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Even in the early stage, endocrine metabolism disease may lead to micro aneurysms in retinal capillaries whose
diameters are less than 10 µm. However, the fundus cameras used in clinic diagnosis can only obtain images of vessels
larger than 20 µm in diameter. The human retina is a thin and multiple layer tissue, and the layer of capillaries less than
10 µm in diameter only exists in the inner nuclear layer. The layer thickness of capillaries less than 10 µm in diameter is
about 40 µm and the distance range to rod&cone cell surface is tens of micrometers, which varies from person to person.
Therefore, determining reasonable capillary layer (CL) position in different human eyes is very difficult. In this paper,
we propose a method to determine the position of retinal CL based on the rod&cone cell layer. The public positions of
CL are recognized with 15 subjects from 40 to 59 years old, and the imaging planes of CL are calculated by the effective
focal length of the human eye. High resolution retinal capillary imaging results obtained from 17 subjects with a liquid
crystal adaptive optics system (LCAOS) validate our method. All of the subjects’ CLs have public positions from 127 µm
to 147 µm from the rod&cone cell layer, which is influenced by the depth of focus.
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1. Introduction
Imaging for retinal capillaries is an important tech-

nique for diagnosing endocrine metabolism disease, such as
diabetes[1–4] and cardiovascular disease.[5,6] The retinas of
subjects with non-proliferative diabetic retinopathy (NPDR)
have numerous vessel abnormalities, like capillary doubling
loop or loops and micro aneurysms. The diameter of the injury
capillaries is less than 10 µm in the early stage of endocrine
metabolism disease.

The retina consists of ten layers of translucent tissues.
The capillary layer (CL) only exists in one layer with the thick-
ness about 30 µm,[7–9] and from person to person the varied
range of CL position is about 20 µm. The fundus cameras and
fundus fluorescein angiography (FFA) that have recently been
used in clinic diagnosis can only obtain images of blood ves-
sels more than 20 µm in diameter. The blood vessels are easy
to obtain without determining the imaging plane, while it is
difficult to capture CL, which is limited by the eye aberration
and the imaging plane determining of the CL.

With the help of an adaptive optics system (AOS), some
groups have obtained images of capillaries that are less than
10 µm in diameter.[10–14] However, AOS cannot always cap-
ture CL for different persons. The position determining prob-
lem is the bottleneck for retinal imaging in AOS applied in

clinical diagnosis. This problem is mainly caused by the fol-
lowing factors: first, the imaging of CL should be quickly ob-
tained, within tens of milliseconds; second, the depth of field
is about 30 µm, which is approximate to the thickness of CL,
while the distance range of CL position is tens micrometer
from person to person, thus making it difficult to capture the
CL; third, given that the effective focal length is different in
persons, it cannot determine the imaging plane of CL with the
CL position in the retina.

There is no reference discussing how to determine the
capillary imaging position. Usually, researchers determine the
capillary imaging position by searching for a retinal capillary
image by moving the detector backward or forward[15,16] or
using optical coherence tomography (OCT)[17] to achieve reti-
nal tomography images. But these cannot capture the CL for
different human eyes.

In order to solve the capillary imaging plane determining
problem and obtain high resolution images of the capillaries
in different human eye, a reasonable position of the capillary
imaging is proposed. In this paper, a method is proposed to
calculate the reasonable imaging plane position of retinal cap-
illary images based on the rod&cone cell surface. The theory
of a capillary imaging plane is described in Section 2. The
experimental setup on liquid crystal adaptive optics system
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(LCAOS) is given in Section 3, and the experimental results
are discussed in Section 4. Finally, the conclusion is given in
Section 5.

