA and creating 

our final predictive model, which also included GA, birthweight, and subfoveal choroidal 

thickness. We included race in our analysis because severe ROP is more commonly seen 

in Whites than in Blacks [15–18]. Other studies looking at AL among preterm infants did 

not report the race distribution of their study populations, so we cannot directly compare 
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our results to those of other studies [6–9]. As our study is the first to report an association 

between AL and race, this finding should be validated in future studies.

While a previous study has reported an association between AL and sex, we did not find this 

association. One study found that among preterm infants, males had longer ALs even after 

adjusting for birthweight, PMA, and individual variation in number of AL readings [8].

There are mixed published findings with regard to an association between AL and ROP 

severity. One study that looked at infants with a PMA from 28 to 51 weeks found that 

only between a PMA of 34–37 weeks did those with ROP compared to without ROP have 

a shorter AL (evaluation between AL and ROP severity was not reported) [9]. Another 

study found that even after controlling for PMA, birthweight, sex, variable numbers of AL 

readings, and head diameter, eyes with more severe ROP had shorter ALs [8]. In contrast, 

another study found that when the effects of GA and birthweight were accounted for, 

there was no difference in AL between eyes with different ROP stages [7]. An additional 

study also found no difference in AL between ROP stages, except for longer AL found 

among stage 3 eyes that received cryotherapy (but not laser therapy) [13]. In a study of 

5–15-year-olds, there was no difference in AL between preterm children with versus without 

a history of ROP, but preterm children (with or without a history of ROP) had a shorter AL 

compared to their age-matched full-term controls [19]. Among myopic adults, those with 

a history of ROP (compared to those born full-term) have been shown to have a shorter 

AL [20]. In our univariate analysis, having developed a higher ROP stage was associated 

with a shorter AL, but this association was not significant when adjusted for PMA, and its 

association did not reach a level of significance level to be included in our final predictive 

model.

When adjusted for PMA, subfoveal choroidal thickness (as measured by OCT) in preterm 

infants lying supine is associated with AL, while central foveal thickness is not. The 

association between those with a thicker subfoveal choroid having a longer AL held true 

both when adjusting for PMA and when creating our final predictive model, which also 

included GA, birthweight, and non-White race. Our current findings are supported by 

our previous study, using spectral domain OCT, in which subfoveal choroidal thickness 

increased from 31 to 42 weeks PMA among preterm infants [21]. Our findings contrast 

with multiple studies that demonstrate an inverse correlation between choroidal thickness 

and AL in children; however it is important to recognize that none of these prior studies 

included children under 5 years of age. Among Chinese children 7–13 years old, one study 

found that choroidal, but not retinal, thickness was closely correlated with AL, where thinner 

central foveal choroid was associated with longer AL [22]. Following these children over 

the next year, the authors did not find an association between increasing AL and choroidal 

thinning but did find that increasing AL and choroidal thinning were associated with a 

myopic shift [23]. An additional study among Chinese school children 6–19 years old 

found in multiple regression analysis that thinner central foveal choroid was associated with 

younger age, longer AL, and higher myopia [24]. Evidence suggests that changes in AL 

and biometric measures occur most rapidly within 12 months prior and following myopia 

onset [25]. Another study found that among children 10–15 years old, overall there was 

an increase in subfoveal choroidal thickness longitudinally over 18 months, although there 
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was a significant association between the change in choroidal thickness and the change 

in AL over time where those with faster AL growth had less choroidal thickening over 

time [26]. In a study of choroidal structure in 5–15-year-olds, despite a difference in AL 

between preterm children (with or without a history of ROP) and their age-matched full-term 

controls, they found no significant difference in subfoveal choroidal thickness between these 

groups and no association between subfoveal choroidal thickness and axial length [19]. Our 

study differs from the previous studies in that we are the first study to look at associations 

between OCT measurements and AL of preterm infants very early in life (i.e., prior to 42 

weeks PMA). Thus, our data differ from and are not comparable to published data from 

older (i.e., 5–19 years old) children at a timepoint at which a myopic shift may be occurring. 

We believe that at this very early age, which is prior to the onset of myopic shift, a thicker 

subfoveal choroid is associated with longer axial length.

Among preterm infants at risk for ROP, AL has consistently been reported to increase 

linearly over time up to 52 weeks PMA [6–9], even though the reported rate of AL growth 

has varied between studies. Like previous studies, we found AL to increase linearly up to 42 

weeks PMA. Among studies that included infants with and without ROP, the average rate of 

AL growth ranged from 0.16 to 0.18 mm/week [7–9]. Overall, our study found an average 

rate of AL growth of 0.22 mm/week.

