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A custom-built pseudophakic eye phantom was used to assess the accuracy of two comercial
ACDpost measuring devices, the Haag-Streit Lenstar LS 900, and the Zeiss Visante OCT. Calibrations
were performed for the two devices and the span shift error was found to be virtually inexistent.
The thickness of an IOL was measured with the Zeiss Visante OCT and a 56 ± 25µm error was
found, which, considering this to be representative of the zero shift error, is clinically insignificant.
A clinical trial was conducted where biometric data was collected. ACDpost measurements were
performed with both two devices, the Haag-Streit Lenstar LS 900, and the Zeiss Visante OCT and
the results were found to be clinically interchangeable.
Ray tracing was used in conjunction with biometric data collected during the clinical trial to
back calculate the ACDpost . The spherical equivalent refraction at the spectacle plane was also back
calculated, using ACDpost measurements from the Zeiss Visante as input parameter. The results
obtained were found to be on par with the ones from current IOL power calculation formulas.

I.

MOTIVATION

Vision is of major importance for humans. It’s a complex and not yet fully understood process: light is converted into electrical pulses in the retina, which are then
interpreted by the brain, giving us a perception of our
surroundings. Vision quality depends, not exclusively,
on the quality of the image arriving at the retina and
cataracts are a cause of degradation of the quality of said
image.
A cataract is an opacification of the crystalline lens1 ,
resulting in impaired vision and, in severe cases, blindness, having to be surgically removed in order to restore
vision. This condition is usually developed through aging
and according to the World Health Organization (WHO)
is the world’s leading cause of blindness [1].
Primarily, in cataract surgery, the opacified lens was
simply removed, which resulted in a severely hypermetropic eye, lacking dioptric power. Patients would afterwards be prescribed spectacles with lenses powerful
enough to compensate for this. Nowadays the standard
cataract surgery technique is phacoemulsification: the
opaque crystalline lens is gradually destroyed and extracted, followed by the implantation of an Intraocular
Lens (IOL). The IOL should have an adequate power,
compensating the loss of the crystalline lens and, ideally, providing a spectacle free postoperative experience.
Despite the progress that this area observed in the last
decades approximately 20% of patients, depending on
their eye’s axial length, still require a refractive correction of more than ±0.5D post-operatively [2]. Due to the
demographic trend of longer lifespans it is also expected
to see a twofold increase in the number of people requiring cataract surgery, from 20 million cases in 2010 to 40
million in 2020 [3]. This combination of factors makes
the issue of accurate IOL power calculation one of major
importance.
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The crystalline lens is an optical element of variable refracting
power, allowing focus to be achieved at diﬀerent distances – a
process known as accommodation.

II.

STATE OF THE ART

Currently the power of the implanted IOL is calculated with formulas derived by retrospective analysis of
a large number of patients who had IOL implantation,
and whose data was subjected to regression analysis, resulting in a power calculation formula, characterized by a
set of constants which are calculated so that the postoperative refractive error, given by the diﬀerence between
the target and postoperative refraction, averages zero.
These formulas relate several biometric parameters measured preoperatively, such as the corneal power and the
axial length of the eye, in order to calculate the power
of the IOL. Another parameter taken into consideration
when calculating the power is the Eﬀective Lens Position
(ELP)2 , which acts as proxy to the physical position of
the IOL inside the eye, given by the Postoperative Anterior Chamber Depth (ACDpost ). This estimate is of a
major importance to the refractive outcome with errors
in its estimation having a 42% relative contribution to
the total refractive error, contrasting with a 36% relative contribution of axial length measurement errors and
22% relative contribution of corneal power measurement
errors, [4].
Due to the diﬃculty in eﬀectively predicting ACDpost
several authors have explored the possibility of using the
symmetry of the eye in order to improve the refractive
outcome [5–7]. By performing the surgery sequentially
the refractive outcome of the first operated eye is assessed and its ACDpost measured. The power of the IOL
to be implanted in the other eye is calculated considering these parameters which results in an improved refractive outcome, compared with calculating the power
of each IOL independently. This technique was shown to
be more eﬀective when the corneal power of the two eyes
was similar (a corneal power diﬀerence smaller than 0.6D
between the eyes) [8].
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Distance from the anterior cornea to the IOL when this is modeled as having a null thickness.
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Currently there is a need to assess the accuracy of
ACDpost measurement techniques, which is evidenced by
the significant discrepancies among the results presented
in Table I. This table is a compilation of results from
several references in which the comparison between comercial devices capable of measuring ACDpost is made. For
each reference ACDpost was measured in a group of patients and the mean ACDpost was calculated as well as the
associated standard deviation. The devices used in each
study are listed in column Devices and the respective
measurement technique in column Technique. References
[9–11] found the devices tested to not be interchangeable.
Results from reference [12] were found to be interchangeable, which is contradictory to reference [9] results. This
set of results urges the need for investigation regarding

