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In this chapter, we will summarize the different 
intraocular lens (IOL) power calculation formu-
las, especially those that consider the variables 
anterior chamber depth (ACD), lens thickness 
(LT), and/or horizontal corneal diameter (CD), 
also known as corneal diameter (CD). We will 
describe the preoperative evaluation of these bio-
metric parameters and their normal values. We 
will review the influence of each of these three 
parameters in different IOL power calculation 
formulas. Finally, highlighting the need for fur-
ther improvement of refractive results in cataract 
surgery, we will enumerate future directions for 
research in this area.

 Introduction

In the past decade, cataract surgery transitioned 
from a replacement of the opacified crystalline 
lens to a refractive procedure. Residual refractive 
errors became less frequent, with an increased 
precision of optical biometry and new IOL power 
calculation formulas [1].

For spherical IOL power calculation, the com-
bination of optical biometry with last generation 
formulas such as the Barrett Universal II (BU II) 
or the Hill-Radial Basis Function (RBF) formu-
las results in a postoperative refractive result 

within ±0.50 D of the target in at least 72–84% of 
the eyes [2, 3], results that still reflect the need for 
increased precision in IOL power calculation. 
This is further supported by the knowledge that 
implantation of new aspheric, multifocal, or toric 
IOL designs is ineffective unless minimal resid-
ual refractive error is achieved [4].

 Intraocular Lens Power Calculation 
Formulas

A number of different mathematical formulas 
have been proposed to improve postoperative 
refractive prediction.

These formulas have been subject to several 
improvements since the first analytical formulas 
proposed by Fedorov [5], Fyodorov [6], and 
Colenbrander [7], and the first empirical formula, 
the SRK, proposed by Sanders, Retzlaff, and 
Kraff [8, 9]. Analytical formulas rely on a thin 
lens system to calculate the IOL power, and they 
all use approximately the same vergence 
formula.

Given most presently available formulas use 
non-realistic models for the optics of the eye, 
they require a number of retrospective corrective 
factors from observed data in order to work accu-
rately. Therefore, empirical formulas are based 
on large retrospective populational studies.

The most commonly used empirical formula, 
the SRK, has been improved with corrective T. B. Ferreira (*) · N. Campos 
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 factors for extreme eyes and an enhanced algo-
rithm for effective lens position (ELP) estima-
tion, evolving to the SRK II, SRK-T, and, more 
recently, the SRK-T2 [10]. The effect of these 
factors is to correct for any off-set errors arising 
in the formula by applying an average corrective 
term, making the predictions accurate in the aver-
age eye.

In fact, formulas do not account for the actual 
physical lens position in the pseudophakic eye, 
but instead use a theoretical position defined as 
the effective distance from the anterior surface of 
the cornea to the lens plane as if the lens was of 
negligible thickness (ELP). This value is pro-
vided by the manufacturer as the A-constant is 
formula-dependent and does not reflect the true 
ACD in the anatomical sense, which hampers the 
comparison with postoperative measurements of 
the pseudophakic ACD, i.e., the postoperative 
anterior chamber depth (ACDpost).

Estimates of postoperative ELP were initially 
a constant (4 mm). In second-generation formu-
las, axial length (AL) was introduced as a predic-
tor, and on third-generation formulas, corneal 
power and AL were used as predictors of postop-
erative ELP.  Given these limitations, and given 
that the actual postoperative lens position is cor-
related with AL, ACD, anterior segment depth, 
and CD [11], new formulas that integrate some or 
all of the parameters subject of this chapter 
(ACD, LT, and CD) to predict ELP emerged 
(Fig. 13.1).

More recent formulas, Holladay 2 (unpub-
lished formula) and Olsen 2 [12], introduce new 
correlation parameters to compensate for the 
above-mentioned flaws of third generation for-
mulas. The introduction of more parameters 
improves the predictive ability of the formulas, 
decreasing or even removing (Haigis formula) 
the contribution of the error associated with cor-
neal dioptric power. However, care should be 
taken with the reproducibility of measuring more 
parameters and also the fact that regressive fac-
tors depend on the measurement technique.

Eyes considered to be average comprise the 
majority of cases, with the results generally 

degrading in non-average eyes, due to the statisti-
cal nature of the formulas.

Nowadays, multiple formulas exist [13], cast-
ing some confusion in clinical practice.

The processing capability of computers no 
longer requires the simplifications of paraxial 
optics used nor lengthy population studies. 
Computerized methods such as artificial intelli-
gence (AI) or ray-tracing emerged as 
alternatives.

Other new formulas further improved IOL 
power calculation results by merging the thin 
lens framework with statistical regression tech-
niques. The main difference between formulas of 
this type is the variables used and weighting 
attributed to each one when performing the 
regression for the ELP value.

New IOL power calculation formulas 
(Fig. 13.2) include:

 – Barrett Universal II (BU II) [14, 15] is a 
multiple- parameter vergence-based thick-lens 
formula (although reported to use paraxial ray 
tracing by Barrett in several personal commu-
nications), which has been modified by the 
author over the years. The formula is unpub-
lished and freely accessible online at calc.
apacrs.org/barrett_universal2105/ (accessed 
March 18, 2021). It uses AL, keratometry (K), 
and ACD to predict the ELP. Two additional 
optional parameters may be used, namely LT 
and CD.

 – Emmetropia Verifying Optical (EVO) formula 
(version 2.0) is a thick-lens formula based on 
the theory of emmetropization. The formula is 
unpublished. Version 2.0 of the formula freely 
accessible online at www.evoiolcalculator.
com (accessed March 18, 2021). Predictors of 
ELP are AL, K, and ACD, with LT and central 
corneal thickness (CCT) being optional.