2. Theory

The images of rod&cone cells are easily captured with
AOS[18,19] because that the imaging position of the rod&cone
cell is exactly in the focal plane of the last lens in AOS. Fig-
ure 1 shows the conjugate relationship between the CL imag-
ing position and the CL position in the retina. To observe the
capillary images, it is necessary to move the retinal camera to
a position L away from the focal plane, as shown in Fig. 1. L
could be calculated as

L = αLcc, (1)

where Lcc is the distance between the rod&cone cell and the
CL, and α is the longitudinal magnification of the LCAOS.
Since the refractive index of biological tissue in retina is com-
plex, the effective focal length (EFL) is used to calculate α ,
given by

α = ( f1 f3/ f2)
2/EFL2

eye = K/EFL2
eye, (2)

where f1, f2, and f3 are the focal length of the lens L1, L2, and
L3, respectively, K = ( f1 f3/ f2)

2 is the structure coefficient of
LCAOS, and EFLeye is the effective focal length of the human
eye.

Substituting Eq. (2) into Eq. (1), we get

L = KLcc/EFL2
eye. (3)

It is obvious that L depends on the values of Lcc and EFLeye,
which are calculated in the following sections.
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Fig. 1. (color online) A schematic of the conjugate relation between the CL and the position of the retinal camera. Here Lcc is the distance between the
rod&cone cell and CL, L is the distance between the rod&cone cell imaging position and the retinal capillary imaging position, and L1–L3 denote the lenses.

3. The distance between the rod&cone cell and
capillary layer LccLccLcc

The retina mainly includes three kinds of cells: the gan-
glion cell, the bipolar cell, and the rod & cone cell, as shown
in Fig. 2. The retina is mainly divided into 10 layers, and the
big blood vessels are distributed among the ganglion cell layer
(GCL) and the inner plexiform layer (IPL), while the inner nu-
clear layer (INL) is supposed to be CL because the capillaries
less than 10 µm in diameter are to be found in INL.

The thickness mapping of retina from optical coherence
tomography (SD-OCT)[9] is given in Table 1 and the subjects
are aged from 40 to 59.

Table 1. Thickness mapping of retinal layers.

ONL+IS/µm OPL/µm INL/µm
superior 80±12 37±6 37±3
inferior 79±8 40±6 38±2
temporal 81±7 37±5 36±2
nasal 81±8 41±6 39±3

The distance between the CL and rod&cone cell varies in
different eyes. For convenience of observation, a public dis-
tance will be effective for most people during retinal capillary
observation. The public distance Lcc and its range ∆Lcc are

calculated as

Lcc = (Lcc-u−Stdcc-u +Lcc-b +Stdcc-b)/2, (4)

∆Lcc = (Lcc-u−Stdcc-u−Lcc-b−Stdcc-b)/2, (5)

where Lcc-b and Stdcc-b represent the distance and the standard
deviation between the bottom of the INL and the rod&cone
cell, and Lcc-u and Stdcc-u represent the distance and the stan-
dard deviation between the up of the INL and the rod&cone
cell.

As shown in Table 2, the public positions Lcc and its varia-
tion ∆Lcc is 137.6±8.1 µm. Another study[8] reported that the
experimental result is 128.9±7.6 µm, which is about 8.7 µm
thinner than the result in Table 2. As the results of these two
studies are similar, the public position Lcc in this article is cho-
sen as 137.6 µm.

Table 2. Distance and the corresponding variation between the cell and
INL

Lcc-b/ µm Lcc-u / µm Lcc/µm
superior 117 ±13.42 154±13.75 135.33 ±4.92
inferior 119 ±10.00 157 ±10.20 137.90 ±8.90
temporal 118 ±8.60 154 ±8.83 135.89 ±9.28
nasal 122 ±10.00 161 ±10.44 141.28 ±9.28
mean 137.60± 8.10
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Fig. 2. (color online) A schematic diagram of the retina organization. The green cells represent the ganglion cells, the black cells represent bipolar cells, and
the blue cells represent rods (center 3 cells) and cones (edge 2 cells). Lcc and ∆Lcc are the distance and its variation between CL and rod&cone cell. Lcc-u is
the maximum of Lcc and Lcc-b is the minimum of Lcc.

