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A B S T R A C T   

Background and purpose: An optical tracking system for high-precision measurement of eye position and orien-
tation during proton irradiation of intraocular tumors was designed. The system performed three-dimensional 
(3D) topography of the anterior eye segment using fringe pattern analysis based on Fourier Transform Method 
(FTM). 
Materials and methods: The system consisted of four optical cameras and two projectors. The design and modi-
fications to the FTM pipeline were optimized for the realization of a reliable measurement system. Of note, 
phase-to-physical coordinate mapping was achieved through the combination of stereo triangulation and fringe 
pattern analysis. A comprehensive pre-clinical validation was carried out. Then, the system was set to acquire the 
eye surface of patients undergoing proton therapy. Topographies of the eye were compared to manual contouring 
on MRI. 
Results: Pre-clinical results demonstrated that 3D topography could achieve sub-millimetric accuracy (me-
dian:0.58 mm) and precision (RMSE:0.61 mm) in the clinical setup. The absolute median discrepancy between 
MRI and FTM-based anterior eye segment surface reconstruction was 0.43 mm (IQR:0.65 mm) 
Conclusions: The system complied with the requirement of precision and accuracy for image guidance in ocular 
proton therapy radiation and is expected to be clinically tested soon to evaluate its performance against the 
current standard.   

1. Introduction 

Conventional eye tracking techniques, when applied for eye locali-
zation in ocular proton therapy, have shown shortcomings exhibiting 
either low accuracy or insufficient reliability [1]. This failure is due to 
methodological and practical reasons: firstly, conventional eye-tracking 
techniques do not aim for complete six-degree-of-freedom eye locali-
zation, but rather provide an estimate of the subject’s fixation point, 
often as a result of a specific calibration procedure involving significant 
anatomical simplifications [2]; secondly, video-oculography relies on 
the detection of sharp corneal reflections originating from light sources, 
a condition difficult to realize in clinical settings characterized by the 
dryness of the eye due to the use of eyelid retractors, a prerequisite for 
proton irradiation [3]. Due to these difficulties, unconventional eye 

tracking solutions have been here investigated. Fringe pattern analysis 
for surface measurement, based on Fourier Transform Methods (FTM), is 
not unprecedented in either ophthalmology or radiation therapy, but 
has mostly been dedicated to accurate corneal-scleral topography for 
diagnostic or scleral lens fitting or thoracic surface measurements [4–8]. 

FTM, proposed by Takeda et al in the 1980s [9,10] is a method for 
non-contact 3D surface reconstruction inferred from the deformation of 
a Ronchi pattern imaged with an optical camera. Three-dimensional 
topography then involves: imaging of the deformation of a fringe 
pattern on an object of interest (i); demodulation with a spatial carrier 
frequency for phase retrieval (ii) [9–11]; phase unwrapping (iii) 
[12–17]; phase-to-height mapping and transversal scaling (iv) 
[8,18–20]. In the last four decades, methodologies for solving each one 
of these steps have been the subject of extensive study for use in a 
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number of different applications [8,21]. In particular, the reliability and 
accuracy of translating a phase map into a measurement in 3D space (iv) 
is of critical importance in the context of patient localization systems in 
high-precision radiotherapy. As such, our study proposes alternative 
calibration procedures and methodological solutions to achieve high- 
precision measurements by combining stereo triangulation and fringe 
profilometry. 

This study focused on the use of FTM as a tool for corneal-scleral 
topography in the context of radiotherapy treatments of intraocular 
tumors [22]. An accurate and precise three-dimensional surface recon-
struction of the anterior eye segment could be used to verify the patient 
position before irradiation, a task that is currently carried out using 
radiographic imaging of surgically implanted clips. FTM has the po-
tential to achieve this without exposing the patient to noncurative dose 
and has the advantage, compared to feature-based or triangulation- 
based conventional eye tracking techniques, of being more robust and 
efficient. The systems performance was evaluated in a pre-clinical study 
using geometric phantoms following the principles for quality assurance 
of localization systems in medical applications, with specific reference to 
image guided radiation therapy. Subsequently, its capability of correctly 
reconstructing the eye surface was evaluated in a prospective clinical 
study. 

