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Optical coherence tomography (OCT) has been extensively used as noninvasive tool for biological
tissues owing to its three-dimensional imaging ability and high axial resolution. OCT quality
assurance is vital in these occasions to keep the reliability and accuracy in medical diagnosis. It is
necessary to develop a calibration tool for OCT product manufacture, calibration, and quality
control. A practical tool is demanded in the OCT quality control and calibration of OCT. So far,
there is no such a practical tool that can test all the key parameters of OCT. We design and
fabricate a model eye tool, which has this function. The model eye comprises a doublet lens, a
single ¯lament, a piece of glass plate and the microsphere-embedded phantom. The doublets lens
is bonded by two pieces of planoconvex lenses in the plane position. The ¯rst lens focuses parallel
light onto the rear surface of the second lens. The rear surface marked with concentric circles
serves as retina to measure the angular ¯eld of view (FOV). The small °at surface on the peak of
the second lens is used to test signal to noise ratio (SNR). The single ¯lament with 125�m
diameter is used to check the co-alignment of preview and OCT scan. The empty chamber
between the small plane of the second lens and the ¯rst surface of glass plate is used to measure
the depth scaling of the OCT. The microspheres of 1�m diameter distributed uniformly in the
phantom, which can test the lateral and the axial resolution of OCT equipment. Experimental
results are presented to show the validity of the proposed tool. It is shown that the tool is able to
be used in the calibration and quality control of retinal OCT.

Keywords: Optical coherence tomography; model eye; microsphere-embedded phantom.

1. Introduction

Optical coherence tomography (OCT) is a three-
dimensional micro-imaging technique which was
¯rstly proposed by Huang in 1991.1 OCT has the

same level of high resolution as confocal microscopy,

but larger imaging depth than confocal microscopy.

OCT has the advantage of fast and deep imaging,

high resolution and sensitivity, so it is widely used
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in medical diagnosis and industrial survey.2 Owing
to its noncontact imaging characteristic, OCT is
superior to ultrasound imaging in ophthalmic di-
agnosis, which can avoid the risk of cross infection.

Ophthalmic OCT is one of the most maturity in
terms of OCT application. The ophthalmic OCT
was mainly used in the retinal diagnoses, and ex-
tended to the area of anterior segment later. In
1991, Huang provided the ¯rst demonstration of
OCT imaging on human retina.1 Three years later,
Joseph A. Izatt demonstrated the application of
OCT to perform imaging in the anterior segment of
human eye in vivo. Micron-scale resolution mea-
surements of ocular pro¯le, dimensions, and struc-
ture in the cornea, anterior angle region, and
crystalline lens are reported.3 The ¯rst ophthalmic
OCT entered market as diagnostic equipment in
1996, and the ¯rst anterior segment OCT (Visante
OCT) manufactured by Zeiss showed on the market
in 2005. Since then, ophthalmic OCT has been ex-
tensively used to measure the physiological para-
meters of human eye, such as corneal thickness and
retinal thickness and to monitor eye disease, e.g.,
macular edema.4 The performance of angular ¯eld
of view (FOV), imaging depth, resolution, imaging
speed, and sensitivity has been continually im-
proving.5 The key parameters of retinal OCT in-
strument are angular FOV, SNR, co-alignment of
preview and OCT scan, depth scaling and resolu-
tion. Standard test method and tool have been re-
quired for OCT product development, calibration,
initial test, and quality control. It is necessary to
prove the accuracy of the ophthalmic OCT instru-
ment to ensure its e®ectiveness in clinical diagnoses.
Moreover, it is di±cult to acquire consistent data in
system validation if human eye works as standard
subject. Therefore, a model eye tool that is able to
calibrate the key parameters of retina OCT is highly
needed.

Several relevant studies were reported in recent
years. The National Physical Laboratory (NPL),
National Institute of Standards and Technology
(NIST), and U.S. Food and Drug Administration
(FDA) carried out the researches on the phantom of
point spread function (PSF) to measure the OCT
resolution.6–9 Zhixiong Hu made research on PSF
phantom and model eye with 3D resolution test
targets to evaluate OCT resolution.10,11 Zhenggang
Cao designed model eyes with micro-scale multi-
layer structure to assess the axial resolution of the
OCT.12 Recently, Baxi has implemented a retinal

phantom that emulates the retina with the use of
spin coating of nanoparticle-embedded silicone ¯lms
and laser microetching.13 Hyun-Ji Lee proposed an
advanced retina phantom with a multilayered thin
¯lm and micro°uidic channels to emulate the
human retina so that it can evaluate the quality and
accuracy of OCTA images.14 The OCT resolution can
be given by imaging the micro-spheres and calculating
the FWHMs based on the PSF theory as mentioned
in Refs. 8 and 9. The phantom with micro-spheres
were used in our tool to measure the resolution.