 – Hill-RBF formula uses AI through a pattern 
recognition algorithm that considers a form of 
data interpolation for calculating the IOL 
power. The Hill-RBF calculator is freely 
accessible online at www.rbfcalculator.com 
(accessed March 18, 2021) and also available 
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Fig. 13.1 Correlations of actual lens position with age, 
mean K data, AL, ACD, anterior segment depth, lens 
thickness, CD distance, and refraction. ACD anterior 
chamber depth, AL axial length, ALP actual lens position, 
ASD anterior segment depth, Km mean keratometry, LT 

lens thickness, RApre preoperative refraction assessment, 
reg. regression, CD corneal diameter. (Reproduced with 
permission from J Cataract Refract Surg. 2017 
Feb;43(2):195–200)
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Fig. 13.2 Classification of new intraocular lens power calculation formulas. (Reproduced with permission from 
Ophthalmology. 2019 Sep;126(9):1334–1335)

on the Lenstar biometer. It is now in version 
3.0. AL, K, and ACD are the mandatory data 
for IOL calculation. LT, CCT, and CD are 
optional.

 – Kane formula is based on a combination of 
theoretical optics and AI. It is unpublished and 
freely accessible online at www.iolformula.
com (accessed March 18, 2021). The predic-
tors of ELP are AL, K, ACD, and gender. LT 
and CCT are optional.

 – Ladas Super Formula is a combination of the 
Holladay 1, Holladay 2 (with Wang-Koch 
adjustment), Hoffer Q, and SRK/T formulas. 
It is based on a three-dimensional model, 
adjusting the best formula for a specific eye. 
The current version of the formula (Ladas 
Super Formula AI) was developed in 2019. 
This new version is based on AI and is freely 
available at www.iolcalc.com (accessed 
March 18, 2021).

 – Næser 2 is a thick-lens formula [16]. It pre-
dicts the geometric ACD and not the ELP. The 
Næser 2 formula, and improvement over the 
Næser 1 formula, uses calculated data of the 
IOL architecture and optimized AL measure-
ments to achieve equal results on small, aver-

age, and large eyes. The formula is available 
from its author in Excel (Microsoft 
Corporation, Redmond, WA, USA).

 – Olsen formula was first developed in 1987, 
undergoing several modifications in the fol-
lowing years [17–19]. The current version is 
based on ray-tracing [20]. The C constant esti-
mates IOL position based on ACD and LT. 
The formula can be downloaded at www.
phacooptics.net (accessed March 18, 2021). 
Besides ACD and LT, PhacoOptics software 
uses four determinants for ELP prediction: 
AL, K, ACD, and LT. Two versions of Olsen 
formula are then described: the 4-factor ver-
sion, also known as OlsenStandalone and the 
2-factor version, which is installed on optical 
biometers.

 – VRF formula is a vergence based thin-lens 
formula. The formula is published and uses 
four variables to predict the ELP (AL, K, 
ACD, and CD) [21]. The formula is available 
in its proprietary software (ViOL Commander 
software v. 2.0.0.0 (V/B/C Systems, Kiev, 
Ukraine)).

 – VRF-G formula is a modification of the VRF 
formula. The new formula is based on theo-
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retical optics, including regression and ray- 
tracing components. It uses eight variables for 
ELP prediction (AL, K, ACD, CD, LT, preop-
erative refraction, CCT, and gender).

 – The Prediction Enhanced by ARtificial 
Intelligence and output 
 Linearization- Debellemanière, Gatinel, and 
Saad (PEARL-DGS) formula uses machine 
learning (ML) and output linearization for 
estimating ELP and calculation the IOL 
power. It uses adjustments for the biometric 
values and is unpublished. It is available 
online at www.iolsolver.com (accessed March 
18, 2021).

 – T2 formula is an improvement of the SRK/T 
to circumvent its nonphysiological behavior 
[10]. It enhances the corneal height calcula-
tion of the original formula.

A summary of the constants and metrics used 
by each formula is presented in Table 13.1.

 Performance of Different Formulas

Of all the available formulas, the best performing 
formulas use more than two parameters for ELP 
prediction and therefore should be preferred clin-
ically [22].

In two landmark clinical studies [2, 23], 
Melles et al. investigated the performance of dif-
ferent IOL power calculation formulas. In their 
second study [23], the authors found Kane for-
mula to be the most accurate, with 84% of the 
eyes within ±0.50 D of the target. Olsen, BU II, 
and EVO 2.0 formulas showed the next best 
results (Fig.  13.3). This was true when both 
SS-OCT and PCI-based biometers were used to 
acquire preoperative data.

In a 2016 study [24], Kane et al. reported the 
BU II to be similarly accurate for both small and 
long eyes, a finding confirmed in a subsequent 
study. The formula was superior to Haigis, 
SRK/T, and T2 formulas for all ALs (Fig. 13.4).

Similar findings were reported by Cooke and 
Cooke [25] when using the IOLMaster biometer, 

while the OlsenStandalone version was superior to 
BU II when using the Lenstar biometer. 
Figure  13.5 depicts two tables with the main 
study findings.

Shajari et al. [22] also found BU II to be the 
most precise formula. However, in contrast to the 
study by Kane et al., the authors found no signifi-
cant differences between BU II, SRK/T, and T2 
formulas. Also, in the study by Shajari et al. [22], 
differences in mean absolute error (MAE) 
between Hoffer Q, Holladay 1, and SRK/T for-
mulas were not statistically significant.