the accuracy of ACDpost measuring techniques since this
parameter plays a fundamental role in the refractive outcome of cataract surgery. Accurately measuring ACDpost
is therefore crucial in the following situations:
• Validation of IOL position prediction methods;
• Possible improvement of the refractive outcome of
the second eye when using ACDpost measurements
of the first eye to calculate the IOL power.
• Ray tracing based methodologies which make a direct use of this parameter.

Device

Technique

Mean ± SD
ACDpost (mm) Reference

Tomey AL-2000
Oculus Pentacam

A-Scan Ultrasound
Scheimpflug Imaging

3.97 ± 0.45
3.41 ± 0.28

[9]

3.81 ± 0.41
4.06 ± 0.46
4.05 ± 0.58

[10]

Optical Coherence Tomography 3.91 ± 0.29
Ultrasound Biomicroscopy
3.76 ± 0.33

[11]

4.54 ± 0.37
4.58 ± 0.34

[12]

Alcon Ocuscan Biometer A-Scan Ultrasound
Zeiss IOLMaster
Slit-beam Photography
Oculus Pentacam
Scheimpflug Photography
Zeiss Visante OCT
OTI-Scan HF 35-50

Alcon Ocuscan Biometer A-Scan Ultrasound
Grafton Optical Sirius
Scheimpflug Imaging
TABLE I: Compilation of works comparing ACDpost
measurement techniques.

Moreover, several authors have tried to improve the existing IOL power calculation methodology by addressing
the issue via ray tracing analysis, [13–16], making a direct
use of ACDpost measurements and therefore benefiting
from accurate ones. This represents a Physics based approach towards IOL power calculation, contrasting with
the currently used Statistics based approach, which is inherently limited, since the derived formulas are mostly
valid in the dataset from which they were derived, leading to the need of iterative corrections. This means that
using a diﬀerent biometric measurement technique for a
parameter, even a more accurate one than the one used
to derive the formula’s constants, or non average eye parameters when compared to the dataset, negatively aﬀect
the prediction and degrade the outcome. A ray tracing
based approach has several key advantages:
• Individual eyes can be modeled, nullifying the need
for population studies as well as iteratively calculating corrective factors.
• Is applicable to non average and post-LASIK3 eyes
without performance degradation.

3

LASIK is a very popular refractive surgery procedure, reshaping
the cornea in order to achieve good vision quality.

• Can provide a development platform for new types
of IOLs.
The results were found to be very promising, being as
accurate as current power calculation formulas.

III.
A.

CLINICAL STUDY
Patients and Methods

A clinical study involving 25 patients scheduled for
phacoemulsification cataract surgery was conducted at
Hospital da Luz. Preoperative biometry was performed
with the Lenstar LS 900. The mean preoperative values (± standard deviation) for axial length and corneal
power were:
• 23.24 ± 0.55 (mm)
• 43.84 ± 1.37 (D)
All surgeries were performed by the same surgeon
whom implanted the same IOL model in every patient: a
biconvex 22D Alcon AcrySof single-piece SA60AT. Most
manufacturers do not disclose certain parameters regarding an IOL, such as the curvatures of the surfaces,
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µm. The confidence intervals for the mean and for both
limits of agreement are presented in Table III and shaded
in Figure 2.
Parameter
d¯ + 1.96 σ
d¯
d¯ - 1.96 σ

Confidence interval (µm)
[108; 138]
[66; 83]
[11; 44]

