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e pURPOSE: To theoretically derive and empiri-
cally validate the relationship between the actual
thick intraocular lens and the thin lens equivalent.
e METHODS: Included in the study were 12 con-
secutive adult patients ranging in age from 54 to
84 vears (mean = SD, 73.5 = 9.4 years) with
best-corrected visual acuity better than 20/40 in
each eye. Each patient had bilateral intraocular
lens implants of the same style, placed in the same
location (bag or sulcus) by the same surgeon.
Preoperatively, axial length, keratometry, refrac-
tion, and vertex distance were measured. Postop-
eratively, keratometry, refraction, vertex distance,
and the distance from the vertex of the cornea to
the anterior vertex of the
(AVpe,) were measured. Alternatively, the dis-
tance (AVpc,) was then back-calculated from the
vergence formula used for intraocular lens power

intraocular lens

calculations.

e RESULTS: The average (£SD) of the absolute
difference in the two methods was 0.23 = 0.18
mm, which would translate to approximately 0.46
diopters. There was no statistical difference be-
tween the measured and calculated values; the
Pearson product-moment correlation coefficient
from linear regression was 0.85 (r* = .72, F =
56). The average intereye difference was —0.030
mm (SD, 0.141 mm; SEM, 0.043 mm) using the
measurement method and +0.124 mm (SD, 0.412
mm; SEM, 0.124 mm) using the calculation
method.
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e CONCLUSION: The relationship between the ac-
tual thick intraocular lens and the thin lens equiv-
alent has been determined theoretically-and
demonstrated empirically. This validation provides
the manufacturer and surgeon additional confi-
dence and utility for lens constants used in in-
traocular lens power calculations. (Am ]
Ophthalmol 1998;126:339-347. © 1998 by

Elsevier Science Inc. All rights reserved.)

URRENT INTRAOCULAR LENS POWER CALCU-

lation formulas assume that the thickness of

an intraocular lens is zero (thin lens equiv-
alent). Formulas that assume the lens has no thick-
ness are often referred to as “thin lens” formulas.!=
Although the thin lens formula works well for
intraocular lens power calculations, it does not
provide any direct information about the position of
the actual thick intraocular lens within the eye.*
The following discussion and formulas relate the
position of the thin lens equivalent with respect to
the actual thick lens. These relationships will allow
the manufacturer and surgeon to validate the lens
constant used for intraocular lens power calcula-
tions by two methods: (1) using the postoperative
refraction, axial length, and keratometry to back-
calculate from the thin lens formula, and (2) using
the actual measurement of the anterior vertex of the
actual thick lens. Knowing the relationship of the
actual thick lens to the thin lens equivalent will also
provide the tools necessary to refine the existing
formulas for powers greater than +34 diopters, two
intraocular lenses (IOLs) (piggyback IOLs), and
negative power [OLs, that is, the actual position of
the high-powered, piggyback, and negative [OLs
must be known before the thin lens vergence
formulas can be appropriately modified. Secondly,

© 1998 8y ELSEVIER SCIENCE INC. ALL RIGHTS RESERVED. 339



knowledge of the effective thin lens position (ELP,)
from direct measurement provides all of the vari-
ables necessary to back-calculate the value of an
intraocular lens that may have been mislabeled,
causing a refractive surprise. The term effective lens
position (ELP_) was recommended to the United
States Food and Drug Administration in 1995 to
describe the position of the lens in the eve, since the
term anterior chamber depth (ACD) is not anatom-
ically accurate for lenses in the posterior chamber
and can lead to confusion for the clinician with the
anatomic anterior chamber depth (AACD). The
A-constant, familiar to many clinicians, does not
directly give information about the position of the
lens, but can be converted to an ELP_ by the
following regression equation®:

ELP, = [(A constant * 0.5663) — 62.005]/0.9704.