2. Materials and methods 

2.1. System description 

The system proposed here consisted of four optical cameras and two 
fringe pattern projectors divided into two distinct optical ‘units’, each 
composed of two sensors and one projector (see Fig. 1). Two 3 W 
infrared (peak wavelength: 850 nm) LED projectors (LTPRHP3W-8, 
OptoEngineering srl, Mantova, Italy) were positioned to project a ver-
tical Ronchi grating of 5 lines/cm onto the eye surface. Deformation of 
this pattern was then recorded by 4 cameras with good sensitivity in the 
near-infrared spectrum (UI-5240LE-NIR-GL-MB, IDS Imaging Develop-
ment System, Obersulm, Germany) with resolutions of 640x512 pixels 
(after horizontal and vertical binning to a pixel size of 10.6 µm) and 
frame rates of 25 Hz. All optical elements were equipped with 25 mm 
focal length lenses (SV-2514H, VS Technology, Japan, Tokyo). 

To ensure that all measurements by the optical units were geomet-
rically consistent, a world coordinate system (WCS) was defined (see 
Fig. 1). Projectors were oriented at 45-degrees to the Z axis and were 
roughly aligned to the X-Z plane, with the two coupled optical sensors 
being arranged symmetrically below and above this plane (see Fig. 1). 
The two optical units, i.e. the bundle of two cameras and one projector, 
pointed to the origin of the WCS from a distance of 20 cm and 25 cm for 

the projectors and the sensors respectively. This configuration, with one 
optical unit facing the patient on the right and the other the left, was 
specifically designed to ensure a line of sight to the eye surface by at 
least one of the two units, regardless of whether the patient’s right or left 
eye was being treated. 

As previously mentioned, the system was intended for use during 
proton therapy of intraocular tumors. In these treatments, a horizontal 
fixed proton beamline is used so it is the position of the target, i.e. the 
intraocular tumor, that needs to be adjusted to guarantee that it is 
covered by the proton beam. The measurement of the anterior eye 
segment performed by the proposed system could be used to verify the 
patient position, a task that in the current clinical workflow is performed 
using iterative X-ray imaging. System performance validation was spe-
cifically designed to assess the capability of the system in the context of 
its application. Firstly, to ensure that the proposed system measure-
ments were relevant for this application, the arrangement of the WCS 
replicated the isocentric reference frame defined for IGRT in ocular 
proton therapy with the Z-axis aligned to the proton beam and pointing 
to the source, the Y axis oriented vertically and the axis X pointing from 
right to left. 

2.2. Three-dimensional surface reconstruction 

Fringe pattern analysis of the distorted Ronchi grating was based on 
the Fourier Transform Method for fringe demodulation introduced by 
Takeda in [9,10]. The theory of FTM, along with the modifications 
applied for this work, are briefly described in the supplementary ma-
terial. Here, the focus was on the two-step method for translating the 
measured relative unwrapped phase Δ∅(i,j), the result of the FTM 
pipeline, into a 3D topography of a surface. Firstly, a phase-to-height 
calibration procedure to define the necessary, camera specific co-
efficients translating phase to height (the out-of-plane coordinate-Z) is 
presented. Then, the method to determine the transversal position (X,Y), 
based on the stereo calibration parameters of the sensors, is described. 

The system was calibrated for surface reconstruction using a dedi-
cated procedure to translate the unwrapped phase map into an out-of- 
plane measurement in the WCS. During this process, the system was 
set to acquire a series of images of a circular flat surface at different 
known positions along the Z-axis (1 mm step from − 10 mm to +25 mm 
with respect to the origin of WCS). Then a large rectangular planar 
surface, whose dimension covers the entire field-of-view of the optical 
sensors, was imaged once (with Z equals to +10 mm) as the reference 
plane of acquisition (see Fig. 2(a)). 

The phase-to-height mapping algorithm then followed the imple-
mentation introduced by Du and Wang [19], which relies on the 
calculation of 11 parameters (c1,2,..5,d0,1,..5) for each optical sensor. 

Fig. 1. A schematic representation of the system is presented in panel (a). The projector P1 illuminates the scene with a Ronchi pattern. The deformation of this 
pattern is visible on the images acquires by two sensors S1 and S2. The other system’s unit (P2, S3 and S4) is mirrored on the opposite side of the Z axis. In panel (b) our 
actual setup is shown. The right-hand side optical unit (P2, S3 and S4) is visible. 
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Z =
1 + c1 • Δ∅(i, j) + (c2 + c3 • Δ∅(i, j) ) • i + (c4 + c5 • Δ∅(i, j) ) • j

d0 + d1 • Δ∅(i, j) + (d2 + d3 • Δ∅(i, j) ) • i + (d4 + d5 • Δ∅(i, j) ) • j 

These eleven coefficients were determined using the Levenberg- 
Marquardt algorithm with the least-squares error S defined as: 