4. The effective focal length of human eye
EFLeye

The imaging plane of CL also depends on the effective fo-
cal length of the human eye, EFLeye, which can be calculated
by measuring the length of axis oculi Laxisoculi according to

EFLeye = MLaxisoculi +C, (6)

where M and C are the unknown parameters between the ef-
fective focal length EFLeye and the axis length Laxisoculi.

LCAOS is similar to a dynamic trial lens to compen-
sate the eye aberration in real time as shown in Fig. 3.
A Gullstrand–Le Grand eye model and a reduced eye
model[20,21] are used to calculate the EFLeye. As shown in
Fig. 3, an object with height H in the focal plane of lens L1
generates an image with height of h in eye model. The effec-
tive focal length of eye EFLeye is calculated by

EFLeye = H f1/h. (7)

H
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h

L1

trial lens
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Fig. 3. (color online) Optical layout of the effective focal length of eye
model testing.

Changing the diopter of trial lens from –10D to 10D, the
simulated results with Zemax software of EFLeye and Laxisoculi

are shown in Fig. 4 according to two eye models. The rela-
tionship between EFLeye and Laxisoculi is fitted by

EFLeye = 0.7136∗Laxisoculi +0.1483, (8)

and the largest relative error of EFLeye is ±4.4%.
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Fig. 4. (color online) The relationship between EFLeye and Laxisoculi.

094219-3



Chin. Phys. B Vol. 25, No. 9 (2016) 094219

5. Experimental setup with LCAOS
In order to verify the calculation and method of imaging

plane of CL, an open-loop LCAOS experiment is performed
for capillary imaging detection. The case study is imple-
mented with the LCAOS shown in Fig. 4 and 17 subjects. A
Shack–Hartman wavefront sensor (SH-WFS) is used as wave-
front detection for the eye, and a nematic liquid crystal spatial
light modulator (LC-SLM)[22–24] is used in LCAOS for wave-
front correction, which has 256× 256 pixels and 1.8 ms re-
sponse time at 45◦C. The parameters of the SH-WFS and the
LC-SLM are listed in Table 3.

Table 3. The parameters of the SH-WFS and the LC-SLM.

SH-WFS LC-SLM

Aperture 3×3 mm Array size 6.14×6.14 mm

Subaperture diame-
ter

150 µm Active pixels 256×256

Lenslet focal length 3.2 mm Response time 1.8 ms

Working wave-
length

600–900 nm Wavelength Range 760–865 nm

Measurement ac-
curacy in relative
mode (RMS)

1/100λ Reflected wavefront
distortion (RMS)

λ/10

The LCAOS mainly contains four subsystems, as shown
in Fig. 5: (i) Illumination subsystem. This includes laser 1

(785 nm, CNI Inc., China) for wavefront detection and laser
2 (808 nm, CNI Inc., China) for retinal imaging. The illu-
minated area is 50 µm for wavefront detection and 350 µm
for retinal imaging. Their powers incident on human eye are
50 µW and 300 µW, which are less than 1/50 maximum per-
missible exposure (MPE) recommended by ANSI.[25] Two ro-
tating diffusers are used to reduce the influence of the speckle
noise[26] before they are focused into fibers. The annular aper-
ture (Aa) is used conjugated to the human eye pupil. (ii) Vision
target subsystem. A green light emitting diode (LED, 530 nm)
is used as the target source. Obviously, its wavelength is dif-
ferent from that of illumination subsystem. To compensate its
axial chromatic[27] dispersion aberration between wavelength
due to 1D difference between 530 nm and 785 nm, as the il-
lumination source is at 0D position, the target source is at 1D
position. (iii) Pupil monitoring subsystem. A pupil infrared
light source (PIS) is used to illuminate the human eye. A cam-
era is used to monitor the eye pupil which helps to align the
eye in optical path precisely. (iv) Wavefront correction and
imaging subsystem. LC-SLM is the main component of the
wavefront correction system. High resolution retinal images
are obtained after the aberration detection and compensation.
In order to move CL imaging position, the retinal camera is
installed on a movable stage driven by a servo motor.
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Fig. 5. (color online) Experiment layout of the open-loop LCAOS for capillary imaging. Here BS is the beam splitter, PBS is the polarizing beam splitter,
and FB1 and FB2 are the optical fibers. Light red area represents the illumination subsystem, light green area represents the vision target subsystem, light
yellow area represents the pupil monitoring subsystem, and light blue area represents the wavefront correction and imaging subsystem.

