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Abstract. We propose a novel common-path Fourier domain optical coherence tomography (CP-FD-OCT) method
for noncontact, accurate, and objective in vitro measurement of the dioptric power of intraocular lenses (IOLs)
implants. The CP-FD-OCT method principle of operation is based on simple two-dimensional scanning common-
path Fourier domain optical coherence tomography. By reconstructing the anterior and posterior IOL surfaces,
the radii of the two surfaces, and thus the IOL dioptric power are determined. The CP-FD-OCT design provides
high accuracy of IOL surface reconstruction. The axial position detection accuracy is calibrated at 1.22 μm in
balanced saline solution used for simulation of in situ conditions. The lateral sampling rate is controlled by the
step size of linear scanning systems. IOL samples with labeled dioptric power in the low-power (5D), mid-power
(20D and 22D), and high-power (36D) ranges under in situ conditions are tested. We obtained a mean power of
4.95/20.11/22.09/36.25 D with high levels of repeatability estimated by a standard deviation of 0.10/0.18/0.2/0.58
D and a relative error of 2/0.9/0.9/1.6%, based on five measurements for each IOL respectively. The new CP-
FD-OCT method provides an independent source of IOL power measurement data as well as information for
evaluating other optical properties of IOLs such as refractive index, central thickness, and aberrations. C©2011 Society
of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3660313]
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1 Introduction
Intraocular lens (IOL) implantation in refractive cataract surgery
has become one of the most commonly performed surgical oper-
ations in medicine with more than 500 million IOLs implanted
worldwide since the invention and first implantation of IOLs in
1949.1 Cataracts affect more than 20 million Americans over
the age of 40 and every year more than 3 million cataract surg-
eries are performed.2 These numbers will dramatically increase
over the next 20 years as the U.S. population ages.2 Most of the
cataract post-surgical device-associated complications are di-
rectly related to some fundamental IOL optical properties such
as dioptric power, reflected glare, light scattering, imaging qual-
ity, material refractive-index, thickness, and geometrical shape.
The focal length (or IOL dioptric power) is a key parameter
whose precise preclinical measurement is part of release speci-
fications for all IOLs and is of critical importance to the safety
and effectiveness of IOLs.3, 4 Currently, some conventional tech-
niques for IOL dioptric power measurements are utilized, such
as image magnification, autocollimation, nodal slide, Bessel’s
method, Moiré deflectometry, Talbot interferometry, and confo-
cal fiber-optic laser microscopy.3–10 The effectiveness of most of
these methods is often limited in terms of accuracy, spatial sam-
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ple alignments, subjective image evaluation, and the dynamic
range over which measurements can be performed (for both pos-
itive and negative dioptric powers). Moreover, three standard test
methods for measurement of IOL dioptric power are specified
by the International Standard, ISO 11979-2:1999 Ophthalmic
Implants-Intraocular Lenses, Part 2: Optical properties and test
methods.11 One of these standard methods is for determination
of dioptric power by calculation from measured IOL dimen-
sions including the sample surface radii and central thickness.
For measurement of these basic IOL parameters, a specialized
radius meter, micrometer, or general purpose interferometer are
recommended. These techniques, however, impose some lim-
itations related to requirements for either a sensor-to-surface
mechanical contact or complex and nonpractical measurements
for in situ condition usage. In addition, the small size of IOLs
also makes the measurement of surface radii highly demanding.
Because of the complexity in correcting the IOL dimensions
obtained under non-in situ conditions, alternative noncontact
methods that could be performed in a wet environment (IOL in
balanced saline solution) are of great interest.

Optical coherence tomography is now established as a pow-
erful and versatile tool for in vivo optical biopsy.12 It has been
used to perform in vivo quantitative corneal parameter extrac-
tion including anterior and posterior radii of curvature, cen-
tral corneal optical power, and thickness maps of the cornea.13
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Fig. 1 Schematic of the system setup.