S=
∑M

i=1

[
1+ c1 •Δ∅(i,j)+(c2+c3 •Δ∅(i,j))• i+(c4+c5 •Δ∅(i,j))• j

d0+ d1 •Δ∅(i,j)+(d2+d3 •Δ∅(i,j))• i+(d4+d5 •Δ∅(i,j))• j
− Zi

]2 

Fig. 2(b) shows the measured relative unwrapped phase Δ∅(i,j) for 
twelve thousand data points acquired with one of the cameras of the 
system. The use of a quasi-sinusoidal pattern for fringe projection 
resulted in a periodicity in the unwrapped phase values as a function of 
out-of-plane positions of the calibration object. Only values comprising 
the largest monotonic portion of the relative unwrapped phase and their 
corresponding nominal out-of-plane position were used for the optimi-
zation. As a result, only a portion of the field of view was used to esti-
mate the coefficients, being on average between 0 and +15 mm along 
the Z axis for the four sensors. Fig. 2(c) shows an example of the 
extracted Z-coordinate against the nominal value using phase-to-height 
mapping. 

To enable 3D measurements in the WCS, the four cameras of the 
system were modelled as pinhole cameras. Each camera was defined by 
a 3x4 homogenous camera projection Matrix P = [R|T] with R and T 
defining the rotation and translation that related the camera coordinate 
frame to the world coordinate frame [23]. From simultaneous acquisi-
tion of images by all sensors of a planar chessboard located at the origin 
of the WCS, the projection matrix P of each camera was computed, 
allowing for 3D measurements of points in the WCS. 

The 3x4 matrix P that defined the geometry of each sensor could be 

used to determine the position, in the WCS, of the projection centre C of 
the camera model and, in turn, of the vector connecting C to a specific 
3D point in space M as seen by the camera sensor (m). 

P = [R|T ];

C = − R− 1 • T;

CmM̅̅̅→
WCS = R− 1 •

mc

‖mc‖
CM =

C CP

cos(α)

The out-of-plane height of this point, i.e. the Z in WCS, was measured 
using FTM. By applying basic trigonometry, the X and Y coordinate of 
point M could then be determined in physical coordinates as MWCS. A 
schematic representation of this methodology is shown in Fig. 3. 

cos(α) = CmM̅̅̅→
WCS • [0, 0, − 1]

‖CmM̅̅̅→
WCS‖ • ‖[0, 0, − 1]‖

;MWCS = C + CM • CmM̅̅̅→
WCS 

Thus, every camera providing a useable measurement of relative 
unwrapped phase Δ∅(i, j) was capable of estimating the 3D location of 
the corresponding point in physical coordinates. 

2.3. Experimental validation 

System accuracy and precision were evaluated using four objects: 
two 3D printed geometrical objects, a triangular wedge and a circular- 
based pyramid, and two eye phantoms (see Fig. 4). The system accu-
racy was then evaluated on fiducial points marked on the surface of the 
objects. Their 3D location in physical coordinates, estimated through 
fringe pattern analysis and through triangulation, were compared. Three 
hundred and seventeen measurements of fiducial point positions, 
distributed along 16 separate acquisition sessions, were used. Also, the 

Fig. 2. Panel (a) depicts a schematic representation of the phase-to-height mapping calibration procedures. The sensors acquire images of the fringe pattern pro-
jection on a planar circular object at different, but known out-of-plane positions. The calibration object is moved by 1 mm steps. A reference image is also acquired 
using a larger planar object at a fixed position. By applying FTM, the calculated unwrapped phase, in relation with the out-of-plan position, along the Z axis of the 
world coordinate system can be seen on panel (b). The non-monotonic trend of the unwrapped phase is due to the intrinsic periodicity of the quasi-sinusoidal fringe 
pattern used. To estimate the parameters of the governing equation [19] mapping phase to height, the largest monotone portion of the function is selected (panel c). 
This does not compromise the surface reconstruction in the volume of interest and, at the same time, limits the number of parameters for the sensor to eleven. 
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distribution of this discrepancy within the calibration volume was 
evaluated. Then, to assess the precision of the proposed system, the 
obtained 3D topographies were compared to a precise characterization 
of the shape of all four objects obtained using a laser tracker system 
(Leica AT901 LR, Leica Camera AG, Wetzlar, Germany) providing sub- 
millimetric precision. The Iterative Closest Point (ICP) algorithm [24] 
was used to calculate root-mean-square errors (RMSE) of nearest points 
of the two surfaces after rigid registration. This was followed by a more 
in-depth analysis on the precision of surface reconstruction for one of the 
eye phantoms carried out to evaluate the error distribution within the 
eye surface and the combination of measurements from multiple 
sensors. 

