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Abstract
Objective  To evaluate the repeatability of the optical coherence tomography (OCT) retinal shape measurement with and 
without alignment correction in children and adults.
Methods  62 eyes of the 31 subjects were examined on the OCT with auto-alignment and alignment correction functions. We 
performed three measurements on each eye, created 2D retinal height maps, and extracted horizontal and vertical profiles 
for repeatability analysis and Legendre polynomial representation. Repeatability was determined from the average standard 
deviation. We estimated the refractive errors produced by the observed alignment errors. We also examined the repeatability 
improvement of the slopes, curvatures, and higher-order coefficients for the subjects using the Student t test.
Results  Repeatability was higher in the data with alignment. We observed the average repeatability in the child group with 
standard deviation (SD) equal 38.20 µm in raw data, and SD = 6.11 µm in the corrected data, in adults SD = 17.04 µm in 
raw data, and SD = 5.22 µm in the corrected data. The slope repeatability improved in both child [horizontal t (18) = 4.62, 
p < 0.001 and vertical t (17) = 4.43, p < 0.001] and adult groups [t (18) = 2.73, p = 0.007 and vertical t (26) = 2.14, p = 0.02], 
while higher-order coefficients were not affected.
Conclusions  Alignment correction improved repeatability of the OCT retinal shape measurements, especially for child 
subjects. Curvature and higher-order distortions were not affected by the alignment error. The refractive errors produced by 
alignment errors are low, and the model can be used to estimate the peripheral refraction.
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1  Introduction

Myopia, as one of the most prevalent eye diseases world-
wide [1], is drawing the increasing interest of clinicians 
and researchers. The prevalence of myopia is such that 
it has reached 80–90% among young adults in East and 
Southeast Asia [2, 3], and it has been estimated that it 
will affect nearly 50% of the world population by the year 
2050 [4]. Regular monitoring of the myopic changes in 
the eye is crucial for effective treatment and slowing the 
progression of the condition. Moreover, effective moni-
toring solutions can help prevent various complications, 
such as myopic macular degeneration, retinal detachment, 
cataract, and glaucoma [5], and hence lower the risk of 
blindness as an outcome.

Currently, the gold standard of myopia screening 
includes refraction and axial length as parameters [6, 
7], however, several studies have found significant shape 
distortions in myopic eyes [8–10], making longitudinal 
observation of the changes in the retinal shape a promising 
tactic. For the screening, we need a quick, accurate, and 
cost-effective method of imaging and analyzing eye shape 
and retinal shape in particular. In recent years magnetic 
resonance imaging (MRI) has been broadly used to model 
the eye shape [11–13] and explore any possible relation-
ship with myopia [14–16]. However, the low accessibil-
ity of this method in clinical practice required finding 
an alternative. Therefore, optical coherence tomography 
(OCT) imaging has become a prospective solution for its 
daily use in clinical practice and higher image resolution. 
Subsequent studies have confirmed that OCT modeling can 
replace the use of MRI for posterior eye shape [17]. OCT 
imaging potentially allows for the creation of a model of 
the whole eye [18], as well as for the estimation of the 
peripheral refraction.

The effect of the peripheral retina on refraction develop-
ment has been studied for more than five decades [19], to 
find a method to prevent ocular shape changes and there-
fore forming of the refractive error. Using simple lenses 
without consideration of peripheral refraction for myopia 
management imposes hyperopic defocus on the peripheral 
retina, which can lead to myopic growth and progression 
of myopia [20, 21]. However, peripheral defocus-modify-
ing contact lenses are able to slow and even reverse the 
myopic eye growth [22, 23], by creating myopic defocus. 
Orthokeratology also modifies peripheral refraction as a 
therapeutic effect [24]. Knowledge of the precise retinal 
shape can aid the precision of the lens prescription and 
evaluation of the effectiveness of the treatment.

