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FIG. 1

(57) Abstract: A system and method are disclosed for real-time mapping of a target hollow internal body structure such as the trachea
using ultrafast swept-source optical coherence tomography (SS-OCT) and artificial intelligence (Al). The system includes an SS-OCT
imaging device that captures high-resolution 3D images of the trachea at very high frame rates, and an AI module that analyzes and
interprets the images in real time. The Al module can recognize patterns and features in the images and make predictions about the
tracheal anatomy or disease status. The system can provide a detailed, up-to-date model of the trachea in real time, and can be used for
a variety of applications including diagnosis, surgety, and monitoring.
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REAL-TIME TRACHEAL MAPPING USING OPTICAL COHERENCE
TOMOGRAPHY AND ARTIFICIAL INTELLIGENCE

The present disclosure relates to medical imaging and systems and methods for
medical imaging. The disclosure has particular applicability in the field of medical imaging
of target hollow internal body structures of humans and animals such as the trachea and will
be described it connection with such utility, although other utilitics are contemplated.

The trachea 1s a vital organ that carries air o and fror the lungs. It is susceptible to a
variety of diseases and disorders, and accurate, real-time mapping of the trachea can be
helplul for diagnosis, treatment, and monitoring of disease advancement and offect of
treatment. Computed tomography currently is the modality of choice for imaging the trachea
and bronchi, Computed tomography provides clear anatomical details on cross-sectional
imaging and provides a direct display of tracheal bronchial anatomy. Magnetic resonance
imaging (MRI) also has been used for imaging the trachea and bronchi. However, current
umaging technigues of computed tomography {CT) and magnetic resonance imaging (MRI)
are not well suited for real-time imaging of the trachea due to their low temporal resolution.

Optical coherence tomography (OCT) s an image technique that uses low-coherence
Light, typically near-infrared light, to capture micrometer-resolution, two and three-
dimension images from within optical scattering media such as biological tissue, OCT
traditionally has been employved in non-invasive imaging technigues based on optical
coherence that has been developed to visualize vascular networks in the human retina,
choroid, skin, ete. OCT employs low-coherence interferoruetry to measure changes in back
scattered light to differentiate arcas of blood flow from the arcas of static flow.

Swept-source ultra~-fast optical coherence tomography (UF-OCT) can provide igh-
resolution 3D images a hollow target internal body structures such as the trachea at very
high frame rates. However, rmanual interpretation of UF-OCT images can be time-
consuming and subjective, and there is a need for a more efficient and accurate method for
analyzing and interpreting the images in real time,

The present disclosure addresses these and other needs by providing a system and
method for real-time mapping of a human or animal hollow target internal body structure
such as the trachea using OCT/UF-OCT and artificial intelligence (A1) The system includes

an UF-OCT imaging device that captures high-resolution 3D images of a hollow target



{0

b2
L

WO 2024/191920 PCT/US2024/019396

internal body structure, e.g., the trachea, at very high frame rates, typically 1 MHz to 1000
GHz, and an Al module that analyzes and interprets the images 1 real time. The Al module
can recognize patterns and features in the images and make predictions about the hollow
internal body structure anatomy or discase status. The system can provide a detailed, up-to-
date 3D wnage of the hollow internal body structure 1 real time and can be used fora
variety of applications including diagnosis, surgery, and monitoring,

The present disclosure wn one aspect provides a system for real-tirae mapping of a
hollow target body structure, comprising: an ultrafast imaging device configured to capture
3D images of the hollow target internal body structure at very high {rame rates; an artificial
intelligence (Al) module configured to analyze and interpret the 3D images in real time; and
configured to display the 3D images and the Al predictions in real time,

In one aspect the target body structure is a hollow organ such as the trachea.

in another aspect the ultrafast imaging device 1s an ultra-fast (UF} swept-source
optical cohereuce tomography (8S-OCT) device.

in a further aspect the Al module is 2a machine learning model trained on a dataset of
SS-0CT images and corresponding hollow target body structure anatomy or disease labels,

In vet another aspect the display is configured to display the 3D images of the hollow
target body structure and the Al predictions on the same device as the ultrafast imaging
device.