The international organization for standardiza-
tion released an ISO standard (ISO 16971) for the
OCT of posterior segment of human eye in 2015,15

which provided the test method and tool for OCT
device. The eye ground of this tool is °at; however,
true fundus of true human eye is curved. Hence, the
recommended tool is only suitable for small angle in
terms of angular FOV. Moreover, the lateral reso-
lution of OCT is not able to be tested using the tool,
and the method of SNR measurement is not given
by the standard. A practical tool is demanded in the
OCT quality control and calibration of OCT. So
far, there is no such a practical tool that can test all
the key parameters raised by standard ISO 16971.

We develop a model eye tool which can be used
to calibrate the key parameters of retinal OCT. The
model eye is composed of a doublet lenses (two
convex lenses), an angular FOV scale, a single ¯la-
ment, a glass plate, and a microsphere-embedded
phantom. The model eye can focus the incident
light onto the back surface of itself, which is used to
simulate the refractive ability of human eye. The
scale on the back of the second lens is applied to test
the angular FOV, which is manufactured by laser
ablation. The peak of the second lens was cut and a
small °at surface is obtained, which is used to test
the signal-to-noise ratio (SNR) of OCT. The single
¯lament is used to calibrate the co-alignment of
fundus preview and the OCT scan. An empty
chamber is formed between the small °at surface
and the glass plate. Either the thickness of the
chamber or the glass plate can be used to evaluate
the depth scaling of the OCT imaging. The empty
chamber is the ¯rst choice because the empty space
is not a®ected by the accuracy of the refractive
index of glass plate. The microsphere-embedded
phantom contains microspheres with 1�m diame-
ter, which is able to test the lateral and the axial
resolution of OCT device. The model eye can work
as a practical and useful calibration tool on the
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OCT instrument. All the key parameters of OCT
can be tested using one model eye, which is cost-
e®ective and convenient.

2. Methods

To simulate the optical structure and the refractive
power of human eye, we develop the model eye
which is shown in Fig. 1. The model eye contains
¯ve main parts which are a doublet lenses (two
convex lenses), an angular FOV scale, a single ¯la-
ment, a glass plate, and a microsphere-embedded
phantom. The free space light going through the
¯rst lens can be focused on the back surfaces of the
second lens. The scale on the back of the second lens
is used to test the angular FOV, which is manu-
factured by laser ablation. The peak of the second
lens was cut and a small °at surface is obtained. The
small °at surface is used to test the SNR ratio of
OCT. An empty chamber is formed between the
small °at surface and the glass plate. Both the
thickness of the chamber and the glass plate can be
used to evaluate the depth scaling of the OCT im-
aging. The microsphere-embedded phantom con-
tains microspheres with 1�m diameter, which can
test the lateral and the axial resolution of OCT
device. The single ¯lament is used to calibrate the
co-alignment of fundus image and the OCT scan.

The doublet lens contains two convex lenses as
shown in Fig. 2. The thickness, curvature radius,
and the diameter of the ¯rst lens is h, R1, and d,
respectively. The corresponding parameters of the
second lens isH, R2, andD. When h ¼ R1, the axial
length of the doublet is expressed as

ALk ¼ R1 þH: ð1Þ

Use image formula we have

n

ALk

� 1

S
¼ n� 1

R1

; ð2Þ

where n is the refractive index of the two lenses, and
S is the distance of far point. The refractive ability
of the doublet can be given by P ¼ 1=S. The units of
S and P are millimeter and meter, respectively.
Therefore,

P ¼ 1

S
¼ 1000

n

ALk

� n� 1

R1

� �
: ð3Þ

When refractive diopter is zero, we get

ALk ¼ n
n� 1

R1

:

�
ð4Þ

The axial length of the model eye is determined by
the refractive index and the curvature radius of the
¯rst lens. The focusing property of the model eye
depends on R1.

