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(57) Abrege/Abstract:
A method for optimizing a prescription for laser-ablation corneal treatment includes recelving a measured correction prescription for

a current patient. Next a database of treatment outcomes on a plurality of previously treated patients Is accessed. The database
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contains a desired correction, and an actual correction. A difference between the desired correction and the actual correction

represents an over- or undercorrection resulting from surgery.

-rom the difference data Is calculated a distribution of data points as

a function of correction level. From the data-point distribution Is calculated a statistically based offset applicable to the correction
prescription for matching actual corrections with desired corrections. From the data-point distribution Is calculated a confidence
Interval of the data using a predetermined confidence level. The statistically based offset Is then adjusted based upon the
confidence Interval to provide an optimized prescription. The adjusted offset Is then output for use In performing a refractive

procedure.
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(57) Abstract: A method for optimizing a prescription for
laser-ablation corneal treatment includes receiving a measured
correction prescription for a current patient. Next a database
of treatment outcomes on a plurality of previously treated pa-
tients 1s accessed. The database contains a desired correction,
and an actual correction. A difference between the desired cor-
rection and the actual correction represents an over- or under-
correction resulting from surgery. From the difference data is
calculated a distribution of data points as a function of cor-
rection level. From the data-point distribution is calculated a
statistically based offset applicable to the correction prescrip-
tion for matching actual corrections with desired corrections.
From the data-point distribution is calculated a confidence in-
terval of the data using a predetermined confidence level. The
statistically based offset is then adjusted based upon the con-
fidence interval to provide an optimized prescription. The ad-
justed offset is then output for use in performing a refractive
procedure.
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NOMOGRAM COMPUTATION AND APPLICATION
SYSTEM AND METHOD FOR REFRACTIVE LASER SURGERY

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims priority under 35 U.S.C. §119 to U.S. Non-Provisional
Patent Application No. 11/758,425 filed June 5, 2007, the entire contents of which are

incorporated herein by reference.

BACKGROUND OF THE INVENTION
FIELD OF INVENTION

The present invention relates to systems and methods for performing refractive
laser surgery on the eye, and, more particularly, to such systems and methods that

adaptively modulate sensed data on the basis of data from prior procedures.

DESCRIPTION OF RELATED ART

In conventional refractive laser surgery a clinician typically modifies a
prescription entered into the treatment system. Such modifications are based upon prior
experience with outcomes achieved with that particular treatment system, and also upon
experience with particular patient populations derived from, for example, demographic
data. For example, a surgeon might enter a 2-diopter myopic treatment prescription for a
patient diagnosed with 3 diopters of myopia if analysis of previous outcomes indicates a
50% overcorrection using this system for patients of a particular category. Such an
empirical alteration of entered treatment parameters based upon previous experience 1s
referred to as a nomogram adjustment. Nomograms are considered essential by the
ophthalmic community because different clinicians employ different surgical techniques,
operate under different environmental conditions, have distinct patient demographics, etc.

One method of obtaining nomograms is to enter desired correction parameters
nto a laser system, measure a patient’s refractive state (or errors) before and some time
after the procedure, and then determine the achieved change in refraction as a function of

desired change 1n refraction. By computing the relationship between these desired and
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achieved corrections, a surgeon can generate a nomogram that defines those adjustments
to the values entered into the laser system that will result in the best achieved outcomes.
Typically, this nomogram consists of equations that define the values to be entered into
the laser system as a function of the desired correction and a plurality of patient
parameters including, but not limited to, age and a variety of diagnostic measurements.

A standard way of computing and applying these corrections (nomograms) is to
perform at least-squares fit, or other trend calculation, to the achieved versus desired
correction data. However, this approach does not account for noise in the data, and can
result in the computation of nomograms that are overly aggressive, with corresponding
sub-optimal outcomes.