MATERIALS AND METHODS

INCLUDED IN THE STUDY WERE 12 CONSECUTIVE
adult patients ranging in age from 54 to 84 vears
(mean *=SD, 73.5 *= 9.4 vears) with best-cor-
rected visual acuity better than 20/40 in each eye.
Each patient had bilateral IOL implants of the
same style, placed in the same location (bag or
sulcus) by the same surgeon. At least 1 year had
elapsed since the second eye surgery for all pa-
tients. Patients who satisfied the criteria above
were selected as they presented for their routine
annual visit. In addition to the normal measure-
ments taken preoperatively (K-readings, axial
length, and refraction) and postoperatively (K-
readings and refraction), the distance from the
vertex of the cornea to the anterior vertex of the
intraocular lens (AVpe;) was measured by means
of the Haag-Streit anterior chamber depth gauge.
Measurements of the distance to the lens vertex
were performed by two observers. If the two
measurements differed by more than 0.05 mm,
they were repeated by the two observers until the
difference satisfied this condition. The value for
AVpe; was then calculated from postoperative
refraction, postoperarive K-readings, and the ax-
ial length, using equarions 2 through 8.
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RESULTS

THE INPUT VALUES AND RESULTS FOR AV~ BY THE
calculation and measurement are shown in Table 1.
There was no statistical difference between the
values obtained by the two methods, and the cor-
relation coefficient was 0.85 (r* = .72, F = 56). The
difference in the average values for the two methods
was 0.23 mm (SD, 0.18 mm; SEM, 0.052 mm)
which would be approximately 0.46 diopters. This
tolerance is near the accuracy possible for intraoc-
ular lens calculations and would never be a signifi-
cant factor in the refractive outcome of a specific
patient. The mean K-reading was 44.58 diopters
(SD, 1.23; SEM, 0.355) and the mean axial length
was 22.89 mm (SD, 0.71: SEM, 0.205).

Because all patients had bilateral implants, the
difference between the right and left eves (intereve
difference)} was calculated for both methods.3-7 The
average intereye difference was —0.030 mm (SD,
0.141 mm; SEM, 0.043 mm) by the measurement
method and +0.124 mm (SD, 0.412 mm; SEM,
0.124 mm) by the calculation method. Comparing
the SD and SEM for each method, we see thart the
calculation method has approximately 2.9 times
more variability than the measurement method
(0.412/0.141 and 0.124/0.043). This greater vari-
ability with the calculation method is expected
because the measurement method has only one
parameter introducing measurement error variabil-
ity, whereas the calculation method has three pa-
rameters, the axial length, keratometry, and
refraction, each introducing variability.

DISCUSSION

THE THEORETICAL THIN LENS FORMULA FOR IN-
traocular lens power calculations has not changed
since Gauss invented first-order optics almost 150
years ago.8 Credit for initially applying and publish-
ing gaussian optics to modern day 1OLs was given to
Fedorov and associates® in 1967. Although several
investigators have presented the theoretical formula
in different forms,!¢ there are no significant differ-
ences except for slight variations in the choice of
retinal thickness, corneal index of refraction, and
corneal principal planes.* There are six variables in
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TABLE 1. Input Variables for Calculated and Measured AVpcl®

APostRx Calculated Measurad Algebraic Absoiute
Patient SEQ Vix Mean Ky 1oL 1OL, AL, AVpcl AVpect Difference Difference

MNa. Eye (Diopters) {mmj) (Diopter) Manufacturer 10U Moded (Diopters) {rmm) (rrwm) {rmm) (prweri) {mm)