TABLE III: Confidence intervals for the BA plot.
140
123

0.668
16.379
0
25
0
1.554
37

- LenstarACD

Central Thickness (mm)
Anterior surface radius (mm)
Anterior surface asphericity
Posterior radius (mm)
Posterior surface asphericity
n (λ=555nm)
Abbe number

post

Value

VisanteACD

Parameter

post

(µm)

sphericity, thickness and refractive index, which hinders
progress related to this field as these parameters are
needed for ray tracing and could also be useful for other
applications [4]. For this particular IOL all parameters
required for computational modeling were known, Table
II, and as such it was chosen for this study.
3 months after surgery subjective visual acuity evaluation was performed. 20/20 vision was achieved in all patients with the best optical correction. ACDpost was measured 3 months postoperatively with both the Lenstar LS
900 and Zeiss Visante OCT. Lenstar failed to measure
ACDpost 13% of the times, which resulted in the exclusion of these cases from the following analysis, reducing
the sample size from 40 to n = 35 eyes.

TABLE II: SA60AT parameters [17, 18].

B.

80
74
60
40
26
20

3.20

ACDpost : Visante vs Lenstar

When assessing the comparability between measurements from diﬀerent devices correlation analysis is not
a suitable method since it analyzes the relationship between variables and not the diﬀerences between them
[19]. On the other hand, Bland-Altman (BA) analysis
is a very useful method of assessing if the measurements
are comparable to the extent that one can replace the
other for the intended purpose of the measurement [20],
being widely used when comparing biometric measurements. The BA plot in Figure 2 displays the diﬀerences
between paired measurements against their paired mean.

100

3.40

3.60
3.80
4.00
Mean ACDpost (mm)

4.20
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FIG. 2: BA plot of ACDpost measurements.

With this information it is possible to conclude that a
systematic diﬀerence between the measuring devices exists: the Visante consistently makes larger ACDpost measurements. This does not provide information regarding:
• Interchangeability of the measurements. We need
to assess the clinical significancy of the diﬀerences
– that is, what is the consequence of using either
measurement in an IOL power calculation formula,
or what is the change in the final refraction of the
patient considering an ACDpost shift of this magnitude;
• Accuracy of the measurements – only calibrations
using physical references of known length can grant
us a deeper insight on this matter. Since the devices
share a common working principle it is plausible
that both are committing the same systematic error
and this has to be addressed.
In order to assess the clinical significancy of the diﬀerences the refraction on the spectacle plane, RS , was calculated using geometrical optics formulas. The refractive
shift at the spectacle plane was calculated for a normal
and for an extreme eye, Table IV, considering a 138µm
ACDpost shift from the optimum position (0D refraction
at the spectacle plane), which corresponds to the upper limit of the confidence interval for the agreement of
the measurements as presented in Table III. The normal
eye parameters correspond to average population4 values

FIG. 1: Histogram of the diﬀerences.

The dashed line in the middle of the plot represents
the mean diﬀerence, d¯ = 74 µm, while the other two
¯
represent the limits of agreement d±1.96σ,
with σ = 25
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This data is not from the clinical trial. It refers to average population values found in references [21, 22].
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while the extreme eye parameters correspond to average
population values associated with 2 standard deviations.
The IOL power of the normal eye was chosen to be the
same of the IOL used in this work while the IOL power
for the extreme eye was chosen to be abnormally large, so
that the eﬀect of the diﬀerences between measurements
could be perceived more easily.

therefore it seems that an eventual refractive index mismatch is not the only reason for the present discrepancy.

IV.

PSEUDOPHAKIC EYE PHANTOM

In order to assess the accuracy of ACDpost measurements made by the Zeiss Visante OCT and the HaagStreit Lenstar LS 900 in a life-like and realistic scenario
Eye
AL (mm) R1 (mm) IOL (D) d¯ + 1.96σ Shift (D) a pseudophakic eye phantom was built, Figure 3. The
phantom was built using laboratory grade optomechaniNormal 23.46
7.87
22
0.20
cal components, custom designed components and a 22D
Extreme 21.40
8.41
34
0.35
SA60AT Alcon AcrySof single-pice IOL, the same model
implanted in all patients involved in the clinical trial.
TABLE IV: Eﬀect of IOL shift on the spectacle plane refracThe phantom’s construction is modular so it can be used
tion.
with both devices.
The phantom consists of a 5cm tall top opened square
The normal eye has a refractive shift inferior to 0.25D,
shaped box, 4cm side length, with a plastic covered 12mm
making it clinically insignificant, however the extreme eye
diameter circular aperture in one of its faces – acting as
does not. It should be noted however that the combinaa flat cornea.
tion of parameters used to calculate this result is unlikely
The IOL is installed in a custom IOL holder, which is
to be found in practice and that and we are using the upglued onto a custom optical post that is in turn connected
per limit of the confidence interval for the limits of agreeto oﬀ-shelf optical posts mounted on a translation stage.
ment of the measurements. For this reason the refractive
The stage is actuated via a high precision micrometer
shift considering a diﬀerence equal to the upper limit of
head (5 µm/div), allowing for precise axial displacements
the confidence interval for the mean of the diﬀerences berelatively to the front surface.
tween devices, 83µm, Table III, was also calculated and
found to be 0.18D, which is clinically insignificant.
These findings constitute a very strong indication that
the results found are interchangeable. Although this is
a good indicator that the measurements are being done
correctly it is still necessary to assess their accuracy.
C.