T'herefore, 1t would be beneficial to provide a system and method for improving

the calculation and application of nomograms, and hence, outcomes, for use with

refractive laser surgery.
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SUMMARY OF THE INVENTION

One aspect of embodiments of the present invention is directed to a computer-
implemented method comprising: receiving a current measured correction prescription for a
current patient; accessing a computer-readable medium having stored thereon a database of
treatment outcomes on a plurality of previously treated patients, each treatment outcome
comprising a desired correction based upon a measured correction prescription and a
postoperative actual correction of a previously treated patient; determining, by a processor,
from the treatment outcomes in the database a distribution of data points as a function of
correction level; determining, by the processor, from the data point distribution a slope and a
statistically based offset using a regression analysis that characterizes the data point
distribution, the slope and offset corresponding to a trend line; determining, by the
processor, from the data point distribution a confidence interval of the data points relative to
the trend line using a predetermined confidence level; determining, by the processor, from
the slope and the offset of the data point distribution, a compensation value used to adjust
the current measured correction prescription, the compensation value adjusting the current
measured correction prescription to a greater extent if there is a smaller confidence interval
to a lesser extent if there is a larger confidence interval; adjusting the current measured
correction prescription using the compensation value; outputting the adjusted measured
correction prescription to a treatment device; and measuring a post operative correction

resulting from the adjusted measured correction prescription.

A distribution of data points as a function of correction level 1s calculated tfrom the

difference data. A statistically based offset application to the correction prescription for
matching actual corrections with desired corrections is then calculated from the data -point
distribution. A confidence interval of the data using a predetermined confidence level 1s also

calculated from the data-point distribution. The statistically based offset i1s then adjusted
based upon the confidence interval to provide an optimized prescription. The adjusted
statistically based offset is then output for use in performing a refractive procedure.

This embodiment of the method of the invention thus takes data distributions into

account, so as to adjust the compensation factors, and thereby decreases the likelihood that

e
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noise and variation 1n the data will result in overly aggressive adjustments to the treated
parameters. Thus the method has been show to provide improved outcomes with more with
more stable nomograms.

Another aspect of embodiments of the present invention provides a system
comprising: a processor; a computer-readable medium having stored thereon a database ot
treatment outcomes on a plurality of previously treated patients, each treatment outcome
comprising a desired correction based upon a measured correction prescription and a
postoperative actual correction of a previously treated patient, the database 1n signal
communication with the processor; a medium readable by the processor, having stored
thereon statements and instructions that when executed by the processor cause the processor
to: receive a current measured correction prescription for a current patient; access the
database of treatment outcomes; determine, by the processor, from the accessed treatment
outcomes a distribution of data points as a function of correction level; determine, by the
processor, from the data point distribution a slope and a statistically based offset using a
regression analysis that characterizes the data point distribution, the slope and offset
corresponding to a trend line; determine, by the processor, {from the data point distribution a
confidence interval of the data points relative to the trend line using a predetermined
confidence level; determine, by the processor, from the slope and the offset of the data point
distribution a compensation value used to adjust the current measured correction
prescription, the compensation value adjusting current measured correction prescription to a
greater extent if there is a smaller confidence interval and to a lesser extent if there 1s a

larger confidence interval; adjust the current measured correction prescription using the
compensation valve; output the adjusted measured correction prescription to a treatment

device ; and measure a post operative correction resulting from the adjusted measured

correction prescription.

A further aspect includes a method for creating a system for optimizing a
prescription for laser ablation surgery, which comprises the step of forming a database of
treatment outcomes as described above. A search engine resident on a processor 1s adapted

to extract treatment outcomes. Software is also provided for performing the calculational

steps as outlined above.
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A further aspect of embodiments of the invention provide a computer-implemented

method comprising: accessing a computer-readable medium having stored thereon a
database of a plurality of treatment outcomes of a plurality of previously treated patients,
wherein each treatment outcome comprises a desired correction prescription and a
postoperative actual correction of a previously treated patient; determining, by a processor,
from the treatment outcomes in the database a distribution of data points as a function of
correction level; performing a regression analysis to characterize the distribution of data
points and to determine a trend line; determining, by the processor, from the regression
analysis a confidence interval of the distribution of data points relative to the trend line
according to a predetermined confidence level; determining, by the processor, from the
regression analysis an offset and a slope; determining, by the processor, from the slope and
the offset of the data point distribution a compensation value used to adjust a new desired
correction prescription, the compensation value adjusting the new desired correction
prescription to a greater extent if there is a smaller confidence interval and to a lesser extent
if there is a larger confidence interval; adjusting the new desired correction prescription
using the compensation value; outputting the adjusted measured corrected prescription to a

treatment device; andmeasuring a new postoperative actual correction resulting from the

adjusted new desired correction prescription.