Table 13.1 Summary of each intraocular lens formula 
constants and metrics (adapted from Clinical 
Ophthalmology 2020;14:4395–4402—open access)

Formula Constants Metrics
BARRETT 
UII

LF 2.035 AL, Κ, ACD, LT, 
HCD

EVO 2.0 A 
constant

119.20 AL, Κ, ACD, LT, 
CCT

HAIGIS a0; a1; a2 −0.66; 
0.234; 
0.217

AL, Κ, ACD

HILL-RBF 
2.0

A 
constant

119.23 AL, Κ, ACD

HOFFER Q pACD 5.75 AL, Κ
HOLLADAY 
1

SF 1.97 AL, Κ

KANE A 
constant

119.18 AL, Κ, ACD, 
gender, LT, CCT

NÆESER 2 Κοrr AL 
constants

1.43; 
0.94

AL, K, ACD

PEARL-DGS A 
constant

119.03 AL, K, ACD, LT, 
HCD, CCT

SRK/T A 
constant

119.22 AL, Κ

T2 
FORMULA

A 
constant

119.22 AL, Κ

VRF CACD 5.66 AL, K, ACD, 
HCD

VRF-G A 
constant

119.19 AL, K, ACD, 
gender, LT, CCT, 
HCD, 
preoperative SE

SF surgeon factor, pACD personalized anterior chamber 
depth, LF lens factor, CACD optical constant of the ante-
rior chamber depth, AL axial length, K keratometry, ACD 
anterior chamber depth, LT lens thickness, HCD horizon-
tal cornea diameter, CCT central corneal thickness, SE 
refractive spherical equivalent
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Fig. 13.3 Stacked histogram comparing the percentage 
of cases within a given diopter range of predicted spheri-
cal equivalent refraction outcome for the SN60WF (Alcon 
Laboratories, Inc., Forth Worth, TX) model intraocular 

lens. H1 Holladay 1, H2 Holladay 2, HS Haag-Streit, WK 
Wang-Koch. (Reproduced with permission from 
Ophthalmology. 2019 Sep;126(9):1334–1335)
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Formula Formula

n = 3241
Hoffer Q
Holladay 1
Holladay 2

Barrett Universal II Barrett Universal II
Haigis
SRK/T
T2

0.58

0.56
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Axial Length (group)

Long Short Medium Medium- Long

Axial Length (group)
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P < 0.001

P < 0.001

P < 0.001

P < 0.001

P < 0.001P < 0.001

Fig. 13.4 Mean absolute error plotted against AL groups 
for the Barrett Universal II, Hoffer Q, Holladay 1, 
Holladay 2, Haigis, SRK/T, and T2 formulas. The formu-

las are grouped to allow easier visualization. (Adapted 
with permission from J Cataract Refract Surg. 2016 
Oct;42(10):1490–1500)
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98.682.01.530.3780.2450.2960.00OlsenOLCR

Formula ME (D) MAE (D) Med AE(D) SD MAX Err �0.5 D �1.0D

Formula ME (D) MAE (D) Med AE(D) SD MAX Err �0.5 D �1.0D

Table 1. Formula performance for all eyes using optimized lens constants with PCI measurements (mean AL = 23.81 mm; range = 20.87
to 29.44 mm; N = 1079).

Table 2. Formula performance for all eyes using optimized lens constants with OLCR measurements (mean AL = 23.81 mm; range
= 20.84 to 29.51 mm; N = 1079).

Barrett 0.00 0.306 0.255 0.387 1.35 80.6 99.3
98.7

98.7
98.3
98.4
97.7
98.1
97.4

98.1
97.1

79.8

79.0
79.9
79.5
79.3
75.2
77.0

75.1
75.1

1.71

1.70
1.72
1.54
1.52
1.47
1.81
1.89
1.59

0.401
0.404
0.410
0.414
0.417
0.432
0.432

0.440
0.446

0.271

0.265
0.275
0.270
0.287
0.297
0.281
0.290
0.285

0.319
0.319
0.326
0.326
0.331
0.346
0.341
0.346

0.348

0.00
0.00

–0.06
0.00
0.00
0.00
0.00
0.00
0.01

0.00 0.284 0.225 0.361 1.51 83.7 99.1
99.2

98.7
98.8

98.4
98.1
98.6
98.4
97.4
98.1

82.9

80.4
79.6

79.1
79.0
79.1
76.6
77.8
75.7

1.25

1.78
1.62

1.54
1.39
1.69
1.48
1.66
1.79

0.365

0.393
0.397

0.403
0.404
0.408
0.423
0.428
0.433

0.230

0.268
0.262

0.269
0.261
0.268
0.288
0.285
0.289

0.285

0.314
0.313

0.321
0.318
0.320
0.336
0.340
0.342

0.00

0.00
0.00

–0.06
0.00
0.00
0.00
0.00
0.00

Haigis*

Haigis*

T2

T2

Super Formula

Super Formula

Barrett = Barrett Universal II formula; Holladay 2NoRef = Holladay 2 formula that used all preoperative variables except preoperative refraction; Holladay
2PreSurgRef  = Holladay 2 formula that used the refraction from the preoperative examination; MAE = mean absolute error; Max Err = maximum prediction
error; ME = mean prediction error; Med AE = median absolute error, OlsenStandalone = purchased Olsen formula
*Formulas that were evaluated in a previous study¹
†Percentage of refractions within ±0.5 D of prediction
‡Percentage of refractions within ±1.0 D of prediction

Barrett Universal II formula; Holladay 2 NoRef  = Holladay 2 formula that used all preoperative variables except preoperative refraction; Holladay
2PresurgRef  = Holladay 2 formula that used the refraction from the preoperative examination; MAE = mean absolute error; Max Err = maximum prediction
error, ME = mean prediction error; Med AE median absolute error; OlsenOLCR  = preloaded Olsen formula; OlsenStandalone  = purchased Olsen formula
*Formulas that were evaluated in a previous study1
†Percentage of refractions within ±0.5 D of prediction
‡Percentage of refractions within ± 1.0 D of prediction

