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Abstract: In cataract surgery, the opacified crystalline lens is replaced by an artificial 28 
intraocular lens (IOL), requiring precise preoperative selection of parameters to optimize 29 
postoperative visual quality. Three-dimensional customized eye models, which can be 30 
constructed using quantitative data from anterior segment optical coherence tomography, 31 
provide a robust platform for virtual surgery. These models enable simulations and predictions 32 
of the optical outcomes for specific patients and selected IOL. A critical step in building these 33 
models is estimating the IOL’s tilt and position preoperatively based on the available 34 
preoperative geometrical information (ocular parameters). In this study, we present a machine 35 
learning model that, for the first time, incorporates the full shape geometry of the crystalline 36 
lens as candidate input features to predict the postoperative IOL tilt. Furthermore, we identify 37 
the most relevant features for this prediction task. Our model demonstrates significantly lower 38 
estimation errors compared to a simple linear correlation method and a state-of-the art approach 39 
that excludes full shape crystalline lens features, reducing the estimation error by approximately 40 
5% compared to the latter. These findings highlight the potential of this approach to enhance 41 
the accuracy of postoperative predictions, paving the way to improve visual outcomes in 42 
cataract patients. 43 
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1. Introduction  48 
 49 

Accurate quantification of anterior segment geometry in the human eye plays an important 50 
role in various clinical and surgical applications, such as cataract surgery planning, refractive 51 
surgery, contact lens fitting, and the diagnosis of corneal conditions such as keratoconus. 52 
Geometrical measurements of the cornea or/and crystalline lens have been reported using 53 
Placido ring-based systems [1], Purkinje imaging [2, 3] , Scheimpflug imaging [1, 4, 5], 54 
ultrasound biomicroscopy [6], Magnetic Resonance Imaging [7, 8], and Optical Coherence 55 
Tomography (OCT) [9-11]. OCT, in particular, has gained popularity due to its high resolution, 56 
fast acquisition times, patient comfort, and wide clinical availability [12, 13]. It allows for the 57 
non-invasive visualization of both the cornea [11] and the crystalline lens [9, 10]. Once OCT 58 
images are corrected for fan, optical, and motion distortions, they provide the detailed structural 59 
data necessary for building three-dimensional (3-D) models of the anterior segment of the eye. 60 
These 3-D models enable clinicians to assess the impact of the shape of the ocular components 61 
and their relative alignment on the eye’s optical quality. These evaluations are particularly 62 
valuable in understanding ocular conditions, such as myopia [14, 15], keratoconus [16], and the 63 
outcomes of cataract surgery [17-19].  64 

The use of customized 3-D eye models has proven to be a significant advancement in the 65 
selection of intraocular lenses (IOLs) for cataract surgery, where the proper selection of IOL 66 
power is crucial for achieving optimal postoperative vision. One of the primary sources of error 67 
in IOL power calculations is the estimation of the IOL position (also known as the Estimated 68 
Lens Position (ELP), [20]). The complete quantification of the anterior segment, including the 69 
full geometry of the crystalline lens, has been shown to improve ELP predictions, leading to 70 
better surgical outcomes [17-19]. Beyond IOL position, IOL tilt and decentration are also 71 
relevant factors that could negatively impact the optical performance of the eye after cataract 72 
surgery, which may be particularly critical for specialized IOL designs such as aspheric, toric, 73 
or multifocal. Excessive amounts of tilt and decentration, generally resulting from a 74 
complicated surgery, can affect the visual quality by causing distortions, glare, and asymmetric 75 
optical aberrations. Increased tilt in a hinged haptic IOL platform, for example, has been 76 
associated with abnormal amount of coma [21, 22].   77 

In addition to improving IOL power calculations, 3-D eye models offer a powerful tool for 78 
virtual surgery, enabling clinicians to simulate and predict the optical outcomes of cataract 79 
surgery with greater accuracy and precision [17]. These models integrate estimations of the 80 
IOL position and tilt, along with the geometric and optical properties of the IOL design, into 81 
the 3-D optical model of the eye. This enables the application of ray tracing, which simulates 82 
the passage of light through the eye, including the implanted IOL. Ray tracing facilitates the 83 
simulation of the optical degradation of the images projected on the retina for various powers 84 
of the same IOL model and for different IOL designs, such as aspheric, multifocal, and toric 85 
IOLs. By offering such detailed simulations, 3-D models can help clinicians to select the 86 
optimal IOL for individual patients, moving beyond the reliance on approximated formulas.   87 

In earlier work, Rosales et al. and de Castro et al. [3, 23] used custom developed Purkinje 88 
imaging and/or Scheimpflug imaging, and Sun et al. [24] used a laboratory developed OCT to 89 
study the IOL tilt and decentrations in pseudophakic eyes. Recently, the use of images from 90 
commercial OCT-based systems, such as the IOLMaster 700 (Carl Zeiss Meditec, Germany), 91 
has allowed easier access to a much large number of patients and the study of the relationship 92 
between the tilt of the natural crystalline lens measured preoperatively and the postoperative 93 
IOL tilt in the same patients [25-28]. Firstly, Hirnschall et al. [26] studied the correlation 94 
between pre and postoperative tilt in 62 patients implanted with the same IOL. Then, Wang et 95 
al. [25] extended the work to 333 patients (65 pre and postoperatively), studying the 96 
repeatability, mirror symmetry between left and right eyes, and some correlations between tilt 97 
magnitude and ocular parameters, concluding that magnitude of crystalline lens tilt 98 
significantly increased with decreasing axial length and with increasing angle alpha. The 99 



   

 

   