Finally, a preliminary evaluation of the systems clinical capabilities 
was carried out on sixteen patients undergoing ocular proton therapy 
within the frame of the EKNZ 2019-01987 project approved by the 
ethics committee Ethikkommission Nordwest- und Zentralschweiz. Pre- 
treatment MRI acquisitions of patients (for information on the used se-
quences please refer to [25]), were contoured to create a personalized 
eye model that included a definition of the best fitting ellipsoid to the 
anterior eye segment surface. The system was then set to acquire, 
concurrently with radiographic imaging of clips during position verifi-
cation, the eye surface of these patients using one optical unit at a time. 
This was compared to the absolute position of the anterior eye segment 
retrieved by aligning the MRI-based geometrical model to the measured 
clips configuration [22]. As a result, we could quantify the anatomical 
inaccuracies that affected the optical system as the median absolute 
distance between all points of the eye topography and the MRI model 
description of the eye surface. 

3. Results 

3.1. Optical sensors’ calibration 

A median reprojection error, i.e. the image distance between a pro-
jected point and a measured one, of 0.88 pixel (IQR: 1.44) was 
measured. As regards phase to height mapping, the median discrepancy 
between the estimated out-of-plane position and the nominal position 
was 0.12 mm (IQR: 0.15 mm). 

3.2. Accuracy and precision 

A median 3D discrepancy between fringe pattern analysis and phase- 
to-height mapping against triangulation of 0.58 mm (IQR:0.70 mm) was 
measured. The error distribution within the calibration volume is shown 
in Fig. 5(a). No significant correlation between the magnitude of errors 
and the location within the volume was found. 

The RMSE after registration using ICP between 3D topographies and 
laser tracker measurements was evaluated on a total of 42 measure-
ments and a median RMSE of 0.61 mm (IQR: 0.22 mm) and 0.59 mm 
(IQR:0.10 mm) was measured when both optical units were considered 
at the same time, i.e. four views, or when one optical unit only was used, 
i.e. two views, respectively. 

Fig. 3. Schematic representation of the transversal scaling procedure used for 
the estimation of the X and Y coordinate of points, by a single camera, whose 
height (Z coordinate) is calculated through FTM and Phase-to-Height mapping. 
Any point on the image sensor mc for which an estimate of the relative 
unwrapped phase and out-of-plane position is available, can be fully recon-
structed in physical coordinates by exploiting the sensor stereo calibration 
parameter and simple trigonometry. 

Fig. 4. A picture of the four phantoms used for system validation is presented in the upper panel including the relevant dimensions in mm. A pyramid with a circular 
base (a), a triangular wedge (b), manufactured with ABS using a Fused Deposition Modelling printer (3D Printer Dimension Elite, Stratasys, US) with a layer thickness 
of 0.1 mm. The pair of plastic eye phantoms, with irises painted in green and blue are shown respectively (c) and (d) respectively. In the lower panel, an exemplary 
3D rendering of a surface reconstruction using FTM is shown for each phantom. Of note, the visibility of the fiducial points, marked on each phantom, is used for 
accuracy evaluation through comparison with stereo triangulation. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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As seen in Fig. 5(c,d,e), higher errors were measured at the edges of 
the reconstruction, where the fringe pattern is less visible and the phase 
map exhibits low spectral power. Within the visible surface of the eye 
phantom and at the interface of the measurement by the two sensors the 
error was below 0.6 mm and homogenously distributed. When 
combining the measurement from the two optical units, a higher error 
(in the range of 1.0 to 1.5 mm) was visible in the intersection region 
(Fig. 5 (e)). 

Ninety-five separate topographies of the eye, distributed amongst 
sixteen patients, were directly compared to the MRI-based ellipsoidal 

model of the anterior eye segment (Fig. 6 (a-b)), resulting in absolute 
median discrepancies of 0.43 mm (IQR: 9.65 mm). Fig. 6(c) shows the 
discrepancy distribution for the entire dataset. 

4. Discussion 

A multi-component optical system, combining stereo triangulation 
and three-dimensional topography has been presented in this study. The 
use of FTM for fringe pattern analysis and governing equations for 
phase-to-height mapping allowed for a static installation of the system 

Fig. 5. On panel (a) the accuracy of the system in the calibrated volume is depicted. Panel (b) shows the error distribution in the three directions of the WCS 
evaluated from fiducials. Panel (c,d and e) show the spatial distribution of the registration error using ICP in the eye phantom. The results are shown separately for 
the two optical units, each a combination of two sensors and one projector, along with the fringe pattern images acquired by the corresponding sensors in panel (c) 
and (d). Panel (e) shows the error distribution for the entire eye phantom when combining all measurements of the system. 