Lens Thickness

When performing postoperative biometry Lenstar is
able to measure the thickness of the implanted IOL. The
mean thickness (± SD) was found to be 0.737 ± 0.078mm
while the manufacturer indicates a thickness of tIOL =
0.668mm . Since the device measures the optical path,
returning the physical distance d:
OP = n · d,

(1)

it is possible that this discrepancy is due to a mismatch
between the IOL’s refractive index and the one used by
the software to calculate the thickness. This hypothesis
is investigated here.
The IOL’s refractive index, nIOL (λ = 555nm) = 1.554,
has to be updated to consider dispersion since Lenstar’s
central wavelength is 820nm. The refractive index of the
IOL for several wavelengths is not provided and was estimated using data from N. Sultanova et al., 2009, [23]
and considered to be n(λ = 820nm) ≃= 1.541.
Therefore:
nIOL (λ = 820nm)·tIOL = nLenstar ·dLenstar ⇒ nLenstar = 1.397.
(2)
For the values mean ± SD we find: nLenstar = 1.263
and nLenstar = 1.562. According to reference [24], the refractive indexes of IOLs vary between 1.42 and 1.55, and

FIG. 3: Pseudophakic eye phantom. Clamping system not
pictured.

A.

Results

Both devices measure the physical distance, d, through
the optical path, d = OP/n, with n being the refractive
index of the aqueous humor considering the dispersion
caused by the light source’s central wavelength:
• λ0 = 820nm for the Lenstar.
• λ0 = 1310nm for the Visante,
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• n(λ0 = 820nm) = 1.32614
• n(λ0 = 1310nm) = 1.32089

R2 = 1.00; R.M.S Error = 5.83 µm

700

∆Visante = ∆Phantom.a + b

600

a = 1.003 ± 0.004

500

b = 5.45 ± 1.96 (µm)

400
300
200

These values were used to multiply the measurements
presented by the device when the box was air filled.
The relative displacements measured were fitted to the
linear equation:
∆Device = ∆Phantom · a + b,

(3)

and the fit parameters a and b were calculated using Gnuplot’s least squares fitting feature. Ideally a = 1 and b =
0.
The micrometer head used has a reported sensitivity of
1µm and the divisions are 5 µm apart. As such, its error
is considered to be negligible. Both devices present the
measurements in mm with two decimal places, therefore
the measurement uncertainty was considered to δm =
5µm.
For the diﬀerences this was propagated, δ∆Device =
√
2δm .
Doing a calibration using relative displacements is not
an eﬀective way to check for the existence of a zero shift
error since errors of this type aﬀect all measurements
equally and doing subtractions between absolute measurements may nullify its presence. It’s therefore necessary to measure a physical reference of known length, in
this case the IOL’s thickness, to check for the presence of
a zero shift error. Span shift errors can still be eﬀectively
detected with this type of calibration.

1.

Relative displacement measurements in water for the interval [4.46,3.71] mm
800

∆Visante (µm)

When air is inside the box this has to be accounted for
as the results presented by the devices for ACDpost are
divided by the refractive index of the aqueous. Data obtained by P. Schiebener et al., 1990, [25] regarding the refractive index of water for several combinations of wavelengths and temperatures was interpolated to find the
refractive index for both devices at 37C and 1MPa:

100
0
0

100

200

300

400
500
∆Phantom (µm)

600

700

800

FIG. 5: Medium range measurements in water.