The rate of AL growth appears slower with lower birthweight and may be associated with 

increasing ROP stage/severity. Two previous studies among preterm infants have looked at 

AL growth across groups (i.e., by sex or highest ROP stage). One study which looked at 

a similar time frame (PMA = 32–41 weeks) as our study did not find a difference in AL 

growth rate by sex or highest ROP stage (but did see a trend for slower growth among 

eyes that attained stage 3 ROP compared to no ROP) [8]. Another study, which evaluated 

infants from 32 to 52 weeks PMA, noted that AL growth rate differed between ROP stages, 

where infants that developed threshold disease and were lasered had the slowest AL growth 

rate [7]. While we did not find a statistically significant difference in rate of AL growth by 

highest ROP stage ever present (p = 0.08), the rate of AL growth for those that attained stage 

≥ 3 ROP was almost half of that for those that attained stage 0–2 ROP (i.e,. 0.12 mm/week 

versus 0.20–0.26 mm/week, respectively). We suspect the low number of eyes with severe 

ROP in our study limited our statistical power. While both previous studies [7, 8] and our 

results indicate that a higher ROP stage (in particular stage 3 or higher) is likely associated 

with slower AL growth, it is important to keep in mind that both of the previous studies 

included eyes after they were treated for ROP, whereas our study did not. While we found 

no difference in the rate of AL growth by GA, ROP stage, sex, race, multiparity, central 

foveal thickness, or subfoveal choroidal thickness, we did find a slower rate of AL growth 

for those with lower birthweight (p = 0.015). As our study is the first to report a slower rate 

of AL growth for eyes among preterm infants with lower birthweight, this finding should be 

validated in future studies.

Our study had limitations. Because our analysis included only data collected up to 42 

weeks PMA, our results are not generalizable beyond this age. Because AL measurements 

were performed using a contact method (versus immersion), we cannot rule out some 

measurement variability despite attempting not to place extra pressure on the eye, 
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inadvertently decreasing AL. In addition, average AL measurements may be more accurate 

than single measurements. While we did not routinely perform multiple AL measurements at 

each examination, as was the norm in other studies [6–9], our study coordinator was trained 

to capture images only when she noted a steeply rising retinal spike. While some OCT 

imaging sessions were excluded due to image quality insufficient for choroid measurements, 

the imaging was performed with an investigational swept-source OCT centered on 1050-nm 

wavelength which gave better penetration to the outer choroid margin, thus allowing better 

resolution (i.e., more precise measurements). Because we excluded eyes after receiving 

treatment for ROP, we could not characterize AL growth following treatment for ROP.

Conclusion

Among preterm infants, those with higher birthweight, non-White (in particular Black) race, 

and thicker subfoveal choroid by OCT have the longest AL. AL increases linearly up to 42 

weeks PMA, and the AL growth rate is not affected by sex, ROP stage, race, multiparity, 

central foveal thickness, or subfoveal choroidal thickness; but those with lower birthweight 

have a slower AL growth rate. These findings may improve the accuracy of measurements 

taken on preterm infants using imaging techniques affected by AL (e.g., measuring lateral 

dimensions on OCT).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Messages:

• Previous studies among preterm infants have shown that axial length increases 

linearly in the first year of life and have found associations between longer 

axial length and later gestational age, higher birthweight, and male sex.

• We found that among preterm infants, in addition to higher birthweight, 

longer axial length was associated with non-White race and a thicker 

subfoveal choroid as measured by optical coherence tomography.

• We found that among preterm infants, lower birthweight was associated with 

a slower rate of axial length growth.
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Fig. 1. 
Rate of axial length growth by gestational age, birthweight, and highest retinopathy of 

prematurity (ROP) stage (a) There is no difference in the rate of axial length growth between 

various subsets of gestational age (p = 0.14). (b) There is a statistically significant difference 

in the rate of axial length growth between subsets of birthweight, where the rate of axial 

length growth is slower for those with lower birthweight (p = 0.02). Due to a significant 

interaction between postmenstrual age and birthweight (p = 0.011), the birthweight effect 

increases with later postmenstrual age. (c) While there was no statistically significant 

difference in the rate of axial length growth by highest ROP stage ever present (p = 0.08), 

the rate of axial length growth for stage 0–2 ROP ranged from 0.20 to 0.26mm/week, while 

the rate of axial length growth for stage ≥ 3 ROP was 0.12 mm/week. All graphs include the 

interaction term of each variable with postmenstrual age
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Table 1

Demographic and ocular characteristics of study population

Infant Characteristics (n = 66)

n %

Gestational age (weeks)

23 2 3.0

24 9 13.6

25 5 7.6

26 10 15.2

27 6 9.1

28 14 21.2

29 12 18.2

30 4 6.1

> 30 4 6.1

Birthweight (grams)

≤ 750 19 28.8

> 750 to ≤ 1000 17 25.8

> 1000 to ≤ 1250 23 34.8

> 1250 7 10.6

Sex

Female 33 50.0

Male 33 50.0

Race

White 33 50.0

Black 28 42.4

Asian 2 3.0

Others 3 4.5

Multiparity

Singleton 46 69.7

Multiple gestation 20 30.3

Eye characteristics (n = 132)

Highest retinopathy of prematurity stage ever present before 42 weeks postmenstrual age n %

0 45 34.1

1 25 18.9

2 48 36.4

3 13 9.8

4 1 0.8

Treated for retinopathy of prematurity 8 6.1
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