 

inverse correlation between crystalline lens tilt magnitude and axial length was also supported 100 
by Lu et al. [28] in a study on 131 emmetropic and 121 myopic eyes. Recently, Machine 101 
Learning (ML) models have been explored to study more complex relationships between 102 
preoperative ocular geometry and postoperative IOL tilt. In 2024, Waser et al. [27] presented a 103 
partial least squares regression and an ML approach to predict IOL tilt using preoperative 104 
biometry data in 50 eyes. This study concluded that the most important features for predicting 105 
the IOL tilt magnitude were preoperative tilt magnitude, pupil decentration, lens thickness and 106 
axial length.  107 

The IOL is implanted within the capsular bag, and thus it is expected that the position and 108 
orientation of the IOL will be affected by the full size and shape of the crystalline lens as 109 
mechanical iterations between the capsular bag and the IOL haptics occur in the equatorial 110 
region of the bag. Nevertheless, none of the previous works have incorporated the full shape 111 
geometry of the crystalline lens as a potential factor influencing IOL tilt. Optical methods such 112 
as OCT obstruct views of the crystalline lens beyond the pupil margin and therefore the 113 
quantification is restricted to the visible area. Alternative methods allowing view of the full 114 
lens include ultrasound bio-microscopy and MRI, but these are less accessible in clinic than 115 
OCT, and require more cooperation from the patient and/or skill by the operator. We have 116 
previously presented a technique that allows realistic extrapolation of the crystalline lens full 117 
shape beyond the pupil, and a compact representation of this shape by the so-called eigenlenses 118 
[29-31]. The current study presents a method that applies machine learning algorithms to 119 
predict postoperative IOL tilt based on preoperative features in a large dataset of patients (476 120 
eyes from 4 different sites and several IOL models implanted). The model includes, for the first 121 
time to the best of our knowledge, the information of the crystalline lens full shape. A large 122 
series of candidate input features (both geometrical and clinical) were considered, and the 123 
model analyzed their relative importance to improve the prediction. Then, we trained a specific 124 
tilt estimator using the selected features. We demonstrated that this method outperforms the 125 
estimation results from linear correlations and from the method proposed in [27], showing an 126 
improvement in overall performance. 127 

 128 

2. Methods 129 
 130 
2.1 Patients, surgery and clinical measurements  131 
 132 

A total of 476 eyes from 346 patients (age mean ± standard deviation = 70 ± 11 years old) 133 
were measured before and after standard cataract surgery (4.6 ± 4.7 months from surgery). 134 
Patients were implanted with one of the IOL models listed in Supplementary Table 1. The most 135 
frequently implanted IOLs were Acrysof (Alcon, n=73), Clareon (Alcon, n=227), enVista 136 
(B&L, n=21), Tecnis (J&J, n=77), Sensar (J&J, n=10), and FH5600 (Aurolab, n=21). The 137 
surgeries were performed at four different hospitals: 1) Flaum Eye Institute, University of 138 
Rochester, Rochester, NY, United States (n=68); 2) Department of Ophthalmology, Baylor 139 
College of Medicine, Houston, TX, United States (n=115); 3) Ophthalmology Department, 140 
Fundación Jiménez Díaz University Hospital, Madrid, Spain (n=200); 4) LV Prasad Eye 141 
Institute, Hyderabad, India (n=93). IOL power implanted ranged from +36 D to -5 D. 142 

The final sample for the study included 356 eyes from 259 patients (age mean ± standard 143 
deviation = 70 ± 11 years old, ranging from 24 to 92 years old; preoperative spherical equivalent 144 
mean ± standard deviation = -0.80 ± 3.51 D, ranging from -26 D to 9 D).  145 

From the initial 476 measured eyes, images from 8 eyes were not useful (mostly because 146 
the posterior surface of the crystalline lens or the IOL surfaces were not visible) and thus were 147 
discarded. Also, 4 eyes were discarded because of lack of compliance of full crystalline lens 148 
shape estimation and 3-D model construction (see Section 2.4 for details on model construction 149 
and full shape estimation). Additionally, measurements with pupils smaller than 3 mm were 150 
discarded (n=96). The reason of discarding eyes with small pupils is discussed the Discussion 151 



   

 

   

 

Section. Finally, from the remining 368 eyes, 12 eyes were discarded because they were 152 
considered outliers in the correlations and/or polar plots shown in Sections 3.1 and 3.2. Some 153 
possible clinical reasons for being outliers are discussed in the Discussion Section. Our analysis 154 
was thus performed on 356 eyes from 259 patients.  155 

The study met the tenets of the Declaration of Helsinki. Ethical approval was granted by 156 
the Ethics Committee of Consejo Superior de Investigaciones Científicas (CSIC), Fundación 157 
Jiménez Díaz, University of Rochester Medical Center, Baylor College of Medicine, and LV 158 
Prasad Eye Institute.  Written informed consent was obtained from the patients after detailed 159 
explanation of the procedure. 160 
 161 
2.2 Overview of the solution 162 

Figure 1 shows a schematic diagram of the methodology to estimate the postoperative (IOL) 163 
tilt from preoperative features. 3-D geometrical models are constructed from the preoperative 164 
OCT images of the patient’s eye, including the full shape of the crystalline lens obtained with 165 
our proposed eigenlenses method [30, 31]. Geometrical features are obtained from these 3-D 166 
models (quantification), which along with clinical features, feed a Feature Selection and 167 
Machine Learning algorithm.  168 

Similarly, 3-D models are constructed from the postoperative OCT images of the same 169 
patients, and the IOL tilt is measured (magnitude and direction, as defined in [26] and in Section 170 
2.5). Postoperative tilt is used as ground truth in training the machine learning algorithm. 171 