The features that characterize the invention, both as to organization and method of
operation, together with further objects and advantages thereof, will be better understood
from the following description used in conjunction with the accompanying drawing. Itis to be
expressly understood that the drawing is for the purpose of illustration and description and is
not intended as a definition of the limits of the invention. These and other objects attained, and
advantages offered, by the embodiments of the present invention will become more fully
apparent as the description that now follows is read in conjunction with the accompanying

drawing.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of an embodiment of the system of the present
invention;

FIG. 2 is a flowchart of an embodiment of the method of the present invention for
optimizing a treatment prescription for a current patient:

FIG. 3 is a graph of a sample data distribution of desired and actual corrections;

FIG. 4 is a graph including the same data distribution as in FIG. 3, and also
including a trend line (solid line) calculated from a minimum least-squares-error fit, with
95% confidence intervals (dotted lines) surrounding the trend line; and

FIG. 5 is a graph of a sample data distribution for a different data set from that of

FIG. 3, including a trend line (solid line) and 95% confidence interval lines (dotted lines).

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

A description of the preferred embodiments of the present invention will now be
presented with reference to FIGS. 1-5.

A system 10 (FIG. 1) and method 100 (FIG. 2) of the present invention are directed
to an optimization of a prescription for laser-ablation corneal treatment. In a preferred
embodiment, a measured correction prescription will have been measured (block 101) using
a wavefront determination apparatus 11 for a current patient. The raw correction
prescription is received into a processor 12 having a memory 20 with a software package 13
(block 102) resident therein. Memory 20 can be any medium, as will be known to those
having skill in the art, operable to be read by the processor 12 and operable to store software
package 13. For example, memory 12 can be RAM, ROM, a magnetic hard drive or optical
storage system.

A database 14 of treatment outcomes on a plurality of previously treated patients 1s
accessed (block 103) by the software package 13. Each treated patient outcome has

associated therewith a preoperative wavefront-determined correction prescription (a desired

correction), and a postoperative visual profile (an actual correction).
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From the treatment outcomes in the database 14, the software package 13 and
processor 12 calculate a distribution of data points as a function of correction level (block
104). From the distribution 1s calculated a trend line, for example, using a minimum-least-
squares error fit, between the desired and actual corrections (block 103), representing a
statistically based offset applicable to the correction prescription for matching actual
corrections with desired corrections.

From the distribution is also calculated a confidence interval of the data using a
predetermined confidence level (block 106). Typical confidence levels can be 1n a range of
90-95%, for example, although this range is not intended as a limitation. If the confidence
interval is sufficiently small (block 107), the calculated offset can be used to alter the input
correction prescription (block 108); if the confidence interval is above a predetermined
amount (block 107), the statistically based offset can be adjusted based upon the contidence
interval to provide an optimized prescription (block 109), and output (block 110) for use 1n
performing a refractive procedure (block 111), for example, to a treatment device 15.

Thus the current patient correction prescription is adjusted commensurate with the
calculations of the present invention to form an optimized prescription using a computed
confidence-based nomogram, thereby avoiding a statistically calculable over- or
undercorrection, and accounting for noise and variation in the data.

[t will be understood by one of skill in the art that this particular embodiment
represents an exemplary method, and that alternate embodiments may be envisioned.

Preferably, following each treatment (block 111) of a current patient, a treatment

outcome on the current patient is measured (block 112) at a predetermined interval
following the treatment. In order to continuously enrich the database, the treatment outcome
for the current patient is then entered into the database (block 113).

Examples using two data sets are given in FIGS. 3-5. In FIG. 3 1s graphed a sample
data set in which the x-axis shows intended or desired corrections, and the y-axis plots the

corresponding achieved corrections (in diopters). The dashed line 30 bisecting the graph

indicates where all the data points would lie if the outcomes were perfect.
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FIG. 4 shows the same data set, but adding a trend line 40 (solid) that has been
calculated to best describe the data, using a minimum least-squares-error fit. The dotted
lines surrounding the trend line represent the 95% confidence intervals.