The retina may have some tilt against the anterior part 
of the eye. Unfortunately, conventional OCT measure-
ments of the eye shape cannot evaluate the tilt of the retina 

because the retinal tilt in the OCT varies depending on 
the alignment of the OCT device to the eye. In the present 
study, we are introducing correction of the tilt distortion 
due to alignment error for precise analysis of OCT retinal 
shape. We are showing the improvement of the repeatabil-
ity of the measurement with alignment correction, which 
potentially allows us to study the retina shape free of dis-
tortions. We are also presenting the accuracy of the tilt 
correction evaluated through a higher-order polynomial 
fitting.

2 � Subjects and methods

2.1 � Participants

We performed a prospective study of the subjects with dif-
ferent levels of refractive errors recruited from the Depart-
ment of Ophthalmology at the University of Tsukuba Hos-
pital, Japan. The study was approved by the Institutional 
Review Board of the University of Tsukuba. The present 
research followed the tenets of the Declaration of Helsinki. 
The operator (clinician or researcher) explained the nature 
of the experiment and the terms of personal data use and 
obtained informed consent from adult patients and parents 
or legal representatives of child patients before the measure-
ments were obtained.

The data of 62 eyes of 31 healthy subjects were used for 
the analysis. The study included 17 children between the 
ages of 8–13 (mean age 11.00 ± 1.22 years) and 14 adults 
between the ages of 23–62 (mean age 39.01 ± 13.22 years). 
The refractive errors varied in the child group from − 6.11D 
to − 0.70D [mean spherical equivalent (SE) − 3.31 ± 1.81D] 
and from −  7.32 to 0.52 in the adult group (mean SE 
− 3.20 ± 2.44D). The inclusion criteria for the subjects were 
that they were between 7 and 65 years old. A history of 
surgical myopia correction, as well as the presence of any 
inflammatory eye diseases, were exclusion criteria.

2.2 � Measurements and instruments

All of the measurements were performed on non-dilated 
pupils. Eye fundus was scanned by a commercial spectral-
domain OCT (3D-OCT-1, Topcon, Japan) with an auto-
alignment function. The commercial device provides OCT 
volume data and alignment information, during measure-
ment. The custom prototype software (Topcon, Japan) 
developed for this study was used to correct OCT shape in 
post-process due to alignment error during measurement, 
which is explained in detail in the following section. We 
define the correction as alignment correction in this study. 
The assessment included the objective refraction and kerato-
metry data from a Hartmann-shack wavefront aberrometer 
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(KR-1 W, Topcon, Japan), an axial length from a low coher-
ence interferometer biometry (IOLMaster 700, Carl Zeiss 
Meditec AG, Germany), and an open-view refractometer 
(WAM-5500, Shigiya, Japan).

2.3 � Alignment correction

The main error source of the OCT retinal shape measure-
ments is the alignment error of the difference between the 
entrance pupil center and the scanning pivot point of OCT 
probing light. OCT measures not physical shape but optical 
path length, and, therefore, OCT image is distorted by align-
ment errors and anterior eye optics. Optical distortion cor-
rection was devised using a commercial ray-tracing analysis 
program (CodeV, Synopsys, inc. USA) and the Gullstrand 
eye model [25]. Figure 1(A) and (B) represent the cases 
where an alignment error of 500 µm exists along the lateral 
and axial direction. We can see that OCT image deforma-
tion is more sensitive to lateral alignment error which is 
corrected by the alignment correction function developed 
for this study.

As commercially available feature, the OCT used in this 
research has stereo cameras to get and record the alignment 
error in 3-dimensions (Fig. 2). The stereo cameras are built-
in at both the sides of the objective lens tilted against the 
OCT optical axis and take images of the anterior eye from 
left-side and right-side views. The entrance pupil position 
of the eye is analyzed from the anterior images, and the 
position is analyzed based on the disparity of two images 
taken by both cameras. The theoretical resolution of the 
alignment measurement is 44 µm in a lateral direction and 
25 µm in an axial direction. The built-in commercial func-
tion of auto-alignment adjusts the instrument position so 

that the alignment error is minimized. The auto-alignment 
function is deactivated during OCT data acquisition, and 
residual alignment error exists during measurement, which 
reduces the reproducibility of shape measurement in OCT. 
The alignment error during OCT measurements is saved at 
30 Hz. Then, cubic interpolation is used to calculate the 
alignment error for each B-frame. In post-process, the align-
ment correction function calculates OCT distortion corre-
sponding to the recorded alignment error and corrects the 
distortion for every B-frame.