 172 

 173 
Fig. 1. Flow chart of the methodology to estimate the IOL tilt from preoperative measurements, that includes the 3-D 174 
model construction, quantification (for obtaining the geometrical features and the ground truth that will feed the 175 
machine learning algorithm) and feature selection/learning processes.  176 
In the 3-D model construction, the anterior surface of the cornea (blue), posterior surface of the cornea (red), anterior 177 
surface of the crystalline lens/IOL (yellow), and posterior surface of the crystalline lens/IOL (purple) are represented. 178 
In the preoperative models, the full shape of the crystalline lens is also shown (black). 179 
  180 
 181 
 182 
 183 
 184 
 185 
 186 
 187 



   

 

   

 

2.3 Optical coherence tomography imaging 188 
 189 

OCT images of the anterior segment of the eye were acquired before and after cataract 190 
surgery with a commercial swept-source OCT system, the IOLMaster 700 (Carl Zeiss Meditec 191 
AG, Jena, Germany). The IOLMaster 700 operates at a speed of 2000 A-scans/s, at 1055 nm, 192 
with a 44.0 mm scan depth and 22 µm axial resolution in tissue [26, 32]. The horizontal 193 
scanning range is 6 mm. The IOLMaster 700 acquires six meridional B-scans at 30-deg steps, 194 
thus providing 3-D information. Figure 2 shows examples of cross-sectional meridians of the 195 
eye of a patient before (top) and after (bottom) the surgery. 196 

 197 

 198 
 199 

 200 
 201 
Fig. 2. Preoperative (top) and postoperative (bottom) IOLMaster 700 OCT images (meridian at 300º, OD, Female, 90 202 
years old), showing the crystalline lens and the implanted IOL (Clareon CNA0T0 by Alcon, 23.5 D) respectively.   203 
 204 
2.4 3-D eye model construction 205 
 206 

Figure 3 illustrates the process to obtain the 3-D eye models from the OCT images, which 207 
involves [33]: (1) preprocessing of the images and automatic segmentation of the surfaces of 208 
interest (i.e., anterior and posterior surfaces of the cornea and crystalline lens and retina), using 209 
our deep learning segmentation algorithm proposed in [33]; (2) 3-D model construction, 210 
including conversion from pixels to millimeters using calibration data, correction of the optical 211 
distortion, and registration, transforming the data from the six meridians into a single coordinate 212 
system to obtain the 3-D model within the pupil; (3) crystalline lens full shape estimation from 213 
data corresponding to the central part visible through the pupil, using the eigenlenses method 214 
[30, 31] (only for preoperative measurements). Briefly, eigenlenses represent the most common 215 
“deformation patterns” that can be found in a training set of 133 isolated crystalline lenses, with 216 
respect to the average lens shape. Thanks to the richness of the training set (that includes lenses 217 
of ages ranging from 0 to 71 y/o), eigenlenses can represent efficiently the human crystalline 218 
lens shapes that can be found in nature. The first eigenlens (weighted by the 𝑎1 coefficient, the 219 
most “common” deformation) describes changes in the size of the lens, while the second 220 
eigenlens (𝑎2  coefficient) describes changes in the aspect ratio (i.e., lenses more “stretched” or 221 
rounded). The third and fourth eigenlenses (𝑎3 - 𝑎4 coefficients) are related with asymmetric 222 
changes in X or Y directions, and the fifth and sixth (𝑎5 - 𝑎6 coefficients) with fine changes in 223 
the shape of the surfaces. The eigenlenses representation is compact, needing only 6 coefficients 224 
(𝑎1 - 𝑎6) to capture 96% of the variance in shape of the training set of lenses. Thanks to this 225 
compaction ability, eigenlenses are useful to estimate the full shape of the lens in vivo from its 226 
central part visible through the pupil  [30, 31]. 227 

 228 



   

 

   

 

 229 
Fig. 3. Preoperative 3-D eye model construction. Surface segmentation, distortion correction, and registration were 230 
performed to generate 3-D models of the eye. The full shape of the crystalline lens was estimated using the eigenlenses 231 
method  [30, 31]. The processes for obtaining 3-D postoperative models are the same, excluding the full shape 232 
estimation of the crystalline lens. 233 
 234 

Although the analysis is performed automatically, for quality control purposes, the OCT 235 
images, the segmentation process and the final retrieved 3-D models were visualized by two 236 
different trained observers, who checked that the images had sufficient quality, that all the 237 
surfaces of interest were visible, that they were correctly detected by the algorithm, and that the 238 
3-D models were smooth, ensuring that all automatic processes were carried out correctly. 239 
 240 
2.5 Quantification  241 
 242 
The quantification process involves measuring the geometrical features from the preoperative 243 
3-D models which are used, along with the clinical features, as input features that feed the 244 
machine learning and feature selection algorithms. Also, the quantification of the IOL tilt from 245 
postoperative 3-D models is used as ground truth. 246 

 247 
2.5.1 Input features 248 

 249 
From the 3-D model of each eye we measured 65 features. Specifically, the set of features 250 
included (see Supplementary Appendix 1 for a brief description of each feature and its 251 
corresponding acronym):  252 

 253 
- Preoperative clinical and IOLMaster 700 features: 16 features obtained in the clinic or 254 
directly output by the IOLMaster 700, including patient age, gender, laterality of the eye, 255 
preoperative refraction (Sphere, Cylinder, Spherical equivalent), IOL model and power 256 
implanted, axial length, pupil size, and keratometry.  257 

- Preoperative geometrical features obtained from OCT (3-D models within the pupil): 25 258 
geometric features of the eye obtained directly from OCT images. Specifically, these features 259 
are quantified from the 3-D models considering only the part of the crystalline lens that is 260 
visible throughout the pupil (before estimating the full shape of the crystalline lens) using 261 



   

 

   

