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One of the most important developments in the calculation of IOLs was the
introduction of optical biometry [1]. This is followed closely by developments in
IOL power calculation formulae [2]. In this chapter, the evolution, fundamentals
and latest developments of optical biometry will be discussed.

Partial Coherence Interferometry (PCI)

Before the introduction of optical biometry, the measurement of the eye length was
the second largest source of error [3–5]. The introduction of optical biometry to the
field was a milestone and took place in Austria, in Vienna at the Institute for
Medical Physics specifically. Prof. Fercher [6] was the original pioneer of this
method, which was then further developed together with Profs. Hitzenberger and
Drexler. The first studies were eventually carried out on cataract patients, in
cooperation with Prof. Findl [7]. In the 1980s the concept of partial coherence
interferometry was already in clinical use in the measurement of ocular axial length
[8] and the first clinical studies for the measurement of the anterior segment and
axial length followed in the 1990s [3, 9, 10]. The PCI method had some clear
advantages over the ultrasound method. PCI could be performed without touching
the globe, so the eye length s not manipulated during the examination. This was a
significant advantage over contact ultrasound where the act of touching the globe
can induce a dent making the measurement inaccurate. Immersion ultrasound
avoids this risk but still requires some manipulation to create the fluid interface.—
PCI biometry required no contact with the eye at all, unlike any other type of
ultrasound. Some further advantages of optical biometry are that the examination is
technician independent and can be carried out much faster and with much higher
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precision and resolution than the previous ultrasound devices [11]. Finally, the
measurement is based on the fixation axis of the eye, which is not necessarily the
case with ultrasound.

Over 10 years ago, Norrby [5] showed that axial length measurement with
contact ultrasound accounted for 17% of the total error in the calculation of IOLs.
However, when this study is re-evaluated using PCI technology instead of contact
ultrasound, the error of the measurement decreases from 17 to 3% (Fig. 1).

While the underlying physical principles of the PCI method are out of the scope
of this chapter, basically, a “dual beam” version of the classic Michelson inter-
ferometer using a light source with a wavelength of usually 780 nm (Fig. 2) [3].
The measuring distance is another point that should be considered. With classical
ultrasound, the measurement is made from the anterior corneal surface to the inner
limiting membrane but with PCI procedures the measurement is to the retinal
pigment epithelium. This difference was “converted” to ultrasound when optical
biometry devices were originally introduced.

Fig. 1 Sverker Norrbys graphic from 2008 in modified form [5]. The individual bars represent the
sources of error. For axial length, the value for contact ultrasound (17%) and for partial coherence
interferometry technology (3%) is given—the remaining bars refer to the PCI method. Augenlänge
= axial eye length; Hornhautmessung = corneal radii, Pupillengröße = pupil size; IOL
Ungenauigkeit = IOL labelling error
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Composite Scan

While PCI technology has many clear advantages, it is not without a disadvantage.
If the media is too opacified, optical biometric measurements may not be possible
and an ultrasonic measurement should be used. The reason for this is a mixture of
different optical phenomena such as absorption, reflection and scattered light
(especially Rayleigh scattering) can distort the PCI measurement. There are dif-
ferent approaches to reduce this problem. The first approach, known as composite
scanning, was introduced in the IOL master (Carl Zeiss Meditec AG, Jena,
Germany) by upgrading the software [12]. Prior to the introduction of the com-
posite scan, each measurement (i.e., each A-scan) was evaluated individually. Each
peak of the A-scan was evaluated using the signal to noise ratio (SNR) and if the
main peak was not sufficiently distinct from the remaining peaks (noise), the scan
was not successful. In the composite scan, the individual scans are superimposed

Fig. 2 Representation of partial coherence interferometry (taken over from [3]). The eye is
illuminated by means of an external interferometer, which generates a co-axial double beam with a
specific wavelength. Important components of the external interferometer are a semitransparent
mirror and a reference mirror. Both parts of the double beam have a common time delay which is
twice the interferometer length difference (2d). In the eye, the two beam components are changed
(“delayed”) due to contact with different refractive indices and a partial coherence interferometry
signal (PCI signal) is produced. Reflected signals from the eye (in the figure as an example C1, C2,
R1 and R2) are detected by a photodetector, whereupon the PCI signal of the axial length is
generated as optical distance (OL). A scanning mirror is used for this. Finally, the optical signal
has to be corrected according to the refractive indices in the eye (usually a group refractive index)
to obtain an anatomical distance
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(Fig. 3a). This amplifies real peaks because they occur in several scans and the
other peaks (noise) cancel each other out. In a clinical evaluation of the composite
scan, the rate of unsuccessful scans was reduced from 10% to less than 5% [12].
Later, another biometric device using the same method was launched on the market,
the AL-Scan (Nidek Co., LTD, Japan) [13].