The sequential chart of AOS is shown in Fig. 6. Laser 1
and the charge coupled device (CCD) of the SH-WFS work
on external trigger mode; that is, after triggered simultane-
ously by the external signal, laser 1 is on and CCD of SH-WFS
starts exposure (3 ms) during the high level of the trigger sig-
nal. Then laser 1 is off, and light spots are read out within 2 ms

processed by the industrial personal computer (IPC). The gray
map is generated about 0.7 ms with IPC, and the gray map is
loaded on LC-SLM with response time 1.8 ms. Next, the sec-
ond trigger occurs so that laser 2 is on and the retinal camera
simultaneously starts exposure for 8 ms. The next correction
loop simply repeats the above steps. The cycle time is about
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15.5 ms and the frequency of the LCAOS is 64.5 Hz.

laser 1

illumination

3 ms

A B C

cycle time
next cycle time

8 ms

timing

sequence

laser 2

illumination

Fig. 6. (color online) The sequential chart of the open-loop AOS. Laser
1 and 2 are on once triggered by high level signal. A: exposure of SH-
WFS’S CCD with 3 ms, B: data process time 4.5 ms, C: exposure of retinal
camera with 8 ms.

6. Experimental results and discussion
The axis length of the eyes was tested with B-SCAN-

CINESCAN from Quantel Medical, France, and the resolu-
tion is 40 µm which can be ignored. As shown in Table 4,
17 subjects were tested, whose ages are from 26 to 42 and the
myopias are from –8D to 0D. The axis lengths are ranged from
23.54 mm to 27.77 mm.

Table 4. Parameters of the subjects

Subject Eye case Age Myopia Axis oculi/mm

GQL Left 26 –1.5D 24.72

GQR Right 26 –0.5D 24.58

MHR Right 26 –5D 26.25

CCL Left 27 –7D 27.08

GYR Right 26 –6.5D 27.85

LCR Right 26 –2D 23.54

ZYR Right 27 0D 24.00

LYR Right 27 –3D 25.00

SFR Right 26 –3D 24.35

DYL Left 36 –2.5D 25.40

DYR Right 36 –2.5D 25.65

CLL Left 33 –3D 24.20

CLR Right 33 –4D 24.95

LFL Left 42 –7D 27.30

LFR Right 42 –7D 27.77

YKL Left 27 –8D 27.22

YKR Right 27 –8D 27.44

As shown in Fig. 7, the imaging results of six subjects’
capillaries with the capillary position at 137 µm away from
rod&cone cell are given. The results indicate that the sharp-
ness images can be obtained by our method. The diameter of
capillary on the distance 137 µm away from rod&cone cell is
less than 10 µm.

To validate the expectations, a series of images with po-
sitions of CL in a range from 107 µm to 177 µm away from
rod&cone cell are given. As shown in Fig. 8, two subjects’
capillary images with the positions 107 µm to 177 µm away

from rod&cone cell are given. The clear capillary images
of subject 1 are positioned from 117 µm to 167 µm from
rod&cone cell, while the clear capillary images of subject 2
are positioned from 117 µm to 147 µm from rod&cone cell.

. mm

. mm

. mm

. mm

. mm

. mm

(a) (b) (c)

(d) (e) (f)

Fig. 7. (color online) Capillary images for six subjects. The capillary im-
ages are imaging at 137 µm away from rod&cone cell. Scale bar indicates
20 µm.