The results presented here were obtained for 20µm displacements of the IOL in air and water.
In Figure 4 relative displacement experimental data
obtained with air inside the box is presented. Experimental data with water inside the box is presented in
Figure 5 relative displacement. The R.M.S errors of the
fits were found to be smaller than the device’s 18 µm resolution in all the measurement sets. The fit parameters,
a and b are also very close to the ideal value.
2.

Zeiss Visante IOL Thickness Measurement

Visante uses the refractive index of the aqueous humor, naq (λ = 1310nm) ≃ 1.323, to convert optical path
measurements into physical distances. Due to this the
IOL thickness measured by the Visante, tVisante , won’t
the match the IOL’s physical thickness, 0.668mm. As
such it is necessary to calculate the value of the measurement using the correct refractive index. The optical path
was calculated via:

Zeiss Visante Calibration

OP = tVisante · naq ,
Relative displacement measurements for the interval [3.67,3.17] mm

(4)

and the IOL’s thickness was then calculated from:

700
R2 = 1.00; R.M.S Error = 4.88 µm

600
500
∆Visante (µm)

tIOL = OP/nIOL (λ = 1310nm).

∆Visante = ∆Phantom.a + b
a = 1.011 ± 0.004
b = 1.98 ± 1.74 (µm)

400
300
200
100
0
0

100

200

300
400
∆Phantom (µm)

500

600

FIG. 4: Medium range measurements in air.

700

(5)

The IOL’s refractive index was estimated to be n(λ =
1310nm) ≃ 1.535. using data obtained by N. Sultanova
et al., 2009, [23].
The central thickness corresponds to the thickest point
of the lens and since it is diﬃcult to exactly pinpoint
several tomograms were acquired in diﬀerent regions of
the IOL. At the thickest point the value found was
0.61mm, having a 56µm deviation from the expected
value, 0.668mm. It’s important to consider how IOL
manufacturing tolerances aﬀect this result. Current fabrication technologies allow IOLs to be fabricated with
a ±5µm center thickness tolerance [26]. Assuming the
tolerance of the IOL used to be five times this value the
diﬀerence becomes 56 ± 25µm. A measuring error of this
magnitude is negligible, as previously found, see Table IV
results.
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3.

Haag-Streit Lenstar Calibration

This device allows measurements to be made along
longer ranges and for this reason 50µm IOL displacements were made, as seen in Figure 6. The fit parameters
obtained were a = 1.017±0.003 and b = −17.17±5.10µm.
The R.M.S error is 18.32 µm.
It is therefore important to check if the device accurately measures ACDpost when water is inside the box
and for this reason acquisitions with 20µm displacements
were made, Figure 7. Fit parameters of a = 1.054 ± 0.022
and b =4.25 ± 4.74 µm were found, as well as a R.M.S
error of 9.64µm.
Relative displacement measurements for the interval [4.51, 2.48] mm
3000
R2 = 1.00; R.M.S Error = 18.32 µm
2500

∆Lenstar = ∆Phantom.a + b
a = 1.017 ± 0.003

∆Lenstar (µm)

2000

b = -17.17 ± 5.10 (µm)
1500

1000

500

0
0

500

1000

1500
∆Phantom (µm)

2000

2500

3000

FIG. 6: Medium range measurements in air.
Relative displacement measurements in water for the interval [4.36, 3.97] mm
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2

R = 1.00; R.M.S Error = 9.64 µm

∆Lenstar (µm)
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∆Lenstar = ∆Phantom.a + b

300

a = 1.054 ± 0.022

250

b = 4.25 ± 4.74 (µm)
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FIG. 7: Medium range measurements in water.

4.

Validity of the Results

It is important to consider the eﬀect of tilts and decentration between the IOL and the cornea and between
the cornea and the measuring devices on the quality of
the measurements.
Considering that the devices’ eﬀectively measure the
reflectivity profile of a sample the existence of a tilt reduces the intensity of the back reflected signal, degrading