To experimentally demonstrate the proposed
tool, we make a model eye and use it to calibrate an
OCT device. The K9 doublet lens composes two
planoconvex lenses, and they are glued together
with decentration 3 0 which is presented in Fig. 3.
Set R1 ¼ 8 in Eq. (4), and we get the axial length
ALk ¼ 23:7mm. Substitute ALk ¼ 23:7mm in
Eq. (1), andH ¼ 15:7mm is obtained. We make the
back surface of the second lens the focal plane, so
R2 ¼ 15:7mm. We cut the peak of the second lens
with 0.1mm thickness and obtain a small °at plane.

To make the angular FOV scale, we coat the
back surface of the doublet lens with chromium
¯rst. Then, employ laser ablation to obtain the
pattern of the scale. A series of concentric circles

Fig. 1. The structure diagram of the model eye. The angular
FOV scale and its expanding drawing is shown.

Fig. 2. The doublet lens in the model eye.

Model eye tool for retinal OCT instrument calibration
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together with cross form the scale. The counts of the
scale range from 24� to 60�, where the division is 4�.

The single ¯lament which is made of optical ¯ber
has a diameter of 0.125mm, and it is ¯xed tightly
0.75mm away from the center of the model eye. The
designed distance between the small °at surface and
the glass plate is 2.26mm. The thickness of the K9
glass plate is 1mm. The 2.5mm thick phantom is
embedded by spheres with diameters 1�m, and the
distance between each two spheres is about 40�m.
The front surface of the phantom has high °atness
of the polishing level, and it sticks to the back sur-
face of the glass plate without gap. In order to
prepare the microsphere-embedded phantom, the
following procedures should be going through.
Firstly, drying the NIST traceable polystyrene (PS)
spheres (Bangs NT15N) and mix them into curing
agent (Dow Corning SYLGARD 182) homo-
genously with the assistance of ultrasonic water
bath. Secondly, pour the mixture into pre-polymer
of Polydimethylsiloxane (PDMS) and stir evenly
for 1 min. The mass ratio of the curing agent
the pre-polymer should be 1:10. Thirdly, pour the
¯nal mixture into a mold with polished surface.
Fourthly, remove the bubbles using vacuum pump.
Finally, put the mold with PDMS °uid into 70�C
oven for 2h to solidify it. After demolding, a piece of
solid microsphere-embedded PDMS is available for
the model eye.

3. Experiments Results

In order to demonstrate the feasibility of using the
proposed model eye, we present the experimental
results. In this experiment, we employ the Van
Gogh 100D of SVision Imaging working as the
tested equipment.

To test the angular FOV we scan the maximum
imaging area for x–y plane by 12mm� 12mm.

A three-dimensional (3D) dataset is obtained, and
the en-face image can be given by the OCT which is
shown in Fig. 4. It can be seen that in Fig. 4, the
FOV covers ¯ve rings. The smallest and the largest
ring correspond to 24� and 40�, respectively. The
result of the angular FOV is ð41:8� � 41:7�Þ � 0:3�.
The nominal value of the equipment is 42� � 42�.
The deviation of angular FOV is smaller than the
tolerance of this parameter recommended by ISO
16971.

SNR fallo® with scanning depth in OCT is
measured here. To avoid signal saturation, we insert
two neutral-density ¯lters between the OCT and
the model eye. The SNR with ¯lters is S1. The
sensitivity which re°ects the true SNR level of OCT
system is S2. The total attenuation of the ¯lters is
26.85 dB. The total re°ectivity of the model eye is
�14:25 dB. Therefore, the sensitivity of the OCT
can be given by S2ðzÞ ¼ S1ðzÞ þ 26:85þ 14:25. The
model eye is put in the start position and moves
along z-direction with a ¯xed pitch. The small °at
surface is located at start position z ¼ 0:14mm, 10
steps are moved, and the pitch is 0.25mm. One B-
scan image can be obtained for each speci¯c z-step.
Find the maximum intensity for each B-scan and
calculate the peak SNR S1ðzÞ and sensitivity S2ðzÞ.
Figure 5(a) shows the B-scan for z ¼ 0:14mm.
Figure 5(b) presents the peak sensitivity of the
OCT. The average of the peak sensitivity is
105.4 dB. As can be seen, the sensitivity of this OCT
does not drop dramatically within 2.25mm depth

Fig. 3. The photo of the model eye tooling.

Fig. 4. The en-face image of the model eye obtained from a
3D scan.

H. Wang et al.
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(depth in eye). The OCT SNR fallo® can be
measured using the proposed model eye.