However, due to the scanner nontelecentricity or fan distortion14

of the scanning beam and the refraction at the corneal surface,
algorithms for all those corrections were required to extract the
correct parameters.13–16 By sharing reference and probe arm,
the common-path Fourier domain optical coherence tomography
(CP-FD-OCT) is a straightforward and effective technique that
circumvents group velocity dispersion and polarization compen-
sation to maintain a high axial resolution with a simple principal
setup.17, 18 In this work, in order to avoid the fan distortion of
the scanning beam, we have performed the scanning procedures
using step motors. Furthermore, the fiber probe is immersed into
the saline solution, thus the refraction of the light at the solution-
air interface is avoided. Although there is limited adjustment on
the reference arm light power to optimize the signal-to-noise
ratio (SNR),19 such a deviation from the optimized SNR is ac-
ceptable considering the advantages of CP-OCT. In this paper
we demonstrate, for the first time to the best of our knowledge,
a novel and simple CP-FD-OCT method for noncontact, accu-
rate, and objective measurement of IOL dioptric powers under
in situ conditions which could provide valuable information for
standards, regulation, and development.

2 Methods
The CP-FD-OCT method principal setup is illustrated in
Fig. 1. The IOL dioptric power measurement method is based on
a digital IOL surface reconstruction by scanning a single-mode
fiber probe along x and y directions utilizing two high-resolution
linear motors. The IOL sample is fitted into a customized lens
holder in a glass cuvette filled with balanced saline solution.
The light from a Superlum Broadband Light Source (825.1-nm
center wavelength, 67-nm bandwidth, 10 mW) is coupled into
a single-mode fiber by a 50/50 broadband coupler. The single-
mode fiber probe is cleaved at a right angle to provide Fresnel
reflection at the fiber end which serves as the reference light.
The power of the beam illuminating the sample was measured to
be 630 μW. The single-mode fiber is placed into a fiber holder
attached to a Newport XYZ three-dimensional (3D) translation
stage driven by high-resolution linear stepper motors (Newport
850G, 1 μm resolution). The back reflected/scattered light from
the reference and the sample is directly coupled into the fiber
probe and routed by the coupler to a spectrometer (HR 4000,
Ocean Optics) with 3648 pixel line-scan CCD detector, the ex-
posure time is set at 6 ms to get a reasonable reference signal.

Galvo
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Fig. 2 Comparison of 1D sample arm beam geometry of CP-OCT and
standard Galvo scanner based OCT. (a) Illustration of fan distortion in
standard Galvo scanner based OCT; (b) illustration of distortion caused
by the refraction at the air-solution interface; (c) illustration of CP-OCT
scanning beam geometry. (Dashed line: trajectory of scanning beam;
L1: focal lens; OPL: optical path length; �z: projection of OPL on the
z-axis.)

Note that the relative smaller refractive index difference of the
saline solution and the single-mode fiber requires longer expo-
sure time than air-fiber interface. The CP-OCT system has a
theoretical imaging depth of 2.2 mm in saline solution.

The CP-OCT method provides the advanced feature of
distortion-free in the sample arm beam geometry. The distor-
tion effects are mainly caused by two sources: fan distortion of
the scanning beam and light refraction in the air-saline solution
interface. Figure 2(a) illustrates a one-dimensional (1D) fan dis-
tortion; note that fan distortion occurs two dimensionally. The
fan distortion will cause a flat surface to appear curved in the
obtained image. When the light in the sample arm arrives at
the air-saline interface with an incident angle other than zero,
refraction will occur. As shown in Fig. 2(b), the actual optical
path length (OPL) obtained, which the OCT system measures,
is not the exact projection distance on the z-axis. Some spe-
cialized fan distortion and 3D refraction correction algorithms
need to be applied to extract the correct curvature information of
the sample. However, the CP-OCT approach is straightforward
without fan distortion and refraction as shown in Fig. 2(c). The
scanning surface of the fiber tip is a flat surface which is adjusted
parallel to the plane of translation stage where the IOL sample
lies. Furthermore, the fiber probe is immersed into the saline so-
lution, and thus there is no refraction effect that occurred at the
air-saline interface. The fiber probe measures the exact distance
along the z-axis from the probe tip to the IOL surface. The fiber
tip is positioned as close as possible to the IOL surface in order
to get a high SNR during the measurement.