the image quality. A decentered IOL in relation to the
measuring beam also reduces the intensity of the back
reflected signal from its surface as this is stronger when
the beam impinges on the vertex.
The IOL has several degrees of freedom: it can be
moved axially via the micro-metric stage, the height can
be adjusted, and it can be tilted in relation to the cornea.
Due to the reasons previously explained the IOL was visually aligned with the cornea, so that the measuring
conditions were close to optimal, maximizing the back
reflected signal’s strength.
The cornea is flat and as such it is not aﬀected by
decentration. When the phantom was clamped to the
devices it was possible to observe that it was mostly perpendicular to incoming beam, which maximizes the reflection.
It’s important to note that eventual existence of a
tilt does not invalidate the measurements obtained: the
alignment of the devices with the cornea and the alignment of the IOL with the cornea was performed before
making each measurement set, so every measurement
from the same set is made in the same conditions.
Measurements with the phantom were all made by the
same operator and as such it is not possible to draw any
conclusion regarding the inter-operator reproducibility,
which is an important aspect to consider. Inter-operator
reproducibility of ACDpost measurements obtained with
the Visante OCT was evaluated by Qi Zang et al. in
2010 [11] and the results were found to good. In this
work ACDpost was measured in 25 pseudophakic eyes by
two operators and mean values ±SD of 3.810 ± 0.297
mm and 3.801 ± 0.293 mm were found. These findings
support that the fact that measurements obtained with
the Zeiss Visante are operator independent. The findings made with the phantom regarding the calibration of
the Visante, specifically when the box contained water,
paired with the measurement of the thickness of the IOL
provide a very strong indication that the device is capable of accurately measuring ACDpost in pseudophakic
eyes.
Results obtained through the clinical study show that
results obtained with the Haag-Streit Lenstar are interchangeable with the ones of the Zeiss Visante, however
inter-operator reproducibility of ACDpost measurements
obtained with the Haag-Streit Lenstar has not been assessed in the literature. Moreoever, this device had issues
regarding accurate measurement of the IOL thickness in
vivo, which is probably due to the diﬃculty in detecting
the reflection from its posterior surface combined with
an eventual mismatch of the refractive index of the IOL.
It is important to beware that an accurate IOL thickness measurement will propagate its error to posterior
eye structures which impacts the accuracy of axial length
measurements. As such, performing biometry with this
device in pseudophakic eyes will likely result in incorrect
axial length measurements. When using the eye phantom the performance of this device was also found to be
inferior to the one of the Visante.
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V.

PERSONALIZED PSEUDOPHAKIC EYE
MODEL

k=
Liou-Brennan’s eye model was implemented and used
in conjunction with biometric data collected during the
clinical study to calculate ACDpost in each case. The
biometric parameters presented in Table V were used to
personalize the model.
Represented by

Central Corneal Thickness
Anterior Corneal Radius
Crystalline Thickness
Axial Length

CCT
R1
LT
AL

TABLE V: Biometric parameters used in the personalized eye
model.

1.

Corneal Radius

Lenstar calculates the anterior corneal radius through
keratometry, averaging the corneal power along two perpendicular meridians:

Corneal Asphericity

Since no corneal topography data was available and
no relation between corneal asphericity and other parameters is known the best option was to use nominal
population values for these parameters. For this reason
the asphericities were considered to be Q1 = −0.18 and
Q2 = −0.60.
3.

Postoperative Refraction

Posteoperative refraction was implemented using the
postoperative subjective visual acuity via thin lens approximation. The spherical equivalent power of the prescribed refraction, Seq , was used to calculate the spectacle lens radius considering a polycarbonate glass.

4.

P =

1
· (na − n0 ),
R1

(6)

where P is the average corneal power, n0 = 1 the air’s
refractive index and na = 1.3375 the combined refractive
index of the cornea and of the aqueous humor. For modeling purposes R2 is obtained considering a ratio between
the surfaces,
R2 = k · R1 ,

(7)

where k is the ratio between the corneal curvatures of
an eye model. This is a similar approach to the one used
in reference [15], however in this case the values from the
Liou-Brennan eye model were used:

Implementation

Custom glasses were created for both the cornea and
the aqueous humor. For the IOL the respective refractive
index and Abbe number were used.
The location of the pupil was not measured and as such
the position of the Liou-Brennan eye model was used.
The surface named Free space is the gap between the
IOL and the pupil and has a variable, non-user defined,
z thickness which is calculated by optimizing the optical system. The last surface’s thickness depends on the
latter’s, as can be seen in Table VI, keeping the axial
length of the eye constant. This allows to calculate the
IOL position using the postoperative refraction. It is also
interesting to calculate the spectacle plane refraction using experimental ACDpost measurements and optimizing
the radius of the spectacles, r, as seen in Table VII.