Fig. 6. On panel (a), the fringe pattern projected upon the surface of a patient’s eye is visible on the images acquired by two cameras belonging to the same optical 
unit. The pipeline for 3D topography is applied leading to a 3D reconstruction of the patient’s surface and filtered to extract the relevant information for the scleral 
surface (panel b), On panel (c), the histogram of the distance between the eye topographies extracted from the optical system and the MRI-based ellipsoidal definition 
of the anterior eye segment is shown. 
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without any a priori assumption of their arrangement in space. Using 
four optical cameras, the system provided four geometrically consistent 
surface reconstructions from multiple vantage points that can be used 
together or individually. In the context of the system application for 
corneal topography in therapeutic settings, the setup with the two op-
tical units installed in front of the patient on the right and left guaran-
teed non-occluded line-of-sight by at least one of the two units regardless 
of which eye is under examination. 

While the conventional FTM method [9] performs under ideal con-
ditions, in real-world conditions, under which the proposed system 
operates, slight modifications were necessary. In contrast to Price et al 
[8], who opted for a dynamically adapted filter in the demodulation 
process, a filter of constant size, centered at a fixed carrier frequency has 
been designed and applied invariably in the demodulation process. The 
possibility of adopting such a simpler approach is probably due to the 
superior quality of the pattern projection obtained with our configura-
tion and components. The LTPRHP3W-8 projector is in fact a single LED 
coupled with a physical laser-engraved projection pattern and was 
therefore less susceptible to distortions than conventional active pro-
jectors [20]. On the other hand, it was restricted to phase recovery based 
on a single fringe, making it more difficult to clearly separate the carrier 
frequency from the background [26]. This design choice reduced the 
level of precision achieved by this system, which is relatively low if 
compared to more advanced phase-shifting methods [5,27]. At the same 
time, however, it was considered favorable for imaging the eye, an ob-
ject in constant motion, for which maximum instantaneity in data 
acquisition was required, if at the cost of compromised accuracy [28]. 

In addition, we have developed a method for phase-to-WCS mapping 
where the system exploited its capabilities as a multi-camera optical 
sensor and fringe pattern profilometer. Every sensor was calibrated with 
respect to the world coordinate system using conventional stereo 
photogrammetry calibration techniques [22,23] and, in combination 
with a pixel-based estimation of the out-of-plane position of image 
features, the translation from phase to height to physical coordinates 
was efficiently achieved. Also, compared to other approaches for cali-
bration of fringe pattern systems, it did not require a dedicated cali-
bration procedure for the projector or for transversal scaling [8,20]. 
Compared to Price et al. [8], this implementation limited the number of 
sensor parameters used for 3D topography to those belonging to the 
governing equation. 

In addition to the procedural advantages and the simplification of the 
calibration method, the validation results showed that the proposed 
system can achieve sub-millimetric accuracy in the measurement of 
fiducial points in WCS coordinates. This result attested to the quality of 
the cross-calibration between the two optical units. Furthermore, results 
showed the system’s ability to provide 3D topography of objects of 
comparable precision to a Leica Laser Tracker with a maximum 
permissible error in the order of tenths of micrometers. 

Results exhibited that bundling surface reconstructions from two 
sensors belonging to the same optical unit did not hinder the precision of 
the reconstruction, in contrast to what happens when merging infor-
mation from sensors located at opposite sides. However, this is an 
eventuality that will not happen during clinical use of the device. 

The preliminary results of the clinical study have demonstrated the 
systems capability to reconstruct 3D topographies of the eye that cor-
responded well, on average, to the patient’s anatomy derived through 
MRI despite the absence of the fringe model signal in the pupil region. 
Future activities will focus on the enhancement of the fringe pattern 
signal by applying fluorescein on the patient’s eye [5]. Ultimately, a 
direct comparison of the optical systems capabilities for accurate patient 
positioning against the current clinical standard will be carried out. In 
addition, 3D eye topographies could prove useful to derive realistic 
models of the patient surface for treatment planning purposes. 

Finally, all the designed calibration procedures have been easily 
accomplished with the existing equipment in the treatment room and 
could be integrated swiftly in a clinical workflow where time efficiency 

and ease of use are of the essence. 
In conclusion, validation activities showed the robustness of the 

method under real-world experimental conditions and confirmed the 
validity of the design for use in eye localization for ocular proton ther-
apy. Provided these positive results are confirmed by a more extended 
clinical study, X-ray imaging for patient position verification could 
potentially be replaced by such an optical system combining fringe 
profilometry and stereo photogrammetry for 3D scleral-corneal 
topography. 
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