 

custom developed algorithms that have been successfully applied to custom designed and 262 
commercial OCT systems in our prior work [33, 34]. Measured parameters include axial 263 
distances and curvatures of the different surfaces within the eye (anterior and posterior cornea 264 
and crystalline lens), and preoperative tilt (magnitude and direction) of the crystalline lens. 265 
Preoperative tilt is defined as explained in Section 2.3.2 for the IOL. Radii of curvatures were 266 
calculated searching the best fitting sphere in a fitting area of 6 and 3 mm (see supplementary 267 
document for details).  268 

- Preoperative crystalline lens full shape features obtained from OCT: 24 features related with 269 
the crystalline lens full shape, such as its volume, equatorial plane position or its diameter 270 
(estimated as in [9, 29, 30]), and the coefficients of the eigenlenses method. The eigenlenses 271 
and eigencenter coefficients (eigenlenses constructed to represent the optical zone of the 272 
crystalline lens that is visible through the pupil) were determined in accordance with [30, 31]. 273 
These features were of special interest and introduced in the current study for the first time.  274 
 275 

 276 
Figure 4 illustrates the definition of some of these features.  277 
 278 

 279 
Fig. 4. Definition of some of the features from 3-D preoperative models. 280 
 281 
 282 
2.5.2 Ground truth 283 
 284 
The ground truths for the variables to be predicted (IOL tilt magnitude and IOL tilt direction) 285 
were obtained from the postoperative models. These variables are defined in Figure 5 and are 286 
described in detail in earlier work [26]. The tilt was obtained by: (1) calculating the middle 287 
plane between the anterior and posterior surfaces of the IOL using multiple linear regression; 288 
(2) obtaining the normal vector to that middle plane; (3) calculating the angles (tilt magnitude, 289 
polar angle in spherical coordinates; and tilt direction, azimuthal angle in spherical coordinates) 290 
as defined in Figure 5. Intuitively, tilt magnitude indicates the “amount” of tilt, and tilt direction 291 
indicates the “orientation” of that tilt. Tilt direction ranges from [0º, 180º]  ∪ (0 to -180º) and 292 
tilt magnitude from 0 to 9º (maximum value found in the data set). The same definitions apply 293 
to preoperative tilt of the natural crystalline lens. 294 

 295 
 296 



   

 

   

 

 297 
Fig. 5: Definition of the IOL tilt magnitude and direction from the 3-D postoperative models. These are the variables 298 
to be predicted. 299 
 300 
 301 
2.6 Feature selection and estimation  302 
 303 
Two estimators were designed using ML approaches for the estimation of the IOL tilt 304 
magnitude and direction. Several regression methods were tested, in particular ridge models, 305 
regression trees, support vector machines, Gaussian process regression (GPR), ensembles of 306 
trees, and neural networks. In both estimation problems (estimation of tilt magnitude and of 307 
direction) GPR provided the minimum estimation error across methods, and thus, the results 308 
using GPR are reported in this study. A 5-fold cross-validation approach was used (i.e., splitting 309 
the sample in 5 groups, using 4 for training and 1 for test) and the experiments were repeated 310 
100 times. The optimization metric was the average across experiments of the mean absolute 311 
error (MAE) in degrees between estimated and actual lens tilt (magnitude and direction) in the 312 
test set.  313 
The relevant features were selected using a sequential forward feature selection algorithm that 314 
starts with an empty set of features and, in each iteration of the algorithm, selects the feature 315 
that, in combination with the set of features already selected, minimizes the estimation error 316 
using a GPR method ([35-37]). The algorithm stops if the MAE does not decrease when a new 317 
feature is added (i.e., if there is no improvement in prediction).  318 
 319 
For the definition of GPR, we considered the following model [35-37]: 320 
 321 

𝑔(𝐱) = 𝑓(𝐱) + 𝐡(𝐱)T𝜷 322 
 323 
where 𝑓(𝐱) is a zero mean Gaussian Process, 𝑓(𝐱)~𝐺𝑃(0, 𝑘(x, x′)), 𝐡(𝐱) are a set of fixed 324 
basis functions that transform the original feature vector 𝐱 , and 𝜷  are basis function 325 
coefficients. 326 
 327 
In our experiments, we chose a constant basis function 𝐡(𝐱) and an exponential kernel, defined 328 
as follows: 329 
 330 

𝑘(𝑥𝑖𝑥𝑗|𝛉) = 𝜎𝑓
2𝑒𝑥𝑝 (−

𝑟

𝜎𝑙

) 331 

 332 
where 𝜎𝑙 is the characteristic length scale and 𝑟 = √(𝑥𝑖−𝑥𝑗)𝑇(𝑥𝑖−𝑥𝑗) is the Euclidean distance 333 
between 𝑥𝑖 and 𝑥𝑗. Thus, the model is completely defined by the variance of noise 𝜎𝑛

2, the 𝜷 334 
coefficients, and the hyperparameters of the kernel function 𝜎𝑓 and 𝜎𝑙, which are obtained by 335 



   

 

   

 

training the model, and are specified in the results section for each estimator. Features are 336 
standardized (centering data around the mean and scaling to the standard deviation) to train the 337 
algorithm. 338 
 339 
2.7. Data analysis 340 
 341 
Linear regression analysis between preoperative and postoperative tilt magnitude and direction, 342 
and between left and right eyes was performed, obtaining the Pearson correlation coefficient 343 
(r), the p-value for testing the hypothesis of no correlation, and 95% confidence intervals 344 
(related with the regression line) over the regression parameters. 345 
We compared the mean value across experiments of MAE for consecutive number of features 346 
in the feature selection algorithm using a two-tailed paired t-test. We also compared the mean 347 
MAE across experiments using different estimation methods (linear correlation, [27] and the 348 
proposed method) using a two-tailed paired t-test with Bonferroni correction. The normality of 349 
the MAE data distribution was assessed with the Kolmogorov-Smirnov test.  350 
For all analyses, statistical significance was defined as a p-value lower than 0.05. Calculations 351 
were performed with Matlab (MathWorks, Natick, MA, USA, version R2022b). 352 
 353 