OlsenStandalone

OlsenStandalone

Barrett

Holladay 1*

Holladay 1*

Holladay 2NoRef

Holladay 2NoRef

Holladay 2PreSurgRef

Holladay 2PreSurgRef

Hoffer Q*

Hoffer Q*

SRK/T*
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*

Fig. 13.5 Formula performance for all eyes using opti-
mized lens constants with partial coherence interferome-
try (PCI) measurements (Table  13.1) and optical low 

coherence reflectometry (OLCR) measurements 
(Table  13.2). (Reproduced with permission from J 
Cataract Refract Surg. 2016;42:1157–1164)

BU II, EVO 2.0, Kane, and Olsen formulas 
superiority was confirmed in different studies 
[26, 27]. A study suggested Kane may be supe-
rior in ALs  >22  mm [26]. Another study [27] 
reported similar results for the VRF-G formula 
when compared with the three other formulas, for 
eyes of all ALs.

 Refractive Prediction Errors after 
Cataract Surgery

Even if the current formulas offer excellent 
results, the potential for postoperative ametro-
pia still exists due to pre-, intra-, or postopera-
tive causes. Preoperatively, the current 

13 Influence of Anterior Chamber Depth, Lens Thickness, and Corneal Diameter on Intraocular Lens…



236

40

35

30

25

20

15

10

5

0
ACD-pred Rfx AL Pupil Rp Oa Ra Rl-cor IOL Rl-vit Rl-aqu Ret-1h Op Cor-th Ch-dist Rl-air

%
 e

rr
o

r 
co

n
tr

ib
u

ti
o

n

Fig. 13.6 Relative (percentage) error contribution of all 
factors influencing the refractive outcome of cataract sur-
gery, arranged in order of decreasing magnitude. Eye of 
average dimensions and properties implanted with a 21.5 
D IOL with spherical surfaces. ACD-pred prediction of 
postoperative IOL position, AL axial length, Ch-dist chart 
distance, Cor-th corneal thickness, IOL IOL power, Pupil 
pupil size, Qa corneal anterior asphericity, Qp corneal 

posterior asphericity, Ra corneal anterior radius, Ret-th 
retinal thickness, Rfx postoperative spectacle refraction, 
RIair air refractive index, RI-aqu aqueous refractive 
index, RIcor corneal refractive index, RI-vit vitreous 
refractive index, Rp corneal posterior radius. (Reproduced 
with permission from J Cataract Refract Surg 
2008;34:368–376)

limitations of biometric data acquisition accu-
racy and repeatability [28], ocular surface dis-
ease [29–31], previous refractive surgery, and 
ELP prediction limitations should be consid-
ered. Our study group showed [32] that, in the 
phakic eye, AL measurements taken by ultra-
sound (vitreous chamber depth, LT, and ACD 
were the most sensitive to biometric errors, 
with a contribution to the refractive error of 
62.7%, 14.2%, and 10.7%, respectively). 
When optical biometry measurements were 
considered, postoperative ACD was the most 
important contributor, followed by the anterior 
corneal surface and corneal asphericity. A 
Monte Carlo simulation showed that current 
limit of refractive assessment is 0.26 D for the 
phakic eye [32].

It is known that the error in ELP prediction is 
of major importance to the refractive outcome 
[33], having a 42% relative contribution to the 
total refractive error, contrasting with a 36% rela-
tive contribution of AL measurement errors and 

22% relative contribution of corneal power mea-
surement errors.

Similar values were found by Norrby [28], 
with the largest contributors of error being esti-
mation of ELP (35%), postoperative refraction 
determination (27%), and AL measurement 
errors (17%) (Fig. 13.6).

During surgery, a decentration of the capsu-
lorrhexis of more than 0.4 mm is associated with 
a 0.25 D change in spherical equivalent (SE) 
[34]. As our study group showed [35], the surgi-
cally induced astigmatism varies significantly, 
even with fixed incision size and meridian, also 
contributing to residual refractive error.

Postoperatively, the variability on subjective 
refraction and shift in IOL position are potential 
sources of refractive error.

We can conclude that estimation of postopera-
tive IOL position is a major determinant of resid-
ual refractive error, hence the importance of 
considering elements that may improve this esti-
mation in IOL calculation.

T. B. Ferreira and N. Campos
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 Preoperative Evaluation

Accurate biometric measurements are paramount 
for the correct evaluation of the eye.

Although there are several techniques to mea-
sure AL, optically based systems, such as PCI or 
OLCR, have gained increased popularity in 
recent years. These systems are more accurate 
and less dependent on the operator than ultra-
sound biometry [36–39]. Furthermore, most opti-
cal biometers evaluate additional parameters, 
including corneal curvature, ACD, LT, and CD.

 Anterior Chamber Depth

The ACD is an important parameter for IOL 
power calculation, being used as a variable for 
ELP prediction in several formulas. ACD can be 
measured by various techniques:

• A-Scan ultrasound (US)
• Ultrasound biomicroscopy (UBM)
• Optical biometry
• Slit-beam photography
• Scheimpflug imaging
• Anterior segment optical coherence tomogra-

phy (AS-OCT)

Measurement devices based on these tech-
niques were developed for measuring the ACD. 
Using them to measure ACDpost results in signifi-
cant discrepancies between measurements 
obtained with different techniques, being unclear 
which one is more adequate to accurately measure 
ACDpost. Figure 13.7 demonstrates the concept of 
ACD measurement pre- and postoperatively.

It is important to note that different measure-
ment techiques have variable agreements between 
them when evaluating ACD. Thus, their inter-
changeability should be studied (see topic 
“Agreement Between Measurement 
Techniques”).

 Lens Thickness

US, optical biometry, Scheimpflug photography, 
and OCT may be used to evaluate LT.