To examine the co-alignment of the preview
and the OCT scan, we use the line scan mode.
The preview and the OCT scan are presented in
Figs. 6(a) and 6(b). To show the transparent ¯ber,
we present the enlarged detail in Fig. 6(a). The ¯ber
is not right in the center of the model eye which can
be improved in next mechanical design. According
to Fig. 6(b), the B-scan image of the ¯ber is present
on the full scan length; hence, the co-alignment
positioning is within �125�m. It can be seen that
the line in the side part of the B-scan image is
discontinuous, which results from the occlusion of
the angular FOV scale. ISO 16971 recommended
using a 100�m ¯lament (thinner than 125�m) right
in the middle of the FOV. The diameter and
the centrality could be improved in future due to
demanding of accurate measurement.

The depth of the empty chamber is measured via
the OCT device. Place the model eye in position
that equivalent to the patient eye and use the line

scan mode. The preview image of the model eye is
shown in Fig. 7(a), the B-scan corresponding to the
arrow is presented in Fig. 7(b). The depth is
1.67mm under the scan mode of the OCT (refrac-
tive index is 1.35), and the corresponding optical
distance is 2:25mm. The requirement of the accu-
racy of the depth measurement shall be better than
�3%. Therefore, the allowable error should be
smaller than 0.068mm. The measurement error is
0.03mm which meets the requirement.

The lateral and axial resolution can be given by
imaging the micro-spheres and calculating the lat-
eral and axial FWHMs.8,9,16 We place the model eye
in position to get strong signal of microspheres in B-
scan image as shown in Fig. 8. In theory, each spot
corresponds to one PS bead. As can be seen in
Fig. 8, most of the PS beads in the PDMS phantom
are monodispersed. Few of them stick together, and
the spots are larger than others. These large spots
should be eliminated in calculating the resolution.
The FWHMs are calculated for the spots in each
depth, and the standard deviation � is obtained

(a) (b)

Fig. 5. The SNR measurement. (a) B-scan for z ¼ 0:14mm. (b) Sensitivity for each z-step. The scale bar shows the optical distance.

(a) (b)

Fig. 6. Co-alignment of preview and OCT scan. (a) Confocal preview image and (b) OCT B-scan. The scale bar shows the optical
distance.

Model eye tool for retinal OCT instrument calibration
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using statistical analysis. Those FWHMs larger
than � are eliminated. The full width at half max-
imum (FWHM) of PSF in OCT can be given by
Gaussian ¯tting, which can be used to value the
resolution of OCT.16 Notably, to get true FWHM
the original intensity of OCT B-scan in linear do-
main instead of gray scale image in logarithmic do-
main should be used. Calculate the FWHM of PSFs
for 118 valid spots within 1:082mm� 3:164mm area
along x-direction and z-direction using Gaussian
curve ¯tting. The statistical result is shown in Fig. 9.
For the sake of concise, we show the average values
of FWHMs for adjacent positions as representatives
in Fig. 9. The grand average of FWHMs along
x-direction and z-direction are 13.5�m and 8.5�m,
respectively. The minimum FWHM for the two di-
rection are 12.3�m and 7.8�m, respectively.

4. Discussion

We develop and verify the model eye tool for OCT
of posterior segment in the human eye diagnosis.

The ISO 16971 for the posterior segment OCT has
been released with recommended calibration tool.
However, the °at design of the eye ground is not
suitable for the angular FOV detection. The focal
plane of the lens in ISO 16971 is curved, but the
angular FOV scale is straight. So, the diopter
compensation should be made for all the points on
the scale except the middle point. Di®erent points
on the scale need di®erent diopter compensation
values in one B-scan. However, there is only one
compensation value in one B-scan of OCT imaging.
Additionally, the calibration tool and methods are
not given for the test of lateral resolution and SNR.
Our model eye uses the same calibration method as
ISO 16971 for the co-alignment of preview. ISO
16971 measures the thickness of a glass to calibrate
the depth scaling which needs refractive index cal-
ibration of glass. We measure the empty room with
no material in it, and no index calibration is needed.
Our model eye tooling that applies the doublets lens
can provide humanoid eye fundus, which bene¯ts

(a) (b)

Fig. 7. The depth scaling test. (a) Confocal preview image and (b) OCT B-scan. The scale bar shows the optical distance.

Fig. 8. B-scan image of microspheres-embedded phantom in
the model eye tool. The scale bar shows the optical distance.

Fig. 9. The statistical result of FWHMs.