3. Results 354 
 355 

In this section we (1) analyze the tilt magnitude and direction in right and left eyes and the 356 
correlation between tilt pre and postoperatively, and between right and left eyes; (2) show the 357 
ranking of features that best estimate tilt magnitude and direction (feature selection); (3) present 358 
the results obtained with an estimator trained with the best set of selected features. 359 

 360 
 361 

3.1 Tilt magnitude and direction in right and left eyes 362 
 363 
Figure 6 shows polar plots that represent the preoperative (crystalline lens) and postoperative 364 
(IOL) tilt magnitude and direction for right and left eyes. Following the representation proposed 365 
in earlier work [25], the radial distance to the center (from 0º to 8º in preoperative and from 0º 366 
to 11º in postoperative) represents the tilt magnitude in degrees, while the angle represents de 367 
tilt direction ([0º, 180º]  ∪ (0 to -180º)).  368 
Preoperatively, the mean ± STD crystalline lens tilt magnitude was 3.63º ± 1.00º and 3.98º ± 369 
1.03º for OD and OS respectively, tilted nasally for both eyes (tilt direction of 10.97º ± 17.70º 370 
and 164.22º ± 16.08º respectively). Postoperatively, the IOL tilt magnitude was 5.06º ± 1.30º 371 
and 5.12º ± 1.36º for OD and OS respectively, tilted nasally for both eyes (tilt direction of 372 
13.14º ± 16.68º and 161.50º±15.81º). 373 
 374 
 375 
 376 
 377 
 378 
 379 
 380 
 381 
 382 
 383 
 384 
 385 
 386 



   

 

   

 

Preoperative (crystalline lens) 

OD (n=198) OS (n=158) 

  

A)   

 

Postoperative (IOL) 

OD (n=198) OS (n=158) 

  

B)   
 387 
Fig. 6: Polar plots for right (left column) and left (right column) eyes, where the radial distance to the center represents 388 
the tilt magnitude in degrees, while the angle represents the tilt direction. A) Preoperative natural crystalline lens tilt; 389 
B) Postoperative IOL tilt. Outliers are shown in red. 390 

 391 
 392 

3.2 Correlation between pre- and postoperative tilt and between right and left eyes 393 
 394 

Figure 7 shows the correlation between preoperative and postoperative tilt magnitude (Fig 7A) 395 
and direction (Fig 7B). Pearson correlation coefficients (ρ) and the p-value for testing the 396 
hypothesis of no correlation are shown. Marginal histograms, 95% confidence intervals and 397 
best linear model are also presented in Figure 7.  398 



   

 

   

 

Note that, in this case, to obtain meaningful correlations, left eyes were reflected (i.e., tilt 399 
direction was changed) as follows: 400 
 401 
𝑖𝑓 𝑡𝑖𝑙𝑡𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 ≥ 0 → 𝑡𝑖𝑙𝑡𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 = 180 − 𝑡𝑖𝑙𝑡𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛  402 
𝑒𝑙𝑠𝑒𝑖𝑓 𝑡𝑖𝑙𝑡𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 < 0 → 𝑡𝑖𝑙𝑡𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 = −180 − 𝑡𝑖𝑙𝑡𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 403 
 404 

 

 
A)  

 

 
B)  

 405 
Fig. 7: Scatterplot with best linear regression lines, marginal histograms, and 95% confidence intervals (CI) between 406 
preoperative tilt (the tilt of the natural crystalline lens before the surgery) and postoperative tilt (the tilt of the IOL 407 
implanted). A) Tilt magnitude. B) Tilt direction. Pearson correlation coefficients (ρ) and the p-value for testing the 408 
hypothesis of no correlation are also shown. Outliers (not taken into account for fitting the model) are shown in red 409 
color (some outliers are not visible because they are out of the range represented in the axes). 410 

 411 
Figure 8 shows the correlation between right eyes (OD) and left eyes (OS) for preoperative (top 412 
row) and postoperative (bottom row) tilt magnitude (Fig 8A, left column) and direction (Fig 413 
8B, right column). A total of 97 patients with paired eyes were used in the analysis. Pearson 414 
correlation coefficients (ρ) and the p-value for testing the hypothesis of no correlation are 415 
shown. Marginal histograms, 95% confidence intervals and best linear model are also 416 
represented.  417 
 418 

 

  
 



   

 

   

 

 
A)  

 

 
B) 

Fig. 8: Scatterplot with best linear regression lines, marginal histograms, and 95% confidence intervals (CI) between 419 
right eyes (OD) and left eyes (OS). Top row: preoperative measurements; bottom row: postoperative measurements. 420 
A) Tilt magnitude; B) Tilt direction. 97 patients with paired eyes are used in the analysis. Pearson correlation 421 
coefficients (ρ) and the p-value for testing the hypothesis of no correlation are also shown.  422 
 423 

3.3 Feature selection 424 
 425 

Figure 9 shows the decrease in estimation error as we are including the features selected by the 426 
feature selection algorithm (the order indicates the feature ranking). Error bars represent STD 427 
across experiments and asterisks indicate statistically significant differences between mean 428 
MAE for consecutive number of features. From the 65 candidate features, there were six that 429 
were consistently identified across experiments by the feature selection algorithm as the 430 
primary features to predict IOL tilt magnitude and direction (i.e., inclusion of a higher number 431 
of features did not produce a decrease in MAE). 432 
 433 
 434 

Postoperative tilt magnitude Postoperative tilt direction 

 

A)  

 