US techniques are more reliable in measuring 
posterior lens shape in the cataractous eye, whilst 
OCT [40], or Scheimpflug photography may both 
be used for analyzing the anterior lens shape. 
Scheimpflug photography [41] should not be 
used for posterior lens imaging since the required 
geometrical distortion induced by the acute 
angles leads to a significant loss of resolution.

Fig. 13.7 Description of the anterior lens position. ACDpre preoperative anterior chamber depth, AL axial length, ALP 
actual lens position, LT lens thickness. (Reproduced with permission from J Cataract Refract Surg 2017; 43:195–200)

13 Influence of Anterior Chamber Depth, Lens Thickness, and Corneal Diameter on Intraocular Lens…
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Another technique capable of imaging the 
cataractous lens shape with high resolution is 
magnetic resonance imaging (MRI), but the asso-
ciated costs are still considered too high.

 Corneal Diameter

CD can be evaluated using:

 – Manual calipers
 – UBM
 – Digital photography
 – Optical biometry
 – Corneal topography
 – AS-OCT

Definitions of normal CD, as determined by 
the horizontal CD, are controversial. The gener-
ally accepted values of normal horizontal CD of 
11.0–13.0  mm are not established by any 
evidence- based studies, with definitions of 
microcornea ranging from 10.0 [42–45] to 
11.0 mm [46, 47] and of macrocornea from 12.5 
[43–46] to 13 mm [48]. It is important to remem-
ber that most of these ranges are based on mea-
surements with manual calipers, as automated 
devices are relatively new.

With any technique, it must be noted that CD 
measurements are not equivalent to angle-to- 
angle (ATA) measurements and no accurate pre-
diction of ATA may be derived from CD [48]. 
When comparing AS-OCT (Visante) with auto-
mated CD measurements using the IOLMaster 
and the Orbscan IIz, a study showed that the 
internal diameter of the anterior chamber evalu-
ated with AS-OCT is larger than the horizontal 
CD measured with the other techniques [49].

 Agreement Between Measurement 
Techniques

Repeatability and reproducibility of the above- 
mentioned techniques are high for most mea-
sured parameters. However, agreement is 
variable. Numerous studies evaluated the agree-
ment between different techniques in the mea-

surement of the biometric parameters topic of 
this chapter (ACD, LT, and CD).

ACD measurements with the IOLMaster are 
generally shallower than those of other optical 
biometers, probably because the slit source that 
measures ACD is projected from the temporal 
side, with ACD measured slightly off-center. 
Sabatino et al. [50] compared two biometers, the 
IOLMaster and a biometer based on optical low- 
coherence interferometry (OLCI) in ACD mea-
surement, finding statistically significant 
differences (3.13 ± 0.36 mm vs. 3.16 ± 0.30 mm, 
respectively). Repeatability was high for both 
instruments. On the contrary, Hoffer et  al. [51] 
showed PCI to measure a deeper ACD than 
OLCR (3.11 ± 0.47  mm vs. 2.98 ± 0.49  mm, 
respectively; P < 0.0001).

When assessing the agreement and comparing 
ACD measurements between two optical devices 
(Orbscan II and IOLMaster) and contact US 
A-Scan, Reddy et al. [52] showed the mean ACD 
was 3.32 ± 0.60 mm, 3.33 ± 0.61 mm, and 2.87 ± 
0.55 mm, respectively (P < 0.01). A high agree-
ment between Orbscan II and IOLMaster was 
noted.

Lee et al. [53] compared ACD measurements 
(endothelium to anterior capsule of the lens) 
using the Orbscan IIz and UBM.  The authors 
found a deeper ACD with UBM (2.91 ± 0.43 mm 
vs. 2.82 ± 0.46 mm, respectively; P < 0.001).

Even when using the same technique, differ-
ences may still exist. Savini et  al. [54] investi-
gated the differences between two Scheimpflug 
camera devices (Pentacam and Sirius). The mean 
ACD was 2.90 ± 0.48 mm and 2.94 ± 0.47 mm, 
respectively. The difference was considered sta-
tistically but not clinically significant. Aramberri 
et al. [55] studied the repeatability, reproducibil-
ity, and agreement of the Pentacam HR and a 
dual-camera Scheimpflug device (Galilei G2) in 
analyzing the anterior segment. The ACD mea-
surement precision was high, with a within- 
subject standard deviation (Sw) value of 0.02 mm, 
and intraclass correlation coefficient (ICC) val-
ues higher than 0.993. Other authors [56] showed 
that the Galilei G4 yielded a significantly shal-
lower (P  <  0.05) ACD measurement than the 
Pentacam HR.
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One study [57] compared the ACD and CD 
using the Zeiss Meditec Atlas, IOLMaster 500, 
Orbscan II, and Pentacam and found the largest 
agreement to exist between the IOLMaster and 
the Pentacam.

Baikoff et  al. [58] compared a PCI device 
(IOLMaster 500) with an AS-OCT prototype 
(Carl Zeiss Meditec). The mean ACD was 3.53 
±0.35  mm with the IOLMaster and 3.64 
±0.33 mm with the AS-OCT. OCT measurements 
were more reproducible.

When studying OCT biometers, Hoffer et al. 
[59] showed small differences exist between 
OLCR and swept-source (SS)-OCT (IOLMaster 
700) in ACD measurement (−0.03  mm; 
P < 0.001). Comparing a new SS-OCT biome-
ter (Argos) with the IOLMaster 500 and the 
Lenstar LS900, Shammas et  al. [60] found a 
difference in ACD of −0.17 ± 0.20 mm for the 
PCI device, and 0.08 ± 0.15 mm for the OLCR 
device.