(a)

(b)

Fig. 3 a Four PCI-based A-scans (red) of a patient with dense cataract. As the signal to noise ratio
(SNR) is too low, and the individual scans do not show clear peaks. In the composite scan (blue),
the four individual scans are superimposed on each other, thus amplifying the real signals. This
results in an improved signal to noise ratio and a clear peak representing the length of the eyes
(adopted from [12]). b The longitudinal ssOCT based B-scan of the IOLMaster 700 produces an
image with visible anatomical details instead of individual peaks. ssOCT based is the axial section
(upper image), as well as the macular scan (far right) for fixation control. The keratometry,
white-to-white measurement and the red-free image (for intra-operative alignment for toric
artificial lenses) are not ssOCT based (from the ESCRS presentation in London 2014). c ssOCT
based B-Scan of the Anterion with tomographic corneal image (top right) and signal intensity
display for cornea, lens and axial length in mm (bottom)
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(c)

Fig. 3 (continued)
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PCI-Like Procedures

The best-known A-scan alternative is optical low coherence reflectometry (OLCR).
The first instrument on the market using this approach was the Lenstar (Haag-Streit
Diagnostics, Switzerland) followed by the Aladdin (Topcon, Japan) [14]. Similar to
the PCI method, an A-scan is used and the concept is also based on a Michelson
interferometer but in contrast to the PCI method, a slightly longer wavelength is
used (820 nm) [15].

In various comparative studies, the differences in axial length measurements
between OLCR and PCI technology were not considered clinically relevant [15–
17]. PCI and OLCR methods are also not different for the measurement of anterior
chamber depth in any clinically relevant way [18].

Due to a software update, the number of successful scans could be increased
from 94 to 98% [19]. However, the more modern generation of optical coherence
tomography (OCT) technology appears to be even better than OLCR technology in
terms of successful scans [20].

OCT Based Optical Biometry

Another development is the use of swept source OCT (ssOCT) for axial eye length.
The principle is also based on the PCI method, but there are a few major differ-
ences. The first device on the market for longitudinal B-scans was the IOLMaster
700 [21] (Carl Zeiss Meditec AG, Germany), followed by Argos [22] (Movu, a
Santec Company, USA) and Anterion [23] (Heidelberg Engineering, Germany).
Spectral domain OCT-based methods have also made it to the market (B-OCT
module for Revo OCT from Optopol, Poland) [24].

The comparison between ssOCT and PCI/OLCR technology showed a very
good comparability between the two methods but with a better reproducibility for
the ssOCT method [25]. The ssOCT technology also has some advantages over the
PCI/OLCR method that should be considered. While the PCI/OLCR method is
fundamentally based on A scans, ssOCT devices provide longitudinal B scans. In
other words, instead of an amplitude (A scan) a brightness scan (B scan) is used, or
more simply, instead of a one dimensional scan, a two-dimensional image is used
(Fig. 3a–c). The image has the advantage that the anatomical structures can be
clearly identified. Thus, the clinician can see with a glance whether, for example,
the macula has been correctly recognized. We recently showed that this longitudinal
B-scan can also be used directly for a rough macular screening [26].

A somewhat more futuristic approach is to use preoperative B-scans to make
predictions for the postoperative lens position [27]. The most important advantage,
however, is the longer wavelength (just over 1000 nm) of the ssOCT technology
compared to the PCI/OLCR technology. This longer wavelength leads to a better
penetration through dense media, such as a dense cataract. This even deeper pen-
etration can increase the number of successful scans from about 95% [12] to over
99% [28], even in dense posterior subcapsular cataracts.

While it is not yet available, an even newer concept s to perform intra-operative
ssOCT measurements [29] of the aphakic eye (Hienert et al., ESCRS 2019 in
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Marrakesh). This could be a good alternative for a number of patient groups where
preoperative biometry is particularly difficult. Paediatric patients with cataract and
adult patients who cannot be successfully measured with optical biometry in a
sitting position, whether due to compliance problems, physical limitations or a very
dense cataract could benefit greatly from this approach.

Prediction of the Post-Operative IOL

The current greatest source of error in IOL calculation is the prediction of the IOL
position, which currently accounts for more than 50% of the total error of the IOL
power calculation [5, 30]. This uncertainty is also the reason why various IOL
power calculation formulae have been developed in recent decades. While these
formulae are discussed in detail elsewhere in this book, it is important to note that
the prediction is difficult for two reasons: firstly, it is difficult to predict the
post-operative IOL position [29, 31, 32] and secondly, in the weeks following
implantation, there is an axial displacement of the IOL, which depends on the type
of IOL and the degree of capsular fibrosis which varies greatly between patients
[33–36].

Basically, there are three groups of IOL power calculations. Firstly, there is the
optical approach which includes the simple vergence formulae (“thin” lens formu-
lae) [2] all the way to complex ray tracing systems [37]. The calculation is subject to
clear and established physical laws. Unfortunately, direct prediction of the IOL
position is not possible with this model and either a fixed value must be assumed
(very outdated model) or other non-ray tracing-based methods must be used.

Secondly, the empirical approach group, which is based on pre-existing data
(biometric values, IOL power and measured post-operative refraction). These for-
mulae are a sort of “black box” approach which always generates a constellation of
a constants and various parameters that are taken into account for the prediction. By
optimizing the constant, an IOL power calculation formula can then be used for
different types of IOLs. This also underlines the importance of optimizing the
constants for every new lens.

The third approach is artificial intelligence (AI). AI is an umbrella term for
various concepts and a distinction is made between combination formulae [38]
(basically not a “real” AI approach), big data [39] and chain algorithms [40].
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