After taking a fast Fourier transform (FFT) of the interpo-
lated spectrum data in linear k-space at each scanning point, the
distance between the reference (fiber probe tip) and IOL sample
surface can be resolved with an accuracy of 1.22 μm by search-
ing where the maximum peak signal of the A-scan data lies.20–22

The accuracy is determined by the OCT system and refractive
index of saline solution at wavelength around 825.1 nm. The
peak position detection accuracy can be further improved by
using the zero padding technique to spectral data before FFT.19
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Fig. 3 Illustration for peak-position and system resolution.

The peak position and system axial resolution is illustrated in
Fig. 3. In this case, accuracy higher than the axial resolution
(5.1 μm in air/3.9 μm in saline solution) of the OCT system
can be achieved because there is only one boundary between the
saline solution and the IOL sample. The maximum signal inten-
sity comes from this boundary in the A-scan distance profile.
By searching for the maximum signal intensity, we can deter-
mine where the surface lies. Thus, we can locate the peak signal
position with a resolution of one pixel which corresponds to
1.6 μm in air and 1.22 μm in saline solution. These were cali-
brated by measuring the displacement of an ideal mirror surface
immersed in saline solution controlled by a high-precision mi-
crometer using the OCT system, as geometrical distance needs
to be corrected by the refractive index of the saline solution at
the OCT system wavelength band.

The lateral scan is carried out with a field of view centered
on the highest point of the IOL sample surface. The size of the
field of view for 5D is 3×3 mm (150×150 points, step size
is 20 μm), for 20D and 22D it is 3×3 mm (100×100 points,
step size is 30 μm) and for 36D it is 1.5×1.5 mm (150×150,
step size is 10 μm). The total acquisition time is proportional
to the total sampling points. For a 150×150 scanning protocol,
the acquisition time is about 2.5 h. The acquisition time can
be significantly reduced by modifying the scanning program,
which is in progress now. Later, the radii of two IOL surfaces
can be calculated after a digital construction. The OCT signal
intensity decays when the distance between the surface and the
fiber tip increases, as the beam coming out of the fiber probe

Fig. 4 B-scan image in air with the lens resting on a flat plate, that the
upper arc is the anterior surface of the lens and that the rear surface
is located by the plane of the back plate. (Two horizontal black lines
indicate the thickness of IOL, tc.)

is divergent. A 20 dB decay of the OCT signal intensity from
depth 100 to 500 μm was observed by using a mirror as the
sample. The CP-OCT system has a sensitivity range of around
70 dB over a distance of 2 mm. The glass cuvette is placed on an
XY two-dimensional translation stage. By adjusting the sample
position and the height of the scanning stage, the probe can be
positioned pointing to the center of the IOL sample. Then the
sample stage is moved back a distance of half of the length of
field of view along the x and y directions, and the scan is initiated.
Following the completion of the first IOL surface scan, the IOL
is flipped over and identical procedures for the second surface
are repeated.

Due to the limit of identifying two surfaces of the IOL during
a single scan in wet condition, the thickness of the IOL is mea-
sured in air. For the thickness measurement, one B-scan image
is shown in Fig. 4, which is cropped to show the area of inter-
est. It is in log scale along the axial direction to accommodate
details far away from the probe. The physical central thickness
of the IOL sample tc can be resolved by two horizontal black
lines marked in the image. The bottom black line indicates the
surface on which the IOL sample rests.23 Artifacts below the
bottom line are ghost images due to the multiple reflections. A
typical in vitro B-mode image of the IOL sample in wet condi-
tion is shown in Fig. 5 in linear scale, which is also cropped to
show the area of interest.