Recently, Tañá-Rivero et al. [61] compared a 
Scheimpflug-PCI device (Pentacam AXL) with 
two SS-OCT biometers (IOLMaster 700 and 
ANTERION). The authors found a statistically 
significant difference in ACD, LT, and CD 
between the biometers (P  <  0.001), with the 
IOLMaster showing the shallowest and 
ANTERION the deepest ACD.

In another recent study [62], intraoperative 
OCT yielded a significantly deeper ACD value 
than PCI. However, this difference did not reflect 
a significant difference in IOL calculation using 
the BU II formula.

Differences between measurement devices 
should be remembered when using formulas that 
consider ACD in IOL power calculation.

Savini et al. [63] investigated the differences 
in LT between immersion US and three optical 
biometers (OA-2000, Alladin and Galilei G6). 
Differences were small but statistically signifi-
cant and influenced IOL selection, resulting, 
when using the optical biometry measurements, 
in a selection of a lower power IOL in between 
43.2% and 62.5% of eyes, depending on the opti-
cal biometer.

In the study by Kurian et al. [64] there were 
significant differences between OLCR and 

SS-OCT biometry when evaluating LT 
(−0.06 mm; P < 0.001).

Fisus et al. [65] compared the IOLMaster 700 
with a new SS-OCT biometer (ANTERION), 
finding a difference of and 0.07  ±  0.04  mm in 
both LT and ACD between both biometers. 
Although the differences were small, the authors 
suggested the devices are not interchangeable.

Domínguez-Vicent et  al. [66] reported that 
CD depends not only on image quality but also 
on the algorithms chosen for limbus detection. 
Differences in formulas that use CD as a variable, 
such as Holladay 2 or BU II, may be found. The 
authors [56] also found that the mean CD was 
11.84  ±  0.31  mm and 11.90  ±  0.43  mm when 
measured with the Galilei G4 and the Pentacam 
HR, respectively.

It is also known that measurements of CD 
with the Pentacam HR and the Orbscan IIz are 
similar [67].

In the study by Tañá-Rivero et al. [61], the 
IOLMaster showed the largest CD and the 
Pentacam the shortest (12.00  ±  0.51  mm vs. 
11.67  ±  0.51  mm, respectively; P  <  0.001). 
The LT measured with IOLMaster was thicker 
than that measured with ANTERION 
(4.23 ± 0.57 mm vs. 4.20 ± 0.58 mm, respec-
tively; P < 0.001).

A recent metanalysis [68] demonstrated a 
high agreement between measurements of AL, 
ACD, and corneal power with the Lenstar and 
IOLMaster. However, significant differences in 
CD between the two devices were found (mean 
difference OLCR to PCI −0.14  mm; 95% CI 
−0.25 to −0.02 mm; P = 0.02).

Thus, significant differences in CD should be 
considered in the case of formulas that use this 
parameter for IOL power calculation, the same 
being true for ACD and LT.

When evaluating these biometric parameters, 
it is important to remember that pupil dilation 
causes a significant variation of their values [69–
73], with some studies also showing differences 
in IOL power when using some formulas, partic-
ularly BU II [55]. Hence, biometry should always 
be acquired in the same standard conditions, 
preferably through an undilated pupil and by the 
same experienced operator.
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 Population Means

Given the paucity of published studies of ocular 
biometric parameters using optical biometry, we 
recently characterized the ocular biometric 
parameters and their associations in a population 
of cataract surgery candidates in Portugal, using 
the Lenstar LS900 optical biometer [74].

The mean values of ACD, LT, and CD are 
shown in Table 13.2.

The histograms of the distribution of the ACD, 
LT, and CD values are shown in Figs. 13.8, 13.9, 
and 13.10, respectively.

The AL, ACD, LT, and CD were all signifi-
cantly correlated between each other 
(P < 0.001).

Fig. 13.8 Histogram of 
anterior chamber depth 
(ACD) of the study 
population

Table 13.2 Demographic data and mean ocular biometric parameters in a Portuguese population

Parameter Mean ± SD (range)
Eyes (n) 6506
Patients (n) 6506
Anterior chamber depth (mm) ± SD
Range

3.25 ± 0.44
(2.04–5.28)

3.30 ± 0.40
(2.06–5.42)

3.14 ± 0.43
(2.04–4.99)

Lens thickness (mm) ± SD
Range

4.32 ± 0.49
(2.73–5.77)

4.35 ± 0.49
(2.75–5.77)

4.38 ± 0.41
(2.73–5.42)

Corneal diameter (mm) ± SD
Range

12.02 ± 0.46
(10.50–14.15)

12.03 ± 0.43
(10.51–14.15)

11.98 ± 0.49
(10.50–14.09)
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Fig. 13.9 Histogram of 
corneal diameter (CD) 
of the study population 

The mean ACD in our population 
(3.25 ± 0.44 mm) was higher than that reported in 
most studies in Eastern [75–78] and Western 
populations, and it is comparable with that 
reported by Hoffer in the USA [79].

The mean LT was 4.32  ±  0.49  mm, and it 
was directly proportional to age and inversely 

proportional to AL.  These findings confirm 
those of the studies by Jivrajka et al. [64] and 
Hoffer [65, 80], although LT in our study was 
thinner than those studies reported. The mean 
CD in our study (12.02 ± 0.46 mm) was similar 
to that reported in other series in the literature 
[64, 81].
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Fig. 13.10 Histogram of lens thickness (LT) of the study population

 Influence of Anterior Chamber 
Depth on Intraocular Lens Power 
Calculation

It is known that the change in ACD after cataract 
surgery has an impact on postoperative refractive 
error (a hyperopic shift will small changes and a 
myopic shift with larger changes) [82].

Formulas may fail in short eyes and shallow 
ACDs. Also, there is no agreement on the accu-

racy of different formulas in long eyes with deep 
ACDs [2, 83–85].