2.4 � OCT imaging protocol

The images were collected using the fully automatic OCT 
with auto-alignment function. The size and definition of the 
raw images are horizontal 12 mm by vertical 9 mm. We per-
formed OCT imaging with a horizontal scan mode and verti-
cal scan mode to obtain reliable data considering possible 
eye movements. For the horizontal scan mode, the number of 
horizontal scans is 128 and each included 512 A-scans. For a 
vertical scan mode, the number of vertical scans is 128 and 
each included 512 A-scans. Alignment correction software 
then was used to create distortion-corrected data and resize 
it to 512 × 384 pixels over 12 × 9 mm. A merged 2D map 
was generated by combining the resized data acquired with 
horizontal-scan and vertical scan. The subjects from both 
the children and adult groups underwent the pair of horizon-
tal- and vertical-scan-mode measurements 3 times for each 
eye. The subjects were instructed to keep their heads steady 
during imaging sessions, refrain from blinking while scans 
were taken, and rest their eye between each acquisition. The 
scans containing artifacts or blinking within 3 mm radius 
centered at the fovea in the en face 2D map were discarded 

Fig. 1   Modeling of OCT profile deformation by alignment error. (A, 
B) Schematic illustration of alignment error and OCT profile change. 
Solid lines indicate OCT retinal shape profiles taken under ideal con-
figuration with no alignment error of relative position between system 

and eye. Dashed lines indicate OCT retinal shape profiles taken with 
an alignment error of ∆ = 500 µm a along the lateral direction and b 
along the axial direction
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and retaken (Fig. 3). The OCT procedure was performed on 
a non-dilated pupil with no glasses and contact lenses.

2.5 � Retinal shape representation

The retinal pigment epithelium (RPE) segmented line was 
obtained from OCT B-scan images with commercial soft-
ware (IMAGEnet6, Topcon, Japan) and was defined as reti-
nal shape. Fovea center was chosen as a central point in this 
model, where x = 0, y = 0 at the fovea center, with x indi-
cating the horizontal and y the vertical position. The retinal 
OCT height HOCT(x, y) was calculated based on the RPE 
segmentation line at the fovea center as

OPLRPE(x, y) is optical path length to RPE at the position 
x, y. The RPE height data corresponding to the vertical and 
horizontal central sections was chosen for the analysis and 
defined as vertical and horizontal profiles respectively.

We also represented the retinal shape using curve estima-
tion, to study the repeatability of the slope, curvature, and 
the 3rd and 4th order coefficients between the scans in raw 
and aligned data using the Legendre polynomial fitting [26]. 
We omitted the parts of the profiles corresponding to the 
optic nerve head and the image edges. We adjusted all pro-
files to be close to the same size in tissue (8.68 ± 0.01 mm) 
for the most accurate comparison.

HOCT(x, y) = OPLRPE(0, 0) − OPLRPE(x, y)

Fig. 2   Image of the OCT device 
used in the study and the pho-
tographic demonstration of the 
position of the stereo cameras 
and their view angle

Fig. 3   Sample images of one measurement taken with OCT device. 
A OCT fundus image with RPE segmentation line (lower green 
line). B Fundus image. The square shows an area used in the analysis 
(± 3 mm from the fovea center)
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2.6 � Statistical analysis

We used the data of the right eyes for representation. For the 
evaluation of the measurement precision, we checked the 
standard deviation (SD) among the horizontal and vertical 
profiles from the data of 3 measurements. We used the data 
points 3 mm from the fovea for analysis, therefore omitting 
the optic nerve head (ONH) area, since the RPE segmenta-
tion is not reliable around the ONH area. The profiles were 
extracted from the 2D maps, which represent the numerical 
values of the OCT retinal height, and were created using the 
prototype software (Topcon Co, Japan). We compared the 
repeatability in the profiles of the raw data with the data after 
the software alignment correction. We also compared child 
and adult data to investigate the efficacy and limitations of 
the measurement in children. We estimated the repeatabil-
ity of refraction measurements from the repeatability of the 
OCT retinal height measurements using the formula,

(SD of refraction) = (SD of OCT retinal height) × (aver-
age refractive power = 60 D)/(average axial length = 24 mm).