H. Wang et al.
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the calibration of the angular FOV. The phantom
with microspheres can test both the lateral and
axial resolution. The small °at surface on the back
surface of the doublets lens is employed to test the
SNR and sensitivity of the OCT. The empty
chamber between the °at surface and the glass plate
is used to provide the depth scaling calibration.
Avoid using glass thickness to test this parameter,
our model eye is una®ected by the measurement
deviation of refractive index of glass.

We present the experimental results to validate
the proposed tool and demonstrate its practical use.
The results indicate that the proposed tool is ef-
fective in the calibration and test of OCT for pos-
terior segment of the human eye. Key parameters of
a commercial OCT device were tested by the tool.
The statistical average of corneal curvature for
human eye is 8mm. So, the model eye was designed
with curvature radius R1 ¼ 8mm for the ¯rst lens.
Parallel light coming out from the OCT can focus
on the rear of the doublets. In the OCT cube scan
mode, the fundus image of the model eye can be
given and the angular FOV can be read directly.
The measurement angular FOV of the OCT is
ð41:8� � 41:7�Þ � 0:3� which is close to the nominal
42� � 42�. The SNR and sensitivity for a speci¯c
position and various depths can be given using the
B-scan for the small °at surface. The average peak
sensitivity 105.40 dB is obtained which demon-
strates the feasibility of the SNR measurement. The
co-alignment of the preview and the OCT scan is
within �125�m. The ¯ber is 25�m thicker than
100�m and not right in the middle of the eye, which
could be improved in next design. Furthermore, two
mutually perpendicular ¯laments could be used to
check the co-alignment for one more direction. The
measured and calibrated depth of the empty
chamber are 2:25� 0:004mm and 2:28� 0:004mm,
respectively, whose di®erence is within the tolerance
of depth scaling. So, the OCT depth imaging ability
meets the parameter requirement. The model eye
with microsphere-embedded phantom is imaged.
The PS beads are shown in the middle (This area
corresponds to the polished °at surface of the bot-
tom in Fig. 8). There are no beads shown on the left
and right sides which are caused by light blocking.
The PS bead with 1�m diameter serves as point
object, whose OCT image can show PSF. The
FWHM of the spots are calculated, and the OCT
resolution 13:5� 0:3�m and 8:5� 0:3�m for lateral
and axial direction are obtained. The measured

resolutions are close to the nominal resolution
� 20�m and 8�m (in air). The artifacts are shown
in Fig. 8, which is common for multi-surface object
with large thickness especially industrial samples in
OCT imaging. The glass surface and the PMDS
surface are not perfectly superposed which does not
a®ect the resolution measurement.

If the optical distance of each point in a x scan
line is the same, the line on the B-scan image is
straight. The middle part of the back of the doublet
lens is °at, which is cut from the sphere surface.
The optical distance is the same for each point on
sphere surface, and di®erent for the °at surface.
Therefore, the B-scan of the small °at surface on
the back surface of the doublet lens is curved on
Figs. 5(a), 6(b) and 7(b).

The proposed tool is valid for the measurement of
the key parameters of OCT. The tool can be used
not only in initial test of equipment performance
and quality assurance, but also in certi¯cation and
device licensing for retinal OCT.

5. Conclusions

In this study, we propose a model eye tool to emu-
late the human eye for the calibration of retinal
OCT. The model eye can test all the key parameters
of the OCT. The model eye contains a doublet lens
with concentric circles on the back, a ¯ber ¯lament,
an empty chamber, a glass plate, and a microsphere-
embedded phantom. The doublet lens is fabricated
with two planoconvex lenses, which are glued
together at the plane surfaces. The ¯rst spherical
surface of the doublet focuses incident light onto the
second spherical surface which serves as the retina
surface. The concentric circles are made by laser
ablation of the coating on the rear of the doublet
lens, which is suitable for the angular FOV
measurement. The small °at surface on the rear of
the doublet is used to measure the SNR of OCT.
The ¯ber ¯lament can test the co-alignment of
preview and the OCT scan. The empty chamber
formed by the small °at surface on the rear of the
doublet and the front surface of the plate is able to
test the depth scaling of OCT. The PS beads in the
phantom can be used to test both lateral and axial
resolution. This model eye can be used as a conve-
nient tool to evaluate and standardize the quality
and accuracy of retinal OCT. In future studies,
improvement will be considered to ensure more
convenient operation and accurate measurement.

Model eye tool for retinal OCT instrument calibration
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