B)  
 435 
Fig. 9: Feature selection process, quantifying the decrease of MSE es as new features are included in the estimation.  436 
A) Postoperative tilt magnitude estimation. The ranking of Features is: 1) Preoperative tilt magnitude; 2) Equatorial 437 
Plane Position (EPP), obtained from the full shape of the crystalline lens; 3) Preoperative tilt direction; 4) Radius of 438 
curvature of anterior cornea (RAC); 5) Gender; 6) Vitreous Chamber Depth (VCD); B) Postoperative tilt direction 439 
estimation. The ranking of features is: 1) Preoperative tilt direction; 2) Laterality of the eye (OD-OS); 3) 𝑎4 eigenlens 440 
coefficient, that indicates asymmetric changes of the shape of the lens; 4) 𝑎1 eigenlens coefficient, related with the 441 



   

 

   

 

size of the crystalline lens; 5) # days (Number of days since operation, defined as the number of days from surgery to 442 
postoperative scan); 6) ACD (Anterior Chamber Depth). Error bars represent STD across experiments. Asterisks 443 
indicate statistically significant difference between mean MAE for consecutive number of features (i.e., comparing 444 
consecutive states of the feature selection algorithm). Paired t-test, p<0.05. 445 
 446 
Table 1 shows the mean, STD, maximum and minimum values of the selected features for the 447 
tilt magnitude and direction estimations.  448 
 449 
Table 1.  Summary of the selected features.  450 

Magnitude Preop tilt 

Magnitude 

(degrees) 

EPP 

(mm) 

Preop tilt 

Direction 

(degrees) 

RAC 

(mm) 

Gender 

(M/F) 

VCD 

(mm) 

Mean±STD 3.78±1.03  2.01±0.25 13.1±17.15  7.86±0.31 149/207 15.86±1.21 

Range 

(Min./Max.) 

1.21/7.35 1.34/2.63 -63.5/58.85 6.59/9.53 -- 12.65/24.47 

 451 
Direction Preop tilt 

Direction 

(degrees) 

Laterality 

(OD/OS) 

𝑎4  𝑎1 # days 

(days) 

ACD 

(mm) 

Mean±STD 13.1±17.15  198/158 0.97±0.53 -2.7±18.4 140±141 2.58±0.38 

Range 

(Min./Max.) 

-63.5/58.8 -- -0.51/3.20 -68/43 6/586 1.58/3.59 

STD, Standard deviation; EPP, Equatorial plane position; RAC, Radius of curvature of anterior cornea; VCD, Vitreous 452 
chamber depth; # days, Number of days since operation; ACD, Anterior chamber depth 453 

 454 
 455 

3.4 Estimation error and optimal parameters in training 456 
 457 
Table 2 shows the mean absolute error (MAE, in degrees) ± STD of the estimation, the eye 458 
with maximum estimation error (Max. error) and the number of eyes with estimation error 459 
higher than MAE+σ, where σ is one standard deviation across eyes (approximately 1.5 degree 460 
for the tilt magnitude and 17 degrees for the tilt direction). Linear correlation model (correlation 461 
shown in Figure 7), GPR estimation algorithm trained using the features proposed in Waser et 462 
al. [27] (only for tilt magnitude), and the proposed algorithm using the features described in the 463 
previous section are compared. Note that for comparisons with [27] we used the preoperative 464 
tilt magnitude, lens thickness, and axial length as suggested in the paper, but we were not able 465 
to include pupil decentration as feature because we did not have that value for all the eyes. The 466 
last column indicates the p-value for testing the difference between means (paired t-test with 467 
Bonferroni correction). The second row shows the MAE for the estimation of the postoperative 468 
magnitude and the third row for the estimation of the postoperative direction. The STD is 469 
calculated across experiments, and the linear correlation model was included in the cross-470 
validation loop (i.e., the MAE results were obtained in a test set not used to obtain the linear 471 
model).  472 
 473 
Table 2.  Mean MAE ± STD across experiments (degrees), maximum estimation error (Max. error) and number 474 
of eyes with estimation error higher than 1.5/ 17 degrees (magnitude/ direction respectively). Linear correlation 475 
model, a method trained with the features proposed in [27] (except for pupil decentration) and the proposed 476 
algorithm are compared.  477 
 478 

 Results 

 

Linear  

correlation 

[27] Proposed p-value 

Postoperative 

tilt magnitude 

MAE (deg.) 0.84±0.003 0.83±0.007 0.79±0.007  

Max. error (deg.) 4.00 4.23 3.97 p<<0.05 

Error>1.5 degrees 61 56 48 



   

 

   

 

Postoperative 

tilt direction 

MAE 9.60±0.04 --- 9.18±0.11 p<<0.05 

Max. error (deg.) 47.5 --- 46 

Error>17 degrees 58 --- 55 
 479 
The application of the proposed method results in both lower errors (decreased MAE) and in a 480 
lower number of eyes with high errors in comparison with linear correlation and [27]. STD of 481 
the MAE of tilt magnitude across eyes was marginally lower for the new method: 0.69 deg, 482 
0.69 deg, and 0.68 deg for linear correlation, [27], and proposed methods respectively. STD of 483 
the MAE of tilt direction was also lower for the proposed method: 8.80 degrees and 8.61 484 
degrees for linear correlation and proposed respectively. These results suggest that the proposed 485 
estimator is more robust across different eyes.  486 
 487 
Table 3 shows the optimal parameters selected for the GPR in the estimation of the tilt 488 
magnitude (first row) and tilt direction (second row). 489 

 490 
Table 3. GPR optimal trained parameters for tilt magnitude and direction. 491 

 𝜎𝑛 𝜷 𝜎𝑓 𝜎𝑙 

Postoperative tilt 

magnitude 

0.86 5.0 1.61 9.24 

Postoperative tilt 

direction 

9.72 14.1 31.3 18.04 

Variance of noise 𝜎𝑛
2, 𝜷 coefficients, and hyperparameters of the kernel function 𝜎𝑓 and 𝜎𝑙. 492 