1 oD 0.625 14 45.620 Storz PO47UV 23.00 22.03 —A4TF0 — —5.04- e 034 ———0.34 —
oS 0.625 1 45,745 Storz PO47UV 22.50 22.05 459 5.20 0.61 0.61
2 oD —0.250 14 43.060 Storz PS06UV 20.50 23.80 423 4.40 0.17 0.17
0s —0.250 14 43,935 Storz P506UV 21.00 23.39 470 4.56 —-0.14 0.14
3 oD 1.125 14 46.185 Storz PO47UV 22.50 21.89 4.88 495 0.07 0.07
Qs 2.875 14 45,245 Storz PO4TUV 2450 21.60 5.64 5.11 -0.53 0,5?;
4 oD -0.375 14 43.310 Storz PSOBUV 24,00 22.685 4.18 3.88 -0.18 0.18
0s —0.500 14 43.250 Storz PSOsUV 24.00 2250  3.80 403 0.23 0.23
5 QoD 1.125 14 44,685 Storz PO11UV 20.00 23.30 5.62 5.04 -0.58 0.58
0s 0.750 14 43.810 Storz PO11UV 21.50 23.00 475 5.08 0.33 0.33
6 OD —0500 14 46620 Storz PS0EUV 2150  22.52 4.87 4.91 0.04 0.04
0s -0.125 14 46.995 Storz P508UV 21.00 22.35 4.81 4,88 0.07 0.07
7 oD -1.625 14 44245 lolab 707G 18.00 2436 461 4.54 -0.07 0.07
Qs -1.500 14 44,250 lolab 707G 18.00 24,13 427 420 -0.07 0.07
8 oD 0.000 14 43.870 Storz PS06UV 21.50 23.18 466 425 -0.41 0.41
0s -0.375 14 44 060 Storz P506UV 21.50 23.03 423 437 0.14 0.14
9 oD -0.375 14 44.745 Storz P506UV 18.00 23.85 4.61 4.43 -0.18 0.18
Qs -0.375 14 44.560 Storz P506UV 18.50 23.74 450 4.45 -0.05 0.05
10 oD -0.250 14 44.870 Storz P506UV 22.50 22.78 485 483 -0.02 0.02
0s 0.000 14 44250 Storz PS0sUV 23.00 22.80 434 5.01 0.17 0.7
1 QoD -0.750 14 45.435 lolab 707G 21.00 22.29 3.58 3.26 -0.33 0.33
0s —-2.250 14 46.310 lolab 707G 21.50 2212 3.14 3.19 0.05 0.05
12 oD -0.500 14 42 560 Storz P50BUV 24.00 23.0 427 474 0.47 0.47
0s -0.750 14 42 375 Storz Ps06UV 24.50 23.05 4.30 485 0.35 0.35
Average -0.15 — 44,58 — — 21.58 22.88 — — 0.02 0.23
SD 1.00 — 1.23 _ — 1.98 0.71 — — 0.29 0.18

APostRx SEQ = actual postoperative refraction sphero-equivalent; Vix = vertex; Mean K, = mean keratometric corneal power; IOL =
intraocular lens; IOL, = intraccular lens equivalent power; AL, = ultrasonically measured axial length: AVpc1 = location of anterior vertex
of intraccular lens with respect to the anterior vertex of the comea.

“ocation of anterior vertex of intraocular lens (AV) with respect 1o the anterior vertex of the cornea (pct).

the formula: (1) optical net comeal power (K,), (2)
oprical axial length (AL,), (3) intraccular lens
effective power (IOL,), (4) effective thin lens posi-
tion (ELP,), (5) desired refraction (DPostRx), and
(6) the vertex distance (V) of the desired refraction.
An intraocular lens power is labeled by means of the
effective power as opposed to vertex power since
Food and Drug Administration standardization in
1984.1t Normally, the intraocular lens power is
chosen as the dependent variable and solved for
using the other five variables, where distances are in
millimeters, refractive powers are in diopters, and
indices of refraction have been multiplied by 1,000:

VoL. 126, NO. 3
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The 1,336 is 1,000 times the refractive index of
aqueous and vitreous and the 1,000 is 1,000 times
the refractive index of air. The only variable that
cannot be chosen or measured preoperatively is
the effective thin lens position (ELP,). Figure 1
illustrates the physical locations of these vari-
ables. The average values for the keratometric
reading and axial length of the human eye from
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FIGURE 1. Standardized pseudophakic schematic eve (thin intraocular lens [IOL]). The values shown are the mean
values for a pseudophakic eve: keratometric power of the cornea (Ky.,), net optical power of the cornea (K,,), and
anterior radius of the cornea (r,_,). Using these values, the required thin IOL power is 21.19 diopters (D) at an

effective lens position (ELP) of 5.25 mm.

large populations have been used for the mod-
el.12.13

The optical axial length (AL,) of the human eye
is defined as the axial distance from the secondary
principal plane of the comea to the photoreceptors
in the fovea, as shown in Figure 1. The location of
the secondary principal plane of the comea (P,) is
0.05 mm posterior to the corneal vertex.+1415