# Surface

R (mm) t (mm)

Q

Glass

1
2
3
4
5
6
7
8
9

∞
Seq
∞
R1
R2
∞
∞
16.379
−25

0
0
0
−0.18
−0.60
0
0
0
0

Air
Polycarbonate
Air
Cornea
Aqueous Humor
Aqueous Humor
Aqueous Humor
IOL
Aqueous Humor

Object
Spectacles
Object
Cornea anterior
Cornea posterior
Pupil
Free space
IOL Front
IOL Back

(8)

This method does not take into account intrinsic
corneal astigmatism.

2.

Parameter

6.4
.
7.77

6000
1
12
CCT
3.16
0
z
CT
AL − (CCT + CT + 3.16 + z)

TABLE VI: Implementation of the personalized eye model: ACDpost optimization.
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# Surface

R (mm) t (mm)

Q

Glass

1
2
3
4
5
6
7
8
9

∞
r
∞
R1
R2
∞
∞
16.379
−25

0
0
0
−0.18
−0.60
0
0
0
0

Air
Polycarbonate
Air
Cornea
Aqueous Humor
Aqueous Humor
Aqueous Humor
IOL
Aqueous Humor

Object
Spectacles
Object
Cornea anterior
Cornea posterior
Pupil
Free space
IOL Front
IOL Back

6000
1
12
CCT
3.16
0
ACDpost − 3.16
CT
AL − (CCT + CT + 3.16 + z)

TABLE VII: Implementation of the personalized eye model: refraction optimization.

A.

Merit Function and Vision Quality Metric

The merit function is used to optimize the designed
optical system given a set of variable parameters, in this
case, ACDpost or the radius of the spectacle plane. The
Visual Strehl ratio calculated in the Modulation Transfer
Function domain (VSMTF) image quality metric has a
correlation coeﬃcient of R2 ≃ 0.73 with subjective vision
quality, [27], and served as a basis for the implemented
merit function.
In a visual acuity test the patient identifies letters,
which are composed of both horizontal and vertical
stripes. For this reason the average MTF operand
(MTFA) was used for the merit function. The targets of
the MTFA operand were chosen to be the average MTF
frequencies of the Liou-Brennan eye with the weight
being the corresponding Contrast Sensitivity Function
(CSF) value for that frequency. Eight MTFA operands
were used in the metric function – a compromise between
computational speed and accuracy.

VI.

RESULTS

In order to analyze the impact of the merit function and of the pupil diameter on the ability to predict
ACDpost an extensive battery of tests was made, with
the results being summarized in Table VIII. This table
presents the mean absolute diﬀerent and standard deviation between ACDpost measurements from the Visante
and those obtained from the simulations. Since the failure rate of the Lenstar reduced the sample size and the
devices were proven to be interchangeable in the previous
section comparisons were only made between the Visante
device measurements and the simulations. The Simulation column refers to diﬀerent combinations of merit
function and applied refractive correction. The column
Zemax Pupil Diameter refers to the pupil diameter of the
modeled eyes – since this parameter was not measured for
each patient simulations were made for 3 diameters.
Simulations A, B and C were made using a merit function with MTFA targets of a 4mm pupil. There is little diﬀerence between results of simulation A and B and
only when the spherical equivalent refractive, simulation
C, correction is applied we see a significant improvement.
Simulations D and E were made using a merit func-

tion with MTFA targets of a 5mm pupil. Comparing
the results obtained with this pupil size with those of
the 4mm pupil, the diﬀerence is not significant, although
better results were obtained for targets of the 5mm pupil
diameter.
Results from simulation E were found to be in better
agreement with experimental data than the rest, having
both the lowest mean absolute diﬀerence and standard
deviation. Simulation E uses the VSMTF based merit
function with MTFA targets of the for a 5mm diameter
pupil Liou-Brennan eye. In this simulation the subjective
spherical equivalent postoperative refractive error correction was applied for each patient.

