Intraoperative corneal topography (ICT)
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Executive summery

BioShape has developed and patented a method to measure the 3d surface shape of the cornea with or without tear film during PRK or LASIK procedures. Each measurement takes less than 2 seconds and provides an elevation map with an accuracy of better than 1 micron RMS.

The ongoing ablation process can be monitored with the technology while the eye is being treated. This information might eventually be used to control the treatment process. The technology can otherwise be combined with a diagnostic instrument like an aberrometer. Hence it can provide a means for the registration of treatment maps derived from offline diagnostics with maps generated online during the actual treatment performed by the laser.

This report highlights the latest development steps and gives further information on the accuracy and reliability of the method. Finally an outlook on future applications and the marketing impact is given.

Introduction

Refractive laser surgery procedures consist of three main phases. First the diagnostic phase beforehand in which the treatment parameters are determined. Second the treatment itself in which the aforementioned parameters are applied to the corneal tissue. Finally there is the healing phase in which the vision recovers to a hopefully stable result. However these three phases have been strictly separated from one another until recently.

This means that first a prescription is derived from the diagnostics (while perhaps applying a specific nomogram). This prescription is then entered into the laser that calculates and applies an ablation pattern to the cornea. Eventually the patient ends up with a specific correction. The chance for an eye to finally have a visual acuity of better than 20/20 uncorrected is now in the range of 80-90%. The probability of having no night vision problems might be somewhat lower. Severe vision problems occur with a rate of up to 5%.

Today all manufacturers of laser systems strive to improve on these outcomes. There are research programs going on to come up with new technologies that will help reaching better results. Considerable improvements have been made with both, diagnostic and therapeutic instrumentation. Wavefront aberrometers are giving much more reliable data and lasers with sophisticated eyetrackers seem to work nearly perfectly.

Nevertheless up to date there are two major aspects remaining unresolved. On the one hand there is no tool that allows accurate registration of the cornea during diagnostic procedures with the cornea during the treatment. Research is going on to improve the situation by tracking the eye during both phases and aligning the images accordingly. Unfortunately current tracking devices only work in two dimensions and are thus erroneous due to the parallax of the corneal surface with respect to the pupil plane in which the tracked object usually lays. A registration based on high resolution 3d surface data of the treated cornea would help to improve this situation considerably.

The other unresolved issue is a missing control of the ablation process itself. Especially in higher corrections ablation parameter changes might occur during the ongoing treatment process. They currently remain undetected leading to increased uncertainties of the outcome. An online monitoring during the treatment would eliminate this lack of control and provide the means to realize a closed loop feedback. This online control will provide a much improved safety if there exists a correlation between the measured ablation volume as compared to the intended treatment and the final outcome.

Stromal topography

The ICT system measures the surface shape of the cornea in three dimensions. The result of the measurements is a dataset with 3d coordinates that are represented by color coded elevation map with x, y and z values given in microns. Typical datasets have a lateral resolution of 50 microns which gives about 38.000 measurement points on an 11mm diameter cornea. 

Based on the principles of triangulation a uv light pattern is projected onto the corneal surface using pulses from the excimer laser. This pattern excites fluorescence light in the most outer layer of the cornea. The fluorescence pattern is detected with a high resolution digital camera within less than 150ms to prevent motion artefacts. Due to a triangulation angle of about 30 degrees between the projection and the detection direction the lines of the pattern on the cornea appear bent in the image. The amount of bending is directly correlated to the surface shape and the triangulation angle. Essentially the pixels of the camera provide the x- and y-coordinate and the bent fringes in the images give the corresponding z-coordinate at each pixel.

The fringe images obtained from the corneas display a high number of line pairs (LP) in the range of 10 LP/mm which gives a line width of just 50 microns on the central cornea. For a typical cornea approximately 100 lines are thus detected. This high number is one of the reasons for the extremely high measurement accuracy compared to conventional corneal topographers (Placido or Orbscan).

Here is a typical fringe image of a cornea before treatment:
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Fringe pattern on a cornea before treatment

The two marks in the pattern are used to identify a specific reference line. The edge of the dilated pupil under the fringes can also be regognized. There seems to be some liquid (tear film, BSS solution) left on the surface in the upper right area of the image where there is a small step in the lines.

The accuracy of this fringe projection technique was verified using a variety of test lenses. Typical surface shape deviations of the measurements from ideal spheres with the given radii are clearly below 1 micron RMS over a central diameter of 5 or 8 mm. The accuracy depends strongly on the contrast and noise in the fringe images. Simulation software helped us to mimic the situation on patient eyes. Here we found that the measurement accuracy is in the range of 1-2 microns over the whole surface. This result is independent of whether the measurement took place on the epithelium, on Bowman’s membrane (after taking away the epithelium for a PRK/LASEK treatment) or on the stroma under the flap.