FIG. 5 shows a different data set along with the corresponding best-fit (trend) line
(solid) and the 95% confidence intervals (dotted lines surrounding the trend line). With
these data, the average amount of deviation from perfect (dashed line 30) is similar to that in
the data set of FIGS. 3 and 4; however, the data are now much "tighter"; that is, the data
points are consistently closer to the trend line. The 95% confidence interval 1s,
consequently, much smaller. Here the trend line slope is approximately 0.8. The offset

term, wherein the trend line is given by y = X * slope + offset, 1s approximately 0.0. The

7a
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compensation to be applied to the data, ignoring the confidence calculations, would,
therefore, be a multiplication by 1/0.8 = 1.25. Given the very tight confidence intervals,
the system of the present invention determines that the appropriate compensation term is

at least approximately this multiplicative factor of 1.25.

In FIG. 4, on the other hand, the data are more variable, with a consequently
larger confidence interval. Therefore, the computed compensation is not evaluated
directly from the trend line 40, but is a fraction of this value. For instance, if the slope
were 0.8, then the computed nomogram would not include a compensation term of 1.25,

but some value between 1.0 and 1.25.

In summary, then, if the confidence is very high, the embodiments of the system
of this invention compensate for all or most of the observed trend; otherwise, the amount

of compensation is reduced as a function of this confidence and statistical distribution.

The embodiments of the system and method of the present invention can also
account for other factors. In refractive surgery it is desirable that all patients have
optimal outcomes. However, owing to the nature of the process and variation in healing
among Individuals, this is not realistic. Patients are sometimes over-corrected by
recelving more treatment than needed, or under-corrected by receiving less treatment than
needed. Typically the latter is preferred, since additional tissue can always be removed

by a subsequent surgery, but additional treatment following an over-correction can

demand a larger removal of tissue.

Hence, mn addition to the confidence-based adjustments to the nomogram,
additional adjustments can be made as appropriate, so as to bias the nomogram such that
any expected residual error trend will tend towards under-correction rather than over-
correction. The degree to which the bias should be applied is directly impacted by the

confidence in the data, so that with high confidence there is less need for under-

correction bias.

Embodiments of this invention can provide for an additional modification to the

nomogram. It 1s known that the eye does not respond to treatment as linearly or simply
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as expected based solely upon laser delivery calculations. For example, if one observes
(with high confidence) a 10% under-correction, increasing the treatment by 10% does not
necessarily yield optimal outcomes. Based upon the characteristics of the treatment and
the healing response of the eye, more or less change in outcomes may be observed. This
factor can also be compensated for by modifying the nomogram accordingly. The
conservative approach is to reduce the amount of correction applied such that the
nomogram calculation is effectively “damped,” as in a servo response system. This
results in an optimal nomogram being obtained over time, but with the initial nomo gram

being somewhat conservative.

In the foregoing description, certain terms have been used for brevity, clarity, and
understanding, but no unnecessary limitations are to be implied therefrom beyond the
requirements of the prior art, because such words are used for description purposes herein
and are intended to be broadly construed. Moreover, the embodiments of the system and
method 1llustrated and described herein are by way of example, and the scope of the

invention 1s not limited to the exact details disclosed herein.

Having now described the invention, the construction, the operation and use of
preferred embodiment thereof, and the advantageous new an useful results obtained
thereby, the new and useful constructions, and reasonable mechanical equivalents thereof

obvious to those skilled in the art, are set forth in the appended claims.
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CLAIMS

What is claimed is:

]. A computer-implemented method comprising:

receiving a current measured correction prescription for a current patient;

accessing a computer-readable medium having stored thereon a database of
treatment outcomes on a plurality of previously treated patients, each treatment outcome
comprising a desired correction based upon a measured correction prescription and a
postoperative actual correction of a previously treated patient;

determining, by a processor, from the treatment outcomes in the database a
distribution of data points as a function of correction level;

determining, by the processor, from the data point distribution a slope and a
statistically based offset using a regression analysis that characterizes the data point
distribution, the slope and offset corresponding to a trend line;

determining, by the processor, from the data point distribution a confidence interval
of the data points relative to the trend line using a predetermined confidence level;

determining, by the processor, from the slope and the offset of the data point
distribution, a compensation value used to adjust the current measured correction
prescription, the compensation value adjusting the current measured correction prescription

to a greater extent if there is a smaller confidence interval to a lesser extent if there 1s a

larger confidence interval;

adjusting the current measured correction prescription using the compensation value;
outputting the adjusted measured correction prescription to a treatment device; and

measuring a post operative correction resulting from the adjusted measured

correction prescription.