The system also may comprise a database configured to store the 3D images of the
hollow target body stracture and the Al predictions.

In a further aspect of the disclosure the hollow target internal body structure is
selected from the group consisting of internal body structures of the mouth and throat such
as the trachcea, lungs, large and small intestines, bladder, nasal and car canals, blood vesscls
and arteries.

The present disclosure also provides a method for real-time mapping of a hollow
target body structure such as the trachea, comprising: capturing 3D images of the hollow
target body structare at very high frame rates using an ultrafast optical cohereuce
tomography (UF-QCT) imaging device; analyzing and interpreting the 3D images of the
target body structure in real time using an artificial tntelligence (AD) module; and displaying

the 33 images of the target body structure and the Al predictions in real time.

N2
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i a further aspect of the disclosure the Al module 1s a machine learning model
trained on a datasct of a swept-source optical coherence tomography (8S-0OCT) images and
corresponding hollow target body structure anatomy or disease labels,

In yet another aspect of the disclosure the Al module is a machine learming model
trained on a dataset of OCT images and corresponding hollow target internal body stracture
anatomy or disease labels.

Yet another aspect of the disclosure comprises real-timne mapping of the hollow
target body structure using UF-QCT of a hollow internal body structure, with Al for one or
more of: diagnosis, surgery, and mounttoring,

The present disclosure also provides an article of manufacturing comprising a
computer-readable medium having computer readable program code disposed therein, which
when executed by a processor, cause the processor to perform the method for real-time
mapping of a hollow target body structure such as the trachea, comprising: capturing 3D
tmages of the hollow target body structure at very high frame rates using an ulirafast optical
coherence tomography imaging device (UF-OCTY; analyzing and interpreting the 3D tmages
of the hollow target body structure in real time using an artificial intelligence {Al) module;
and displaving the 30 unages of the holiow target body structure and the Al predictions in
real time,

In a further aspect of the disclosure the hollow target internal body structure is
selected from the group consisting of internal body structures of the mouth and throat such
as the trachea, hungs, large and small intestines, bladder, nasal and ear canals, blood vessels
and arteries.

In vet a further aspect of the disclosure the computer-readable roediom 18 utibized for
storing instructions that, when executed by a processor, cause the process to perform the
method described heretn.

The present disclosure also provides an article of manufacturing comprising a
computer-readable medium having computer readable program code disposed therein, which
when executed by a processor, cause the processor to perform the method further comprises
capturing the 3D images of a hollow target body structure such as the trachea and the Al

predictions in a database according o the equation: DOy, 2, O, pai D] = (X, v, 4, 1, a)

fad
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where [}{] 1s a function that stores the image I(x, vy, z, 1} and the Al prediction p(a | [} in the
databasc, and (%, y, z, t, 2} is a tuple representing the position, time, and prediction.

The present disclosure also provides a computer-readable mediuny storing
instructions that, when executed by a processor, cause the processor to perform the method
for real-tune mapping of a hollow target body structure such as the tracheas comprising
capturing 3D images of the hollow target body structure at very high frame rates using an
ultrafast imaging device; analyzing and interpreting the 3D images in real time using an
artificial intelligence (AL} module: displaying the 3D images and the Al predictions in real
time.

The present disclosure also provides for a method for real-time mapping of the
trachea using ultrafast swept-source optical coherence tomography (S5-OCT) and artificial
intelligence (Al}), comprising: capturing 313 images of the trachea at very high frame rates
using an ultrafast QCT device, according to the equation: (X, v, z, t) = {O(x, v, z, 1)}, where
I(x, v, z, t) is the 3D image of the trachea at posttion {x, v, 2} and timse t, O{x, v, . t} is the
interferometric signal from the ulirafast OCT device at position (X, v, z} and time t, and f{} is
a function that maps the witerferometric signal to the image; and avalyzing and interpreting
the 303 images in real time using an Al module, according to the equation: p(a | ) = argmax
£ 8(I), where p{a | D) 1s the probability of the Al prediction a given the image L, f 8() is a
machine learning model with parameters 8, and argmax denotes the argument that
maximizes the model output; and displaying the 3D images and the Al predictions in real
time.