The key CP-FD-OCT method idea involves the specific use
of motor driving scanning common-path Fourier domain opti-
cal coherence tomography, which has the following advantages:

Fig. 5 A typical in vitro B-mode image of the IOL sample consists of
100 A-scans.
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1. The scanning beam field forms a flat plane when the fiber
tip is driven two dimensionally. This flat plane guarantees that
the curvature calculated from the measurement is accurate. An
alternative procedure uses the mirror scanning setup, which is
another commonly used method to perform beam scanning in
FD-OCT. However, in this case, the scanning beam field has
intrinsic curvature. Hence, we chose the motor driven scanning
to remove curvature error. 2. By creating a reference from the
single-mode fiber tip, the group velocity dispersion and polar-
ization mismatch between the reference and sample arms are cir-
cumvented in real time. Dispersion and polarization mismatch
is caused by the sample and saline solution only. However, the
mismatch over a distance of 1-mm thick saline solution is neg-
ligible. 3. It is a completely noncontact method, and therefore
has no effect on the IOL sample. 4. It is an in situ measurement
method. Due to the small size of the single-mode fiber probe,
which has a diameter of 50 μm after removing the cladding and
the mechanical hardness of the probe, it can be inserted into the
saline solution for a long time while maintaining the shape and
reference easily. 5. Measurement environmental conditions can
be easily maintained at a stable stage due to the small size of the
fiber probe inserted into the solution and the slow motor driving
speed, 0.1 mm/s, used in the experiment. 6. Surface reconstruc-
tion can provide valuable information to improve standards and
regulations, since the radii of front and back surfaces are calcu-
lated separately.

For further data analysis, we utilize the following proce-
dures. First, we construct the measurement surface using a
peak detection method for each A-scan shown in Figs. 6(a)
and 6(b). Second, we perform a third degree polynomial sur-
face fitting using the toolbox in MATLAB 2010b. Points that
deviate over 10 μm from the fitting surface are excluded from
the fitting data to improve the accuracy of fitting, shown in
Fig. 6(c) (top). Residuals of the fitting and experimental data
are presented in Fig. 6(c) (bottom). Third, the lowest point (x0,
y0) of the surface is calculated based on the polynomial fit-
ting equation. Using parameters up to the second order of the
equation and the condition for a minimum value, the start point
(xstart, ystart) can be calculated. Then, the lowest point (x0, y0) is
searched around the start point. Fourth, according to geometric
mathematics, the surface mean radius can be calculated at the
point (x0, y0) using the geometric mean of radius along two
directions shown in Fig. 6(d), since the IOL is not perfectly
spherically symmetric. Finally, with both of the radii and index
known, the dioptric power can be determined using the following
formula:11

D = D f + Db − (tc/nIOL)D f Db (1)

where D is the dioptric power,

D f = (nIOL − nmed)/r f , (2)

Db = (nmed − nIOL)/rb, (3)

nIOL is the refractive index of the IOL optical material (1.459)
which is normally provided by the manufacturer, nmed is the
refractive index of the surrounding medium (1.335), rf and rb

are the radii of the front and back surface of the lens, respectively,
and tc is the central thickness of the IOL.

3 Results and Discussion
The IOL dioptric power is now determined in compliance
with the International Standard, ISO 11979-2:1999 Ophthalmic
Implants-Intraocular Lenses, Part 2: Optical properties and test
methods.11 Basic requirements for the measurement methods
are listed in the standard including the allowed tolerances on
IOL dioptric power: ± 0.3D for the dioptric power range of 0
to ≤15D; ± 0.4D for >15 to ≤ 25D; ± 0.5D for >25 to ≤30D;
and ± 1.0 D for >30D.