Simulation

Zemax Pupil
Diameter (mm)

Mean Absolute
σ (mm)
Diﬀerence (mm)

A

2
3
4

0.416
0.394
0.447

0.453
0.474
0.485

B

2
3
4

0.439
0.417
0.487

0.470
0.444
0.463

C

2
3
4

0.352
0.331
0.379

0.385
0.380
0.388

D

2
3
4

0.511
0.494
0.498

0.539
0.492
0.488

E

2
3
4

0.313
0.270
0.358

0.377
0.347
0.381

TABLE VIII: Simulations’ results with VSMTF based merit
function using MTFA targets of the Liou-Brennan eye with:
A - 4mm pupil, uncorrected refractive error; B - 4mm pupil,
spherical refractive error correction;
C - 4mm pupil, spherical equivalent refractive error correction; D - 5mm pupil, uncorrected refractive error;
E - 5mm pupil, spherical equivalent refractive error correction;
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the cases have a refractive diﬀerence smaller than 0.25D,
which is not clinically significant. The rest of the diﬀerences are significant.
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FIG. 8: BA plot of ACDpost for simulation E.
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FIG. 9: BA plot of the Seq for simulation E.

The main purpose of this work was the assess the capability of accurately measuring ACDpost using devices
commonly found in ophthalmological clinics.
The clinical study conducted gave us a clear indication
that the devices under study, Lenstar LS 900 and Visante
OCT, are interchangeable, and, thanks to the experimental work developed with the phantom, indeed accurate,
with the Visante having a superior performance. The
span shift error of this device is virtually non existent
and the IOL thickness was measured with a 56 ± 25µm
error, which, if considered to be the zero shift error is
clinically insignificant. The Lenstar device would sometimes become uncooperative, not providing an ACDpost
measurement, probably due to the fact the reflection from
the frontal surface of the IOL is too dim, being regarded
as noise by the software. On the other hand, the Visante
OCT always provides tomographic images and even when
the frontal surface of the IOL is not fully rendered the
user can still measure its position accurately. So if the
two devices are available, and the parameter of interest is
ACDpost , the Visante OCT seems to be the best option.
Only one IOL model was used during this work and it
was possible to make accurate measurements with both
devices. These results are valid for other IOLs as long as
its reflective properties are similar to the one used in this
work, however, due to the great number of IOLs available
in the market this should be analyzed.
Knowing that interferometry based devices perform accurate measurements of ACDpost will certainly contribute
to improve ELP estimation methodologies and continue
to push forward ray tracing based methodologies, which
make a direct use of the ACDpost .
Regarding the computational work two important factors should be highlighted:
• Approximations regarding the shape of the anterior
cornea and position of the pupil.
• Aspects related to the optimization procedure.

FIG. 10: Bar chart of the diﬀerences in diopters.

Simulation E results are presented in Figure 8 in the
form of a BA plot, being possible to observe that an
obvious relationship between the diﬀerences and ACDpost
does not exist. The mean diﬀerence line (µ̄ =63µm) is
dash plotted, as well as the limits µ̄ ± 2σ.
Refraction at the spectacle plane was also calculated
through optimization using simulation E conditions and
the ACDpost measured with the Visante, Figure 9. These
results are presented as a bar chart in Figure 10. 37.5% of

The anterior cornea was modeled as a conicoid. This
approximation disregards intrinsic corneal astigmatism.
Moreover asphericity was not measured during the clinical trial so the average population value for this parameter was used. Using corneal topography to implement
the shape of the cornea is likely to improve the results.
Moreover, subjective refraction was used to calculate the
spherical equivalent power. If using corneal topography
it is necessary to implementing toric lenses for astigmatism correction. While performing the simulations the
pupil position reveled itself to be critical for the optical performance of the eye and, since this parameter was
not measured, a population value for this parameter was
used.
The optimization procedure consisted in using MTF
values of the Liou-Brennan eye for both 4mm and 5mm
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pupils while weighting these values with the CSF. These
targets refer to average phakic eyes and the MTF performance of a pseudophakic eye is diﬀerent since the IOL
does not compensate corneal aberration as well as a human crystalline. Using targets from pseudophakic eyes
would likely improve the results.
Despite these approximations the results obtained via
ray tracing are on par as the ones obtained with current

IOL power calculation formulas (90% of patients within
± 1D of the target refraction). It should be noted however, the the patient subset used in this work was compromised of average eyes, which was a consequence of
using cases implanted with the same 22D IOL model.
Nonetheless ray tracing is a very powerful tool and in
the future it is very likely to be used to improve the refractive outcome of cataract surgery.
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