The present disclosure also provides for storing the 31 images and the Al predictions

in a database according to the equation: D{I(x, v, 2, 1), pla

DY ={x,y, 2t a) where Df] is a
function that stores the image I{x, v, z, t} and the Al prediction p{a | I} in the database, and
(X, y. z. t, 2} is a tuple representing the position, time, and prediction.

In vet a further aspect of the present disclosure the real-time mapping of the trachea
tor one or more oft diagnosis, surgery, and monitoring, according to the equation: U(L, p{a |
1 = (d. s, m) where U{} is a function that maps the image | and the Al prediction p(a |} to
the diagnostic, surgical, and monttoring cutputs {d, s, m).

fn yet avother further aspect of the present invention sparse coding-based image

analysis:
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a=argmin y |1 -D*al"2 + 1% lal where a is the coefficient vector for the image {, I? is the
dictionary matrix, and A 1s a constant, and wherein coctlicicnt vector optionally 1s obtained
by minimizing the reconstruction error between the image | and its reconstruction D * a,

using a sparsity-promoting regularization term A 3 |al,
In another aspect of the present disclosure a dictionary learming-based unage
analysis:

Pe

D=argmind > I-D*al*2+4% > |a

where D 18 the dictionary matrix, a is the coefficient
vector for the image §, and A is a constant, and wherein the dictionary matrix D optionally is
obtained by minimizing the reconstruction error between the image T and s reconstruction
D * a, using a sparsity-promoting regularization term & 3 3 al.

in yet another aspect of the present disclosure deep learning-based image analysis:
£ 8(h=gofh 8 where { 8} is a deep learning model with parameters 8, | is the input
tmage, h_8() 1s the hidden representation of the image, and () is the output layer of the
model, and wherein the model optionally is trained by minirmzing a loss function L(y,
£ 8(1)) that measures the difference between the true label v and the model output £ 6(1),
using stochastic gradient descent or another optimization algonithm.

In another aspect of the present disclosure geometric transformation-based image
correction: I' = T(I} where 1 is the input image, I' 18 the corrected image, and T() 1s a
geometric transformation function that maps the image | (o the corrected image I, wherein
the ransformation function T() optionally is a rotation, franslation, scaling, or other type of
transformation that is applied to the unage I to correct for geometric distortion or other
issues.

In vet a further aspect of the present disclosure au image denoising-based image
correction: I' = argmin 3|1 - I''""2 + 4 3 |V where [ is the input image, 1' is the corrected
image, > I - I')"2 is the reconstruction error between the image | and 1ts denoised version I,
and > VI 1s a regularization term that promotes smoothness in the image {', and wherein the
corrected image I’ optionally 15 obiained by nunimiziog this energy function using an
optimiization algorithm such as gradient descent.

In another aspect, the computer-readable medium stores instructions that, when
executed by a processor, cause the processor to perform the method described herein.

Asused herein “very high frame rates” means frame rates of | MHz to 1000 GHz.

A
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The present disclosure provides is a system and method for real-time mapping of a
hollow target body structure such as the trachea using ultratast OCT and AL The system
includes an OCT imaging device contigured to capture high-resolution 3D images of the
hollow target body structure from inside the target body structure at very high fraroe rates,
1.¢., preferably 1 MHz to 1000 GHz, and an Al module contigured to analyze and interpret
the images 1n real time. The OCT imaging device may be a swept-source laser or other
suttable ultrafast OCT imaging device and may be configured to transmit light into hollow
target body structure, ¢.g., the trachea, and to detect the reflected or scatiered light using
mterferometry. Using Al to predict the resuiting interferometric signal is then processed to
generate 303 images of the hollow target body structure with high spatial and temporal
resolution.

The Al module may be a machine learning model, such as a convolutional neural
network (CNN) to analyze visual imagery, or a recurrent neural network (RNN}), that has
been trained on a dataset of OCT images and corresponding hollow body structure anatomy
or discase labels. The Al module may be configured to analyze the OCT images in real time
and to make predictions about the hollow body structure anatomy or disease status,
Predictions may be based on patterns and features in the images that are indicative of
spectiic anatomic structures or pathologies.