Using the proposed measurement system and procedures de-
scribed above, we tested four IOL samples with positive diop-
tric power of 5D, 20D, 22D, and 36D, which are among in
practice low-, middle-, and high-range IOLs that are commonly
used. The measured average values of these four lenses are
4.95/20.11/22.09/36.25 D, respectively, based on five measure-
ments. The repeatability is estimated by the standard deviation
(SD) of these five measurements, which is 0.1/0.18/0.2/0.58
D for 5/20/22/36 D IOLs, corresponding to a relative error
of 2/0.9/0.9/1.6% for four lenses, respectively. Although the
SD is relatively larger compared to 0.03D3/0.15D10 obtained
by using other conventional test methods, the SD of the new
method is well within the allowed tolerances of the ISO Stan-
dard. Moreover, as a noncontact and in situ compatible ap-
proach, the new method can provide additional unique infor-
mation about the IOL sample, such as the front and back sur-
face radii separately and the central thickness, which turns
out to be of great interest to improving the product efficacy
and safety. Furthermore, a significant advantage of this method
is the absence of evident limitations in using it to test var-
ious IOL samples in terms of dioptric power range, nega-
tive/positive powers, hydrophilic/hydrophobic, and recently de-
veloped new IOL designs. In addition, some other IOL optical
properties may also be calculated from the digital surface re-
construction, such as aberrations, though not a main task of this
article.

The CP-FD-OCT method accuracy of IOL dioptric power
measurement depends on the following basic factors. 1. OCT
system sensitivity: The accuracy of determining the peak po-
sition of each A-scan is critical to the digital surface recon-
struction. However, sensitivity of the OCT system degrades as
the probe moves away from the sample surface.24 The error
increases when the probe goes to the margin of the IOL scan,
as the distance between the IOL surface and probe is increas-
ing and the beam coming out of the fiber probe is divergent.
It is important to position the IOL surface as close to the fiber
tip as possible. 2. Lateral scanning step size: The optical lat-
eral resolution of the CP-OCT system varies over the depth
as the beam coming out of the bare fiber probe is divergent.
The lateral resolution is measured to be 7.5 μm when the sam-
ple is 100 μm away from the fiber tip. It goes up to 22 μm
when the distance is 0.5 mm. During the measurement, the dis-
tance from the fiber tip to the IOL surface is usually within a
500 μm range. When the step size of the motor is larger than the
optical lateral resolution, the system resolution is determined by
the step size. When the step size of the motor is smaller than
the optical lateral resolution, the IOL surface is oversampled. At
each lateral position we can obtain an averaged distance over the
field of the optical lateral resolution, which should be the dis-
tance from the fiber tip to the center part of the field. During the
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Fig. 6 (a) Front surface of 20D IOL sample constructed by peak position detection of each A-scan; (b) back surface of 20D IOL sample constructed
by peak detection of each A-scan (blue to red indicating low to high); (c) top: third degree polynomial surface fitting of the experimental data of
back surface; bottom: residuals of the fitting; (d) mean radius of surface is the geometric mean of radius along two directions (Rx and Ry) shown in a
contour image of the back surface.

measurement of IOL, the highly curved surface may prevent
some signal within the resolution area being collected back
through the fiber. Degradation of the resolution over the depth
further decreases the signal intensity. This is the reason for the
error to go up when the probe scans the edge area of IOL and for
the error increase with the IOL dioptric power increase. In order
to cover a large field of view including reasonable total sampling
points, different step sizes were used depending on the dioptric
power of the IOL samples. By reducing the step size, increasing
the number of scanning points, and performing zero-padding to
the spectra data before FFT, a digital surface reconstruction with
a higher accuracy can be achieved, thus providing more accurate
radius calculation.

4 Conclusion
We have demonstrated a novel simple method (CP-FD-OCT) for
measuring the dioptric power of various IOLs. It is a noncon-
tact, in situ measurement approach that could provide accurate,
objective, stable, and cost effective measurement of the dioptric
power of various IOL designs. Furthermore, it can provide a
new tool for monitoring the quality of IOLs.
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