2. The method recited in claim 1, wherein determining a statistically based offset

comprises performing a least-squares fit to calculate the offset.

10
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3. The method recited in claam 1, wherein determining a statistically based offset

comprises performing a minimum least-squares error fit to calculate the offset.

4, The method recited in claim 1, wherein the predetermined confidence level 1s 1n a
range of 90 to 95%.
5. A system comprising:

a Processor;
a computer-readable medium having stored thereon a database of treatment
outcomes on a plurality of previously treated patients, each treatment outcome comprising a
desired correction based upon a measured correction prescription and a postoperative actual
correction of a previously treated patient, the database in signal communication with the
Processor;
a medium readable by the processor, having stored thereon statements and
instructions that when executed by the processor cause the processor to:
receive a current measured correction prescription for a current patient;
access the database of treatment outcomes;
determine, by the processor, from the accessed treatment outcomes a
distribution of data points as a function of correction level;
determine, by the processor, from the data point distribution a slope and a
statistically based offset using a regression analysis that characterizes the data point

distribution, the slope and offset corresponding to a trend line;

determine, by the processor, from the data point distribution a confidence

interval of the data points relative to the trend line using a predetermined confidence

level;

determine, by the processor, from the slope and the offset of the data point
distribution a compensation value used to adjust the current measured correction
prescription, the compensation value adjusting current measured correction
prescription to a greater extent if there is a smaller confidence interval and to a lesser

extent 1f there 1s a larger confidence interval;

11
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adjust the current measured correction prescription using the compensation

valve;

output the adjusted measured correction prescription to a treatment device ;
and

measure a post operative correction resulting from the adjusted measured

correction prescription.

6. The system recited in claim 5, wherein determine a statistically based offset

comprises performing a least-squares fit to calculate the offset.

7. The system recited in claim 5, wherein calculate a statistically based offset comprises

performing a minimum least-squares error fit to calculate the otfset.

8. The system recited in claim 5, wherein the predetermined confidence level 1s 1n a
range of 90 to 95%.
9. A computer-implemented method comprising:

accessing a computer-readable medium having stored thereon a database of a
plurality of treatment outcomes of a plurality of previously treated patients, wherein each
treatment outcome comprises a desired correction prescription and a postoperative actual

correction of a previously treated patient;

determining, by a processor, from the treatment outcomes i1n the database a
distribution of data points as a function of correction level;

performing a regression analysis to characterize the distribution of data points and to
determine a trend line:

determining, by the processor, from the regression analysis a confidence interval of

the distribution of data points relative to the trend line according to a predetermined

confidence level:

determining, by the processor, from the regression analysis an offset and a slope;

12
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determining, by the processor, from the slope and the offset of the data point
distribution a compensation value used to adjust a new desired correction prescription, the
compensation value adjusting the new desired correction prescription to a greater extent 1f
there 1s a smaller confidence interval and to a lesser extent 1f there 1s a larger confidence
Interval;

adjusting the new desired correction prescription using the compensation value;

outputting the adjusted measured corrected prescription to a treatment device; and

measuring a new postoperative actual correction resulting from the adjusted new

desired correction prescription.

10.  The method recited in claim 9, turther comprising:

adding the adjusted new desired correction prescription and the new postoperative

actual correction into the database as a new treatment outcome.

11.  The method recited in claim 9, wherein determining the compensation value further
COMprises:

reducing the compensation value based on the confidence interval.

12.  The method recited 1n claim 9, wherein determining the compensation value further

COMPprises:

if the confidence interval is smaller than a predetermined amount, determining the

compensation value from the slope and the offset; and

if the confidence interval 1s larger than a predetermined amount, determining the

compensation value from the slope and the offset and reducing the calculated compensation

value.

13.  The method recited in claim 9, wherein the predetermined confidence level 1s in a

range of 90 to 95%.

13
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