 493 

4. Discussion  494 
 495 
The estimation of postoperative intraocular lens (IOL) tilt and position from preoperative 496 
measurements is a promising approach for enhancing the accuracy of cataract surgery optical 497 
predictions. By integrating these estimates into a virtual surgery tool, along with eye’s and IOL 498 
geometrical values and estimates of the IOL position, it is possible to build custom eye models 499 
and simulate the optical quality by ray tracing. In this work, we propose a machine learning 500 
model designed to estimate IOL tilt. To our knowledge, this model is the first in the literature 501 
to utilize the full shape geometry of the crystalline lens as candidate input features, providing 502 
a more comprehensive representation of the eye's anatomical structure. We also focus on 503 
identifying the most relevant set of features to improve prediction accuracy and model 504 
efficiency for this task. 505 
 506 
Mean tilt magnitude and direction obtained in this paper were similar to the ones reported in 507 
previous works using IOLMaster 700. Mean preoperative (crystalline lens) tilt magnitude was 508 
3.8º in our work, 4.3º in [26], and 3.7º in [25], and  postoperative  (IOL) tilt magnitude was 5.1º 509 
in this paper, 6.2º in  [26], and 4.9º (OD) and 5.2º (OS) in [25]. Mean preoperative tilt direction, 510 
after mirroring left eyes, was 13.1º in this work and 15.8º in [26]. Postoperative tilt direction 511 
was 15.5º in this work and 16.8º in [26]. Remarkably, postoperative tilt magnitude was higher 512 
than preoperative in all the results reported. Correlation coefficient between pre- and 513 
postoperative tilt magnitude was ρ=0.59 in this paper, ρ=0.37 in [26], and ρ=0.70 in [25].The 514 
correlation between pre- and postoperative tilt direction was ρ=0.62 in this work, ρ=0.71 in 515 
[26], and ρ=0.76 in [25]. In this work we used data from 356 eyes measured pre and 516 
postoperatively to train the models, in comparison with 62 [26], 65 [25] and 50 [27] in previous 517 
work. The five times larger sample in the current work should largely contribute to the 518 
generalization ability of the machine learning algorithm. 519 
 520 



   

 

   

 

Although the mean improvement on the estimation of 0.05 degrees in tilt magnitude and 0.4 521 
degrees in tilt direction may not be clinically relevant, the significant reduction of eyes with 522 
large tilt estimation errors makes the approach potentially valuable in those individuals. We 523 
found that the number of eyes with MAE greater than 1.5 degrees in tilt magnitude is reduced 524 
by 13 eyes (from 61 to 48 eyes) by using our proposed method instead of linear correlation. 525 
Furthermore, the number of eyes with MAE greater than 17 degrees in tilt direction is reduced 526 
by 3 eyes (from 58 to 55 eyes). Previous work showed that the presence of physiological tilt 527 
compensated corneal lateral coma, rather than degrading the optics [38]. However, IOL tilt 528 
above a certain physiological amount can induce astigmatism and higher-order aberrations. 529 
Furthermore, to illustrate the extent to which the tilt magnitude and tilt direction affect the 530 
implantation axis of a toric lens, a wavefront simulation was conducted by Waser et al. with 531 
toric IOLs [27]. The study concluded that incorporating the consideration of postoperative IOL 532 
tilt into the preoperative calculations is associated with improved visual performance for the 533 
patient, particularly for those receiving toric lenses. 534 
 535 
In our study, 96 eyes were excluded because their pupils measured less than 3 mm. This 536 
exclusion was based on two main considerations: (i) Reliability of geometric parameter 537 
estimation. The estimation of the full shape of the crystalline lens and other geometric 538 
parameters, such as radii of curvature is more reliable for larger pupils. As demonstrated before 539 
[39] the variance in certain geometric parameters for age-matched eyes increases significantly 540 
when pupils are smaller than 3 mm. Additionally, findings using donor lenses showed that the 541 
accuracy in estimating the full shape parameters, such as lens volume, improved for pupils 542 
larger than 3 mm, but the estimation was only slightly better with 5 mm-pupils compared to 4 543 
mm pupils. (ii) Stability in calculating lens tilt.  The calculation of the crystalline lens tilt is 544 
more reliable with pupils larger than 3 mm. For larger pupils, the orientation of mid-plane 545 
derived from the anterior and posterior lens surfaces is more stable, improving the accuracy of 546 
tilt measurements. 547 
 548 
In our study, we excluded some outliers in the polar plots or pre/postoperative tilt correlations 549 
(12 eyes, marked in red in Figures 6 and 7). These eyes did not show small pupils, and OCT 550 
images and constructed 3-D models were apparently correct. Further analysis of these cases 551 
showed interocular axial length discrepancies postoperatively, steep corneal curvatures, 552 
interocular keratometry discrepancies, and eye fixation difficulties.  Review of clinical history 553 
of some of these patients also showed some indications (capsular contraction syndrome, haptic 554 
dislocation, and intravitreal injections prior to the cataract surgery). The analysis of the 555 
potential relation between low predictability in those cases and clinical complications is beyond 556 
the scope of the current study.  557 
 558 
During the feature selection process, six features were selected, corresponding to the mean 559 
number automatically selected by the feature selection algorithm across experiments. This 560 
number of features is considered appropriate relative to the sample size, helping to mitigate the 561 
risk of overfitting. Specifically, when estimating IOL tilt magnitude, the preoperative tilt 562 
magnitude was selected in 100% of the experiments, EPP in 95%, the preoperative tilt direction 563 
in 90%, gender in 70%, and RAC and VCD in 65% of the experiments. When estimating the 564 
IOL tilt direction, the preoperative tilt direction, laterality of the eye and 𝑎4  eigenlens 565 
coefficient were chosen in 100%, number of days from surgery (# days) in 37%, 𝑎1 coefficient 566 
in 28% and IOL model and ACD in 21%. Our analysis showed that for both magnitude and 567 
direction, the second and third features were the most effective in reducing estimation error, 568 
compared to using only the preoperative tilt. Additionally, the inclusion of the fourth feature 569 
(RAC for magnitude and 𝑎1 coefficient for direction) resulted in only a slight reduction in 570 
MAE. Notably, when the fourth feature was excluded, adding the remaining features (fourth to 571 
sixth) did not further improve estimation accuracy. This suggests that the observed reduction 572 