The thickness of the retina (R,), the distance
between the vitreoretinal interface and the visual
cell layer, is chosen to be 0.25 mm.*!* The ultra-
sonically measured axial length (AL,) would be the
distance from the corneal vertex to the vitreoretinal
interface and would therefore have the following
relationship to the optical axial length (AL,):

AL, = AL, — Pc; + R, [24]
AL = AL, - 0.05mm + 0.25 mm [2b]
AL, = AL, + 0.20 mm. 2¢]
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This is the recommended standardized conversion
from the ultrasonically measured axial length (AL,)
to the optical axial length (AL,).

All keratometers measure the front radius of
curvature of the cornea, then convert to power by
dividing into the difference of two indices of refrac-
tion. The formula for converting the radius of
curvature of a refractive surface bounded by two
optical media is referred to as the simple spherical
refractive surface formula:

[32]

The variables n; and n, are the indices of
refraction of the first and second media, respec-
tively, and r is the radius of curvature of the
interface. The value for n; is 1.000 (index of
refraction for air) and the standardized keratometric
index of refraction (1.3375) was chosen for n, many
years ago, so that an anterior radius of curvature of
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the comea of 7.5 mm would yield a power of 45.00
diopters.'¢

_ 1.3375 - 1.000 _ 0.3375

T

K, [3b]

a ra

where r, is the anterior radius of curvature of the
cornea.

There is no other rationale for choosing the index
of refraction of 1.3375 other than to make these two
numbers (7.5 and 45) agree exactly. The origin of
the standardized keratometric index of refraction
remains obscure, dating back to the 19th century. [f
a more physiologic choice of 1.336 (tear ilm) were
used as the index of refraction, the resulting power
would be 44.80 diopters. This was the original value
proposed by Javal,!7 the inventor of the keratomerer
more than 100 years ago. For this value to be
correct, the anterior and posterior radii of the
cornea must be equal. Several studies have shown
that the posterior radius of the cornea is at least 1.2
mm steeper than the anterior radius, which reduces
the net optical power of the comea even more than
0.2 diopters.!8-22 Using the index of refraction of
the comeal stroma of 1.376, a posterior corneal
radius that is 1.2 mm steeper, and a corneal thick-
ness of 0.55 mm results in the calculated net optical
power of a cornea to be 44.44 diopters. The calcu-
lated net optical power of the cornea with these
conditions is approximately 0.56 diopter less than
the keratometric power.

With an anterior radius of 7.5 mm and a net
optical power of 44.44 diopters, a net corneal index
of refraction can be calculated that would yield
1.3333. Recent studies have suggested that using an
even lower value of 1.3315 is appropriate for in-
traocular lens calculations, suggesting that the pos-
terior radius of the comea is more than 1.2 mm
steeper than the anterior radius.?> Binkhorst chose
4/3 (1.3333 ...) as the optical net index of refrac-
tion for the comea because it yielded the best results
for his calculations, the same reason Olsen? chose
1.3315. Although Binkhorst's value yielded more
accurate results with his formula, his explanation in
1975 was incorrect.?* He thought that the reduced
power was caused by a 0.56-diopter flattening of the
cormnea after cataract surgery, which was docu-

mented and published by Floyd.?> With today’s

VOL. 126, NO. 3

modern small-incision surgery, however, there is no
significant change in the spheroequivalent power of
the comea. [n any case, Binkhorst’s use of an index
of 1.333 (4/3) was more accurate than using the
standardized keratometric index of refraction. The
value of 4/3 for the net comeal index of refraction is
an appropriate value and would have the minimum
impact on current formulas.

Using the value of 4/3 as the net corneal index of
refraction, the net optical comeal power can be
related ro the keratometric power by the following
equation:

43 -1 13

; = 0.98765431 = K_. [4
33375 = 098765831+ K (4]

This is the recommended “standard” method of
converting the keratometric power (K) to the net
optical power of the comea (K,). Since a few
keratometers use a value other than the standard-
ized keratometric index, clinicians should confirm
the value used on their instrument. If the value is
not 1.3373, then the actual value used (for example,
1.336) should be substituted for 1.3375 in equation
4 above.