Registration

The calculation of difference maps requires aligning the respective elevation maps first. As there is a time interval in between the single measurements the eye will have moved using up to six degrees of freedom. These are the three orthogonal directions of translation and rotations about the three orthogonal tilting axes. 

Registration using eye trackers

Imaging of the pupil center or a corresponding 2d feature as it is done by current eyetrackers is insufficient to detect tilted eye movements. The detected 2d feature is generally not located on the corneal surface. Instead it is typically about 4mm below the apex depending on the depth of the anterior chamber. Hence there is a parallax between the detected and the real position on the cornea which leads to a decentered treatment if only 2d features are used for the tracking of tilted eye movements. 

The following picture gives an impression of the influence of this parallax. The red line represents the central 6mm of a cornea with 8mm radius. The black line on the bottom is the 6mm pupil which is 4mm below the apex (anterior chamber depth). The perpendicular lines denote the center of the untilted eye. The eye is tilted in a way which corresponds to a 0.5mm lateral shift of the pupil center. The axis of rotation is 13mm below the apex. In this case the tracker would give a location of the center which is by 0.22mm decentered.
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Tilted model eye

The alignment process 

Instead of just capturing 2d images we would thus strongly recommend to track the corneal surface itself using a 3d measuring and registration approach. The measurement is performed as described above. The registration uses an algorithm called iterative closest point (ICP). It has been well established in other medical imaging fields (CT, MRI) and industrial or biometric (face recognition) applications.

This algorithm takes one data set as a reference. The second data set is first brought close to the reference data set by detecting the cutting edge of the flap in both images and shifting the second image accordingly in 3d space. Then a fine registration is done by minimizing the difference volume between both shapes systematically. As a result of the registration process a translation vector and rotation matrix is given which describes the transformation of the second shape onto the reference. Applying this transformation to the second shape enables the calculation of difference maps. The registration calculations are extremely fast and take less than a second for a typical 3d data set.

Below are two typical patient images taken shortly after one another after a lasik treatment. The eye has moved by about 0.5mm, comparable to the example above. This means that a tilt has also occurred.

[image: image4.png]


[image: image5.png]



Corneal fringe images after a lasik treatment (flap on the right)

The difference image after registration is shown below. The RMS value within the central 2x2mm² is about 1.5µm. 
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Difference map after registration

Here are two orthogonal line scans through the difference map.
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Future developments

The next steps towards a wider application of the technology include extended clinical trials with a larger number of patients. This will provide more data which is essential to come to statistically significant conclusions.

Parallel to these trials a combined system of a wavefront analyzer and our topographer will be developed. This device will allow a registration of the diagnosis with the treatment. The uv light source will either be a filtered flash lamp or a frequency quintupled Nd:YAG laser. The system will enable to measure the topology simultaneously with the wavefront deformation in one step. The two maps are then overlapped to allow a precise application of the laser pulses when the patient is eventually under the laser.

The technology will also make it possible to mesaure 3d flap profiles for microkeratom optimization and measure ablation profiles to optimize the laser. Biomechanical effects of e.g. the lasik cut can be explored.

Procedure fee

The BioShape technology is currently the only technology that is able to solve the problems of decentration and over-/undercorrection. It is also the only way to radically improve refractive surgery by correctly applying the results of wavefront measurements to the eye. 

One very important value of the ICT technology is the ease of marketing it. The advantages of the ICT technology are nice to communicate to the public and easily understood by patients. Every patient understands that the results will be much better when all of the laser treatment is controlled, rather than just tracking eye movements. It is the next logical step after eye tracking. Ablation and procedure tracking will be what MDs and patients want. In the manufacturing industry nobody would accept production tolerances as those of refractive surgery. If patients were properly informed of what is going on now (lack of control/results) they would not have the surgery done without ICT. Ask yourself or your neighbour how much more they would pay, if a surgeon using state of the art equipment could provide the most accurate and best available treatment with considerably less chance of future enhancement. It could be something between 300 and 500 USD, depending on the kind of guarantee one could give (This are the numbers we found out on enquiring various MDs). The appropriate procedure fee price is something your marketing people can determine. 

The price competition that is going on now is because everybody does the same thing (some can cut costs). Currently there is no outstanding technology that differentiates the laser manufacturers. Consequently nothing but “low price” is marketed to potential patients. So everything is perceived as being same, and as usual in business, without added value companies must compete over the price.

Some MDs can argue with better quality treatments based on larger patient volumes. So the quality rules the price here. With ICT the quality can be brought up to the next level. This level surely justifies higher prices.

There is one other thing that is important to remember. The ICT patent is not another Trokel patent. It is a tangible cutting edge technology. It is not a medical procedure patent which is not accepted outside the US. We filed for patents in all industrial countries. Hence all these countries have a realistic potential for collecting procedure fees. There are consumers in each country that you will only reach when you have ICT because these patients are very educated and critical. And they, too, will spread the word around that your new technology is superior to anything else. 

This will open profitable markets in many other countries, not only the US.