In a 2013 study, our group evaluated the effect 
of changes in each optical parameter on the 
refractive status of the eye [32]. We found that, 
for each 1% increase in ACD, refractive error 
changes −0.044 D. Thus, a change of 0.179 mm 
in ACD is required for a 0.25 D variation in 
refractive error. If we also consider AL, a change 
of 0.25 mm in ACD measurement corresponds to 

T. B. Ferreira and N. Campos



243

an error of 0.10 D in an eye with an AL of 
30.0 mm. This error increases 5 times (to 0.50 D) 
in an eye with an AL of 20.0 mm. This is the rea-
son because precisely estimating ACD is much 
more important in short than in long eyes.

It is interesting to note that Savini et al. [13] 
studied two formulas—(BU II) and EVO 2.0—
where ACD is an optional parameter, and results 
of each of these formulas were better when no 
ACD was entered. However, the authors point out 
that errors in ACD measurement may explain the 
results.

When using the BU II formula [86], the 
optional variables (ACD, LT, and CD) seem to 
have the least effect in long eyes (AL ≥26.0 mm) 
and the greatest effect in short eyes (AL 
≤22.0  mm), where clinically significant differ-
ences are found, further stressing the importance 
of the optional parameters in these eyes.

In the study by Melles et al. [2], the relation-
ship between ACD and refractive prediction error 
was investigated. For Hoffer Q, Holladay 1, and 
Olsen formulas, there was a significant bias in 
prediction error with variations in ACD 
(Fig. 13.11).

In a study of third-generation and Haigis for-
mulas [87], Jeong et al. showed ACD was the key 
factor for the difference between third-generation 
formulas and Haigis. Of the third-generation for-

mulas, larger errors with ACD variations were 
observed with the Hoffer Q than with the SRK-T 
formula.

Hipólito-Fernandes et  al. [88] studied the 
influence of ACD and LT in the accuracy of five 
vergence based and four new generation formu-
las. The authors divided the eyes in three groups, 
according to ACD. The Vergence-based two- 
variable formulas (SRK/T, Holladay 1, and 
Hoffer Q) revealed a significant myopic shift in 
group 1 (ACD ≤3.00  mm) and a significant 
hyperopic shift in group 3 (ACD ≥3.50 mm). In 
group 1, Kane and Hill-RBF v2.0 were better 
than the other formulas. The same formulas out-
performed others in group 2, while in group 3 
Hill-RBF performed the best (Fig. 13.12). Kane, 
PEARL-DGS, EVO 2.0, and BU II had lower 
MAE, median absolute errors (MedAE), and a 
higher percentage of eyes within ±0.25 D than 
the other formulas.

Gökce et al. [70] studied the influence of ACD 
on nine formulas in eyes with normal ALs. In 
eyes with ACD ≤3.0 mm or ≥3.5 mm, ACD was 
an important variable in the accuracy of IOL cal-
culation. In eyes with normal ALs and ACD 
≤3.0  mm or ≥3.5  mm, the BU II, Haigis, 
Holladay 2, and the OlsenStandalone formulas per-
formed better than two variable formulas (Hoffer 
Q and Holladay 1) and the OlsenOLCR formula.

Fig. 13.11 Correlations 
between anterior 
chamber depth and 
postoperative prediction 
error for different 
formulas. (Reproduced 
with permission from 
Ophthalmology 2018 
Feb;125(2):169–178)
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Fig. 13.12 Mean prediction error (in diopters) of each 
formula, distributed by anterior chamber depth (ACD) 
group, listed by alphabetic order. *P < 0.05—one sample 

t-test. EVO emmetropia verifying optical. (Reproduced 
with permission from Br J Ophthalmol. 2020 Nov 
23:bjophthalmol-2020-317822)

The effect of ACD in eyes with different ALs 
was studied by Yang et  al. [85] The Hoffer Q 
formula was preferred over other formulas in 
eyes with AL <22.0 mm and ACD <2.5 mm. In 
eyes with AL <24.5 mm and ACD <2.5 mm, the 
Haigis formula resulted in myopic refractive 
prediction errors, while in eyes with AL 
≥25.0 mm and ACD ≥3.5 mm it was the pre-
ferred formula.

Similarly, Fernandez et  al. [89] showed that 
predictability of different formulas was reduced 
in eyes with very shallow ACD (ACD ≤2.46 mm). 
However, in contrast with other studies, and 
probably due to the low number of eyes in these 
groups in the study by Fernandez et al., a decrease 
in accuracy was not found in short eyes or shal-
low ACD (>2.46 mm).

The accuracy of formulas in short eyes 
(AL <22 mm) was studied by Shrivastava et al. 
[90] The performance of seven formulas (BU II, 
Haigis, Hill-RBF, Hoffer Q, Holladay 1, Holladay 
2, and SRK/T) on these eyes was evaluated. In 
eyes with ACD ≥2.4  mm, Haigis was the best 
performing formula, with SRK/T being the worst, 

while in eyes with ACD <2.4 mm, although the 
differences were not significant, Haigis per-
formed the worst.

 Influence of Lens Thickness 
on Intraocular Lens Power 
Calculation

Lenticular growth, mainly sagittal, occurs through-
out life, and it has been estimated that the equatorial 
diameter increases about 0.02 mm/year [91]. This 
thickening occurs predominantly in the anterior 
direction [92], with the consequent anterior move-
ment of the center of the lens and shallowing of the 
anterior chamber [93]. This has clear implications 
on ACDpost estimation, given in a younger popula-
tion a higher lens thickness should correspond to a 
greater IOL depth, while in an older population, 
such as a cataract population, a greater lens thick-
ness and smaller IOL depth should be found.