   

 

   

 

in MAE after the third feature is primarily driven by the interaction between the fourth, fifth, 573 
and sixth features. Importantly, all reductions in MAE associated with the inclusion of 574 
additional features were statistically significant except for the case of RAC (from the third to 575 
fourth order feature in magnitude estimation). 576 
 577 
As expected, the preoperative tilt of the crystalline lens was the most important feature for 578 
predicting IOL tilt. Significantly, geometrical features describing the full shape of the 579 
crystalline lens are selected for the estimation of the magnitude (EPP) and direction 580 
(coefficients 𝑎4 and 𝑎1). EPP, defined as the distance between the anterior surface apex and the 581 
equator of the crystalline lens, is only available through the estimation of the full shape of the 582 
lens. In good agreement with other studies [25, 27, 28] we also found a significant correlation 583 
between axial length (AL) and IOL tilt magnitude (ρ=-0.25, p<<0.05). Nevertheless, AL is not 584 
selected by the feature selection algorithm, probably because this information is already 585 
explained by the preoperative tilt magnitude and the EPP, also correlated with AL. Our earlier 586 
work in a young subject cohort of crystalline lens parameters as a function of myopia found 587 
correlations between AL and EPP, with longer eyes showing lower EPP [14]. However, the 588 
selection of EPP as a primary feature indicates that EPP provides complementary information 589 
to estimate the tilt in a non-linear fashion. This relationship may stem from the fact that lower 590 
EPPs are typically associated with more elliptical crystalline lens shapes, whereas higher EPPs 591 
correspond to more rounded lens shapes. In cases with more rounded lens shapes, the 592 
intraocular lens (IOL) may not fit as well, leading to a lower tilt magnitude. For tilt direction, 593 
it is reasonable that “non-symmetric” features play a more critical role. In the current study we 594 
observed a statistically significant difference for preoperative tilt magnitude and direction as 595 
well as postoperative tilt direction between right and left eyes (after mirroring left eyes), t-test, 596 
p<<0.05. Similar findings were previously reported [27], and may explain the importance of 597 
laterality in improving prediction accuracy. Additionally, the eigenlens coefficient 𝑎4 was 598 
identified as an important feature, reflecting asymmetric changes in lens shape after removing 599 
tilt. This asymmetry intuitively influences the tilt direction. Some features, such as RAC, are 600 
less intuitive, but they may contribute through non-linear interactions with other features, 601 
providing complementary information to enhance predictions. 602 

In our training, we used pairs of correlated eyes (OD-OS). Although it is generally 603 
recommended to either include both eyes from a pair in the same set (training or testing) or use 604 
one eye per pair to minimize the risk of overfitting, we found minimal variation in estimation 605 
error across cross-validation folds and experiments that have different proportions of randomly 606 
selected OD-OS pairs (STD across experiments of 0.007 and 0.11 degrees for tilt magnitude 607 
and direction respectively). These results indicate that overfitting is not a concern and that the 608 
inclusion of eye pairs does not adversely affect the outcomes. 609 

 610 
Our trained model can be used to predict IOL tilt based on preoperative OCT imaging, or new 611 
models can be trained that are specific, for example, to a specific IOL type.  A similar strategy 612 
can be applied to estimate the position of the IOL from some preoperative OCT geometrical 613 
features [39]. Therefore, the computational cost to extract the required geometrical features for 614 
applying the algorithm would also serve the purpose of estimating the ELP, obtaining all the 615 
necessary data for the construction of the 3-D model that would be used as input to the virtual 616 
surgery platform. Remarkably, the procedure can be applied on the OCT scans that are routinely 617 
acquired preoperatively for biometry measurements (in this case using the IOLMaster700) that 618 
are standard of care in many practices. 619 

 620 
 621 
 622 
 623 



   

 

   

 

5. Conclusion 624 
 625 
We have proposed a method for the IOL tilt estimation after cataract surgery from preoperative 626 
features of each patient, including, for the first time, geometrical features of the full shape of 627 
the crystalline lens. This is useful to create a virtual surgery platform. By integrating these 628 
advanced prediction methods into clinical practice, surgeons can potentially select the most 629 
appropriate IOL for each patient, reducing the risks associated with IOL misalignment, 630 
improving long-term outcomes, and ultimately providing better visual quality for patients after 631 
cataract surgery. 632 
In the future, we plan to explore several open interesting questions regarding the factors 633 
influencing IOL tilt that could be solved with our data set, including: (i) How do factors such 634 
as the surgeon's technique or the clinical site impact IOL tilt? (ii) Does the choice of IOL model 635 
affect tilt and its prediction? (iii) Are certain features more important for predicting IOL tilt in 636 
different IOL models? (iv) Is there an improvement in accuracy by training each IOL model 637 
separately? Additionally, it will be valuable to investigate tilt in toric lenses, as well as examine 638 
the relationship between IOL tilt and other visual quality metrics and clinical features, such as 639 
cataract grade. 640 
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