In 1988, we first published the quadratic solution
to the axial length vergence formula for the ELP_.!
Equations 5a through e give the reverse solution of
the axial length vergence formula for the ELP,
given the stabilized actual postoperative refraction
(APostRx) and the actual power of the implanted
intraocular lens (IOL,).

. 1336 (54
TR o
00
APostRx
A=10L, [5b]
B= —IOL, = (AL, + X) [5¢]

C=1336(AL,—X) + [OL, = X * AL, 5d]

[5e]

In equation e there is a = sign; the plus sign is used
for negative [CL powers and the minus sign is used
for positive IOL powers.

Every thick lens can be completely characrerized
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FIGURE 2. Primary and secondary principal planes
and focal points. The diagram illustrates the location of
the cardinal points of a thick lens: central lens thick-
ness (Th), separation (T, ,) of the principal planes (H,
and H,), anterior focal length (f,), posterior focal point
(f,), anterior vertex of the lens (AV), posterior vertex
of the lens (PV), the eguivalent anterior and posterior
focal lengths (f, and f',), and the distances (e, and e,)
from the principal points (P, and P,) to their respective
vertexes (AV and PV). :

optically by three pairs of cardinal points (Figure 2):
two equivalent focal points (f, and f'.), two princi-
pal points (P, and P,), and two nodal points (N,
and N,).2¢ For intraocular lenses, the nodal points
coincide with the principal points because the
refracting medium (aqueous) is the same on both
sides of the lens. The distances from the principal
points to the respective anterior and posterior ver-
tex of the lens (e; and e,) provide all of the
necessary information to relate the theoretical thin
lens to the actual thick lens (for example, {4y,
anterior vertex focal length, and fpy, posterior
vertex focal length). The cardinal points are shown
in Figure 2 for a biconvex intraocular lens.

Figure 3 illustrates the relationship of a thin lens
with principal point ELP, and a thick lens with
principal points ELP; and ELP, in agueous, each
lens having an equivalent power of IOL.. For
distant objects (collimated light), the thin lens and
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the thick lens have the same effective focal length
and will bring rays into the same focal point (f,),
when ELP,_ is coincident with ELP,.

Unfortunately, this relationship is only true when
collimated light is incident on the IOL. When the
rays incident on the intraocular lens are converging,
such as those from the cornea, this relationship is no
longer true. Binkhorst?4 and Jalie?? overlooked this
condition when generalizing their formulas for the
thick lens equivalent. For plus lenses, the thick lens
must be placed anteriorly to the thin lens equiva-
lent, as shown in Figure 3, to bring the final rays
into the same point of focus on the fovea. The
amount of anterior displacement (L, ;) of the thick
lens secondary principal plane (ELP,) with respect
to the thin lens (ELP,) is nonlinear and depends on
corneal power (K ), IOL power (IOL,), the separa-
tion of the thick lens principal planes (T, ), and
the position of the thin lens (ELP_).

The value for ELP,, the secondary principal
plane of the thick lens, can be calculated by
modifying equation 5a through 5e to incorporate
a term related to the thickness of the lens. After
a lengthy derivation, the only modification nec-
essary in the calculation is to add a term repre-
senting the separation of the thick lens principal
planes (T,,) to equation 5a (“the X” term).
Equations 6a through 6e provide the formulas
necessary to calculate the position of ELP, for a
thick intraocular lens.

1336

X = - + T, [6a]
1000 R
APostRx '
A =10L, [6b)
B= —JOL_ = (AL ,+ X) [6¢c]
C=1336(AL, — X) + IOL, * X = AL, [6d]
-B= \B°-4A=C
ELP, = . , [6e]

1A

The value for L, (Figure 3) is the difference
between ELP_ and ELP,.

Lg_-c = ELPU - ELP: [?]
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FIGURE 3. Standardized pseudophakic schematic eye (thick intraocular lens [IOL]). The values shown are the mean
values for a pseudophakic eye: keratometric power of the cornea (K,.,), net optical power of the cornea (K,,), and
anterior radius of the cornea (r,_,). Using these values and a thick IOL power of 21.19 diopters (D), the anterior and
posterior principal planes (ELP, and ELP,) must always be anterior to the effective thin lens position (ELP,). The
distance (L, o) from the thin lens (ELP,) to the thick lens secondary principal plane (ELP,) is approximately equal

to the separation (T, ,) of the thick lens principal planes.