Moreover, we compared the standard deviations of the 
polynomial coefficients obtained from the data of 3 measure-
ments, with and without alignment correction in each group 
and section using a paired two-sample t test. We also dem-
onstrated the change of the coefficient repeatability as the 
difference of the SD, which was defined as the SD of Leg-
endre polynomial coefficients before the numerical motion 
correction subtracted by that after the correction.

3 � Results

The tilt correction helped to significantly improve the preci-
sion of the measurement. Figure 4 shows whole horizontal 
profiles obtained from one of our child measurement data 
with and without alignment correction.

Table 1 shows height repeatability at 3 mm point from 
the macular center for each group and scan direction, and an 
expected refractive error produced by the alignment errors.

We observed the best repeatability in the horizontal 
scans in the child group (5.86 µm) and the vertical scan in 
the adult group (4.61 µm). The maximal average SD in the 
compensated retinal shape measurements was 6.36 µm in 
the child group and 5.82 µm in the adult group, which were 
corresponding to 0.016D and 0.015D in spherical errors in 
refraction, respectively.

Alignment errors occurred in a few cases, especially in 
the vertical profiles in child groups, where head movements 
created large differences in the z-position of the scans, pro-
ducing significant differences between the measurements; 
however, software correction normalized the retina posi-
tion on the scans, therefore decreasing the error and cre-
ating high average repeatability in all sections. Therefore, 

the difference between the repeatability in the vertical and 
horizontal scans in the raw data is likely caused by the effect 
of the alignment error (Fig. 5).

Repeatability of the slopes has improved significantly 
after alignment correction in the adult group in both hori-
zontal [t (18) = 4.62, p < 0.001] and vertical [t (17) = 4.43, 
p < 0.001], as well as in the child group in both horizontal [t 
(18) = 2.73, p = 0.007] and vertical [t (26) = 2.14, p = 0.02] 
profiles (Table 2). Curvatures and higher-order coefficients 
did not change significantly. Figure 6 shows the difference 
of SD of the coefficients in 3 measurements between the 
data with and without alignment correction for each subject.

4 � Discussion

Good repeatability of height measurements of retinal shapes 
after alignment calibration was observed for both child and 
adult eyes. The repeatability is good enough to predict off-
axis refraction by simulation with retinal shape.

In raw OCT height data, the repeatability of child meas-
urements was 2.24 times worse than that of adults. In 5 
cases significant alignment errors were observed in child 
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Fig. 4   Whole horizontal profiles of three repeated measurements 
from a sample child data. A The data without alignment correction. 
B The data with alignment correction. Abbreviation: RPE retinal pig-
ment epithelium
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data before correction. In these cases, large alignment errors 
occurred in the optical axis direction. One of the possible 
reasons is the physiologically lower ability to maintain fixa-
tion on a target [27] during the measurements. Other errors 
we found in image processing, which occurred not only in 

child measurements but also in adult measurements, were 
caused by artifacts and eye movements, undetected on the 
primary image quality screening performed by the operator.

In the present stage of the study, we discovered certain 
limitations in using the technique in children. Apart from 
the above-mentioned physiological properties, the behav-
ioral difference in children can affect the result’s quality, 
such as a short period of concentration on the procedure and 
decreasing control over eye and body movements during the 
repeated measurements. Children also might need assistance 
in keeping the correct head position between and during the 
measurements, due to their higher reactivity to distractions 
appearing in the clinic environment and the fatigue caused 
by the unusual circumstances. Nevertheless, the obtained 
results show good efficacy of the alignment correction and 
seem promising for further investigation.