(a1) (b1) (c1) (d1)

(e1) (f1) (g1) (h1)

(a2) (b2) (c2) (d2)

(e2) (f2) (g2) (h2)

. mm

. mm

Fig. 8. (color online) Capillary images for 2 subjects with different imag-
ing positions. (a)–(h) The capillary images imaging at 107 µm to 177 µm
away from rod&cone cell. The clear capillary images of subject 1 are
the imaging from 117 µm to 167 µm, and the subject 2 from 117 µm to
147 µm. Scale bar indicates 20 µm.

As EFLeye is calculated by the axis length of the eye, the
moving distance of retinal camera L and the position of capil-
lary Leye have a certain error. By calculating the differential of
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Eq. (3), the relationship between the relative error of positions
in the retina Leye and the relative error of EFLeye is given by

δLeye/Leye = 2δEFLeye/EFLeye. (9)

The relative error of the CL positions is twice as large
as the relative error of EFLeye. Because the relative error of
EFLeye is ±4.4%, the relative error of the Leye is ± 8.8%.

In Fig. 9, a series of measured results of the CL positions
are given for different subjects. The retinal capillaries could
be seen clear at the positions, and the standard deviations are
calculated based on the error of Leye. It shows that public po-
sitions of the CL ranged from 127 µm to 147 µm away from
rod&cone cell.
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Fig. 9. (color online) The positions of the retinal capillaries in the focal
plane for subjects. The red rectangle represents the public positions in
different human eyes.

The sharpness of the capillary images is influenced by the
depth of field[28] and depth of focus.[29] Considering the hu-
man eye as an optical system, the depth of field of the eye leads
to the clear capillary images in the focus range. The depth of
field in human eye can be calculated as

∆L =
2Dp2ε

D2− p2ε2 , (10)

where D is the diameter of entrance pupil, p is the distance
between the entrance pupil and imaging plane, and ε is the
eye limiting angle of resolution. When calculating the depth
of field, p is 18 mm, ε is 1′ and D is 6 mm for pupil. The depth
of field is then about 31 µm.

The depth of focus is the amount of defocus that intro-
duces a ±λ/4 wavefront error, and the depth of focus can be
calculated as

∆ f = 4λF2, (11)

where λ = 0.808 µm, that is the wavelength of illumina-
tion, and F = 54.7, that is the F number of the image space.
Thus, the depth of focus ∆ f is 9.67 mm, which corresponds to
28.6 µm in the retina.

The depth of field is 31 µm, which means that the imaging
of the CL position is about 31 µm when the imaging position

is fixed. Because the public thickness of CL is about 20 µm,
the public CL consists in the depth of field when the imaging
plane is conjugated to 137 µm away from rod&cone cell.

With the results of experiment in 17 human eyes, the
sharpness of capillary images can be shown to be acceptable
on the position which is conjugated to 137 µm away from
rod&cone cell. In addition, the public positions of CL are
127 µm to 147 µm away from rod&cone cell, which is similar
to the depth of focus.

7. Conclusion
The public CL positions are recognized as 127 µm to

147 µm to rod&cone cell for subjects from 26 to 59 years
old. The relationship between EFLeye and the axis length of
eye with two different eye models is applied to calculate the
effective focal length of human eyes. With the positions of
CL and the effective focal length, it is easy to capture the CL
with LCAOS. Six subjects’ capillary images are obtained with
the CL position at 137 µm to rod&cone cell, and the diame-
ter of capillary is less than 10 µm. A series of experiments
with 17 subjects on LCAOS are used to validate our expecta-
tions. With the influence of depth of field, the imaging plane
can be fixed on the position which is conjugated to 137 µm
from rod&cone cell. The imaging positions of the capillaries
are 124 µm to 147 µm, which is influenced by the depth of
focus.

With our method, the problem of determining the position
of the capillaries can be solved. This method can be trans-
planted into other AOS , such as scanning laser ophthalmo-
scope or OCT with AOS. We hope that this method will boost
the development of clinical application of retinal capillary di-
agnosis in the future.
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