For example, using the thin lens in Figure 1, we
have ELP, of 5.25 mm, IOL, of 21.19 diopters, K,
of 43.27 diopters, and APostRx of —0.50 diopters
at vertex (V) of 14 mm. To find the equivalent
position of a thick lens with principal planes
separated by 0.1000 mm (T,,) and the same
effective IOL power (IOL,) of 21.19 diopters, we
find from equation 6a through 7, L, must be
0.1001 mm. Therefore, the thick lens ELP, must
be 5.15 mm (5.25 — 0.10) behind the secondary
principal plane of the cornea (Ps,). Note that in
this example L,, and T,, were virtually the
same. This relationship is not always so close and
must be determined by exact calculation. The
exact values to eight decimal places are given in
Table 2.

Once the location of the secondary principal

VOL. 126, NG. 3

RELATIONSHIP OF ACTUAL THICK ILO 7O THIN Lens EQUIVALENT

plane ELP, of the thick lens is known, it is easy to
determine the physical location of the anterior
vertex (AV) of the thick lens to the acrual vertex of
the cornea (P,), as shown in Figure 3. If the lens in
our example above were an equiconvex 21.19-
diopter IOL with a 1.0-mm thickness (T,) and a
separation in principal planes of 0.10 mm (T, ,),
then the first and second principal planes (H, and
H,) must be 0.45 mm from the front and back
vertex of the IOL (e, and e,), respectively. In this
example, the anterior vertex of the thick lens must
be 0.65 mm anterior to ELP, or 4.60 mm (5.25 —
0.63) posterior to the secondary principal plane of
the comea, P,. Since P, is 0.050 mm posterior to
the anterior comneal vertex, the distance from the
anterior vertex of the cornea to the anterior vertex

of the thick IOL (AVpc,) is 4.65 mm (4.60 +

345



TABLE 2. Schematic Eye Values for Thin and Thick

utility for lens constants used in intraocular lens
power calculations and will continue to improve the
refractive outcome of intraocular lens implantation.
Improved accuracy in determining lens constants is
directly correlated with our ability to achieve de-

Intraocular Lenses

Varizble Value Units
DPostRx@specs —0.50000000 Diopters
Vertex 14.00000000 mir
DPostRx@cornea —0.49652433 Diopters
K, 43.81000000 Diopters
K, 43.26913580 Diopters
AL, 23.45000000 mm

AL, 23.65000000 mm
ELP, 5.25000000 mm
1oL, 21.19430164 Diopters
Th 0.99231156 mm

T,z 0.10000000 mm
ELP, 5.14987887 mm
ELP, 5.04987887 mm

Loo 0.10012113 mm

DPostRx@specs = desired postoperative refraction at
spectacle plane; DPostRx@comea = desired postoperative
refraction at comeal plane; K, = keratometric corneal power;
K, = optical comeal power; AL, = ultrasonically measured
axial length; AL = optical axial length; ELP_ = effective thin
lens position; 10L, = intraocular lens effective power; Th =
central intraocular lens thickness; T,, = distance between
principal planes; ELP, = secondary principal plane of thick
lens; ELP, = primary principal plane of thick lens; L, =
difference between ELP, and ELP,.

0.05). Expressing these relationships in equation
form, we have:

AVpe;, = AVpes + Poy = 4.60 + 0.05 = 465 mm.  [8c]

The value for AV, can then be compared with
the direct measurement (optical or ultrasonic) from
the corneal vertex to the anterior vertex of the lens.

The relationship between the actual thick in-
traocular lens and the thin lens equivalent has been
determined theoretically and demonstrated empiri-
cally. Two independent methods for determining
the appropriate lens constant, ELP,, for a specific
stvle of IOL are available. The ability to validate the
lens constant by two independent methods provides
the manufacturer and surgeon added confidence and
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sired postoperative refractions.
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