The repeatability of slopes improved in both groups after 
the correction, however, we observed no significant change 
in the curvature and higher-order coefficients. In the analy-
sis, we omitted the ONH area, due to the disruption of RPE, 
as well as the edges of the images since the compensation of 
eye movements and adjustment of the macular center caused 
a small image shift. However, it didn’t affect the reliability 
of the polynomial fitting. We were able to include the area 
further than 3 mm from the macula because the Legendre 
fitting allowed us to ignore small height aberrations.

Lateral alignment error induces asymmetric distortion 
and axial alignment error affects curvature in OCT images. 
While creating the model, we found that OCT profiles are 
more sensitive to lateral alignment errors than axial align-
ment errors. The theoretical considerations perfectly explain 
our measurement results in which we found large repeat-
ability errors in raw data, caused mainly by the tilt errors. 
Furthermore, those errors were corrected by the calibration 
method using alignment error measurement data during 
OCT scanning.

Table 1   Repeatability of 
the OCT retinal height 
measurement values and 
estimated refractive errors

OCT height data with cor-
rection, µm

Refractive error, D Raw OCT height data, 
µm

Refractive 
error, D

Adults
 Horizontal 5.82 0.015 19.84 0.050
 Vertical 4.61 0.012 14.25 0.036

Children
 Horizontal 5.86 0.015 24.34 0.061
 Vertical 6.36 0.016 52.06 1.030
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Fig. 5   Average repeatability of the OCT retinal height measurements 
in child and adult groups with and without alignment correction. A 
Average standard deviation (AVE SD) in the horizontal profiles. B 
Average SD in the vertical profiles. Abbreviation: AVE SD average 
standard deviation
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As we introduced, myopia has been intensively studied 
concerning both its progression and prevention. Some of the 
prevention methods, including orthokeratology and low dose 
atropine, have been proven to be effective in slowing myopia 
progression. Standard myopia screening methods are objective 
refraction and axial length measurements. The retinal shape 
is one of the candidates for early detection and prediction of 
myopia progression. Verkicharla et al. proposed the classifica-
tion of retinal shapes [28], which they observed after collecting 
the clinical data on off-axis refraction. They found asymme-
try in the retinal shape, and good repeatability of the slope 
measurement of the retinal profile would be crucial for detect-
ing this. OCT retinal shape measurement is readily available 
for clinical screening using our correction method, and it can 
measure both horizontal profiles and vertical profiles.

The reported results were obtained in the preliminary stage 
of the study; we estimated repeatability from analysis in which 
we did not fully use our clinical data. For example, we did not 
use axial length for the calibration. To obtain the model of a 
true retinal shape, we need to consider the axial length, refrac-
tion, and keratometry.

Our next goal will be estimating peripheral refraction from 
the OCT retinal shape. For this purpose, we will need accurate 
retinal shape measurements. We will achieve this by consider-
ing the axial length and keratometry data we obtained during 
measurements. Meanwhile, we confirmed the repeatability of 
retinal height measurement is 5.7 µm with SD evaluation and 
this will be corresponding to the precision of refractive error 
estimation, which is 0.014 D.

Table 2   Comparison of 
repeatability of the Legendre 
polynomial coefficients

SD standard deviation

Coefficient order 1st 2nd 3rd 4th

Child data Horizontal SD aligned 9.391 2.402 1.339 1.309
SD raw 24.391 2.905 1.748 1.592
t test 2.74, p = 0.01 0.79, p = 0.22 1.20, p = 0.12 0.76, p = 0.23

Vertical SD aligned 9.925 4.012 1.705 2.047
SD raw 22.363 4.463 2.644 1.831
t test 2.14, p = 0.02 0.41, p = 0.34 1.81, p = 0.04 0.46, p = 0.33

Adult data Horizontal SD aligned 4.992 2.073 2.190 1.314
SD raw 19.219 2.570 2.139 1.426
t test 4.62, p < 0.001 1.02, p = 0.16 0.09, p = 0.46 0.45, p = 0.33

Vertical SD aligned 5.586 1.783 1.260 1.226
SD raw 17.697 1.815 1.080 1.131
t test 4.43, p < 0.001 0.09, p = 0.47 0.46, p = 1.71 0.34, p = 0.37
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