In a study where our group evaluated the effect 
of changes in each optical parameter on the 
refractive status of the eye [73], we found that for 
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each 1% increase in LT refractive error changes 
−0.097, with a change of 0.104  mm in LT 
required for a 0.25 D variation in refractive error.

The relationship between different ocular bio-
metric parameters and prediction error of different 
formulas was studied by Melles et  al. [2] When 
considering LT, Haigis and Holladay 2 were the 
formulas most affected by its variation (Fig. 13.13).

Similarly, Hipolito-Fernandes et  al. [76] 
found a tendency for a myopic shift with thinner 
lenses and a hyperopic shift with thicker lenses. 
This effect was particularly evident for the 
Haigis and Hill-RBF v2.0 formulas. According 

to what was shown by Melles et al., BU II had 
higher prediction errors (hyperopic shifts) with 
thicker lenses, when compared with the Hoffer 
Q and Holladay 1 formulas. For the Kane and 
PEARL-DGS formulas, the MAE was never sig-
nificantly different from zero across all the LT 
range (Fig. 13.14).

In another study supporting these findings, 
Kim et al. [94] showed BU II formula to have the 
least bias in prediction error according to varia-
tions in LT. Refractive errors predicted by the 
Haigis and Holladay 2 formulas were correlated 
with LT (P < 0.001).

Fig. 13.13 Correlations 
between lens thickness 
and postoperative 
prediction error for 
different formulas. 
(Reproduced with 
permission from 
Ophthalmology 2018 
Feb;125(2):169–178)
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Fig. 13.15 The mean absolute difference in IOL power 
calculation between partial biometry data and all Barrett 
Universal II (BUII) parameters in the whole cohort. ACD 
anterior chamber depth, D diopters, IOL intraocular, LT 

lens thickness, CD corneal diameter. (Reproduced with 
permission from J Clin Med. 2021;10(3):542—open 
access)

Fig. 13.14 Mean prediction error (in diopters) of each 
formula, from lens thickness percentile tenth until 90th (in 
millimeters). *P < 0.05—one sample t-test. EVO emme-

tropia verifying optical. (Reproduced with permission 
from Br J Ophthalmol. 2020 Nov 
23:bjophthalmol-2020-317822)

 Influence of Corneal Diameter 
on Intraocular Lens Power 
Calculation

When studying the influence of optional param-
eters in BU II, Vega et al. [74] showed that the 
effect of omitting CD was less than that of omit-
ting ACD or LT (Fig. 13.15), which have more 
profound and similar effects across all ALs.

 The Case of Toric Intraocular Lenses

With the increasing importance of a precise 
refractive outcome in cataract surgery, accuracy 
in planning of astigmatic correction also became 
critical. The classical toric calculators had several 
limitations in the calculation of the cylindrical 
power of toric IOLs. Besides not considering the 
IOL’s spherical power or the posterior corneal 
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surface, it is known that, for each cylindrical 
power at the IOL plane, a corresponding magni-
tude of astigmatism is corrected at the corneal 
plane. This variability depends on the distance 
between the cornea and the IOL [95, 96]. Most 
classical toric IOL calculators (e.g., the original 
toric calculator from Alcon (Alcon Laboratories 
Inc., Fort Worth, TX, USA)) [97] assumed a fixed 
ratio (in Alcon’s case, 1.46) between the cylindri-
cal power at the corneal and IOL plane. This 
results in undercorrections in long eyes and over-
corrections in short eyes (e.g., in an eye with an 
axial length of 20.0 mm the real ratio is 1.29 and 
in an eye with an axial length of 30.0 mm the real 
ratio is 1.86) [98, 99].

Recently, strategies to overcome this limita-
tion, such as including the ACD and CCT in toric 
IOL power calculation, were described 
[100–102].

 Future Perspectives

Several paths of investigation aim to improve the 
main source of error we have identified in this 
chapter, ELP. These include the use of new imag-
ing techniques or AI strategies.

The use of OCT imaging for improving ELP 
estimation has been approached by different 
authors [103]. Goto et al. [104] developed and 
validated a formula for predicting ACDpost from 
preoperative ATA depth measured by 
AS-OCT.  ATA depth proved to be the most 
effective parameter for predicting ACDpost. 
Results seem to improve the accuracy of IOL 
power calculation, with postoperative ACDs of 
the new formula, the SRK/T formula, and 
Haigis formulas being predicted with R2 of 
0.71, 0.36, and 0.55, respectively, and the 
MedAEs being 0.10  mm, 0.65  mm, and 
0.30 mm, respectively.

Martinez-Henriques et al. developed an OCT 
model to improve ELP estimation [105]. The 
authors obtained a three-dimensional full image 
of the crystalline lens with quantitative AS-OCT 
eye imaging. The IOL position after surgery was 
used to calculate refraction estimation errors. The 

authors showed that considering the full lens 
shape is valuable for calculating the ELP.

Satou et  al. [106] developed and validated a 
new method of IOL power calculation based on 
paraxial ray tracing of the postoperative IOL 
position captured with AS-OCT. The percentage 
of eyes within ±0.50 D of the newly developed 
formula was 84.3% and results showed no corre-
lation with AL or keratometry, which may 
improve the outcomes in eyes with abnormal 
proportions.

Different AI strategies for predicting ELP are 
also being used, namely ML processes. Li et al. 
[107] showed ACD was the most important input 
in an ML model, followed by LT, AL, and CD. 
Subsequently [108], the authors integrated an 
ML-based method for predicting ELP into exist-
ing formulas (Haigis, Hoffer Q, Holladay, and 
SRK/T) and showed that replacing each of the 
formulas ELP estimation with the new model 
improved the performance of all the formulas.

In conclusion, ACD, LT, and CD are important 
parameters for IOL power calculation and should, 
in the future, play a primordial role in improving 
ELP prediction.
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