The system may be configured to display the OCT images and the Al predictions in
real time, either on a separate display device or on the same device as the OCT imaging
device. The system may also be configured to store the OCT images and the Al predictions
in a database for later review or analysis.

The system may be ased for a variety of applications jucluding diagnosis, surgery,
and monitoring of hollow body structure such as the trachea. In the diagnostic setting, the
system may be used to identity abnormalitics or pathologies in the hollow body structure
that may not be visible on other imaging raodalities. In the surgical setting, the system may
be used fo guide the surgeon during procedures such as, ¢.g., in the case of the trachea,
tracheostomy or tracheal resection. The real-time mapping capabilities of the system can
help the surgeon to visualize the anatomy and to navigate within the hollow bedy structure
more accurately. In the monitoring setting, the system may be used to track the progression

of diseases or treatments over time and to detect early changes that may require intervention.
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The present invention offers several advantages over prior art methods for holiow
body structure imaging. By using uitratast OCT, the system can capture high-resolution 3D
images of a hollow body structure at very high frame rates, allowing it to track fast-moving
or dynamic structures in real time. By using Al o analyze and mterpret the images, the
system can provide more accurate and objective predictions about the hollow body structure
anatomy or discase status than manual interpretation. The real-time mapping capabilitics of
the systern can also be beneficial for a variety of applications, including diagnosis, surgery,
and monitoring.

Further features and advantages of the disclosure will be scen from the following
detailed description, taken in conjunction with the accompanying drawings, therein like
numerals depict like parts, and wherein:

Fig. 1 is a schematic tllustration of an ultra-fast optical coherence tomography (UF-
OCT} imaging system employing Al in accordance with an embodiment of the present
disclosure.

Referring to Fig. 1, the imaging system & in accordance with the present disclosure
mcludes an UF-OTC probe 10 which may take the form of a catheter, endoscope or the like,
configured to be inserted into a target hollow internal body structure of interest such as, for
cxample, the trachea. A light source 12, configured to generaie near-infrared light and an
optical detector 14 configured to detect reflected light, a swept-source optical coherence
tomography device 16 inchuding an OTC engine |8, and an OTC controller 20. The imaging
systemy 10 further includes a processor 22 and a display 24. The optical coherence
tomography device 16 is configured to transmit light into the hollow body structure of
wnterest, and to detect back-scattered light reflected by the target hollow internal body
structure of interest.

A feature of the subject disclosure 1s incorporation of an artiticial intelligence (AT)
module 26 in the processor 22 which is configured to capture 3D images from the reflect
light, analyze and mierpret the 3D images n real time, and then send signals to the display
24 to display the 3D images in real time. To this end, processor 22 includes a computer-
readable medium 28 storing instructions for real-time mapping hollow of the target body

structure essentially in real ime.
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Various technigues can be used for capturing, storing and displaying the images
including employing Al to analyze and interpret the 3D images i real time and send signals
to the display, including but oot Hmited to:

® Capturing 3D images of the hollow target body structure at very high frame

rates using an uitrafast OCT device, according to the equation:

x,v,2, ) =f{OX, y, 2, t}}

where I{x, v, 7, £} 1s the 3D image of the hollow target body structure at position {x,
v, z} and time t, O(X, v, z, t} is the interferometric signal from the ultrafast OCT device at
position {X, v, 2} and time 1, and {{) i3 a function that roaps the interferometric signal to the
image;

analyzing and interpreting the 3D images of the hollow target body structure in real
time using an Al module, according to the equation:

pla | I} = argmax [ &1

where pla | I} is the probability of the Al prediction a given the timage L, £ 8(}isa
machine learning model with parameters 8, and argmax denotes the argument that
maximizes the model output: and

displaying the 3D images of the hollow target body structure and the Al predictions
i real tivoe,

® Storing the 313 umages of a hollow target body structure such as the trachea

and the Al predictions in a database according to the equation: D{I{x, y, z, ), pla | I}

={X, ¥, z,t,a} where D{] is a function that stores the image ¥x, v, , t} and the Al

prediction p(a | I) in the database, and (X, v, . {, a} 18 a tuple representing the
position, time, and prediction.

# Using real-time mapping of a holiow target body structure, for one or more
of: diagnosis, surgery, and monitoring, according to the equation: U{1, pa | 1)) = (4,
s, m) where U(} is a function that maps the image | and the Al prediction p{a | [} to
diaguostic, surgical, and monitoring outputs (d, s, m).

® We may employ sparse coding-based image analysis of a hollow target body
structure such as the trachea to represent the image I as a lincar combination of a
dictionary of bases and to reduce the redundancy in the representation, according to

the following equation:
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a=argminy 1-D%a"2+4% |3

where a is the cocthicient vector for the image 1, D s the dictionary matnix, and A 18 a
constant. The coefficient vectors can be obtained by minimizing the reconstruction error
between the image I and ifs reconstruction D * a, using a sparsity-promoting regularization

5 termA 2 |al.

8 We employ dictionary learning-based image analysis according to the

following equation, to inaprove the performance of the image analysis of a hollow

target body structure such as the trachea:

D=argmin} ¥ I-D*a"2+L5% 5 lal
1O where D is the dictionary matrix, a is the coefficient vector for the image L and A is a

constant. The dictionary matrix D can be obtained by minimizing the reconstruction error
between the image | and its reconstruction D * a, using a sparsity-promoting regularization
term A 2 |al. This approach can be used to learn a dictionary of bases that 1s well-suited
for the image data and 1o improve the performance of the image analysis.

{5 e In one embodiment we employ a method for deep learning-based image
analysis of a hollow target body structure such as the trachea according to the
following formula:
£.6(1) = gth_B(1)
where £ 8() is a deep learning model with parameters 8, 1 is the input image, b 8(} is

20 the hidden representation of the image, and g(} is the output layer of the model, The model

can be trained by minimizing a loss function L{y, { 8(1)) that measures the difference
between the true label v and the model output { 8(1), using stochastic gradient descent or
another optimization algorithm. This approach can be used to learn a hierarchical
representation of the image data and to achieve state-of-the-art performance in a variety of

25 tmage analysis tasks.

e In another embodiment we employ a method for geometric transformation-
based umage correction: I' = T(1} where | 1s the input image, 1" s the corrected mage,
and T} is a geometric transformation function that maps the image I to the corrected
image I'. The transformation function T() may be a rotation, translation, scaling, or

30 other type of ransformation that is applied to the image { to correct for geometric
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distortion or other issues. This approach can be used to improve the guality and
accuracy of the 3D maps of a hollow target body structure such as the trachea.
® We may employ an image denoising-based image correction: ' = argmin 3

TP EAY

V1l where I is the input tmage, I is the corrected image, > [T - F|"2 1s the
5 reconstruction error between the image I and its dencised version ', and 3 VI isa
regularization term that promotes smoothness in the image I'. The corrected image ¥
can be obtained by minimizing this cnergy function using an optimization algorithm
such as gradicnt descent. This approach can be used to remove noise or other
artifacts from the ymage 1 and to improve the guality and accuracy of the 3D maps of
{0 a hollow target body structure such as the trachea.
While the foregomg disclosure has been wade particularly in connection with the
real time mapping of the trachea, the disclosure also advantageously may be used for real
time of other hollow internal body structures including the mouth and throat, lungs, large

and small intestines, bladder, nasal and ear canals, blood vessels, arteries, and the like.
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Claims:

I, A system for real-time mapping of a human or animal hollow target internal body
structure, comprising: an ultrafast imaging device configured to capture 3D images of the
hollow target internal body structure at very high frame rates; an artificial intelligence (A
module configured to analyze and interpret the 3D images i real tume; a display configured
to display the 3D images and the Al predictions in real time.

2. The system of claim 1, wherein the ultrafast imaging device 13 a swept-source optical
coherence tomography (S3-OCT) device.

3. The system of claim 1, wherein the Al module is a machine leamning model trained
on a dataset of S5-0OCT images and corresponding hollow target internal body structure
anatomy or disease labels.

4. The system of claim 1, wherein the display is configured to display the 31 images of
the haliow body target structure, and the Al predictions on the same device as the uitrafast
tmaging device, and/or further comprising a database configured to store the 3D images of
the haliow target body structure and the Al predictions.

5. The system of claim 1, wherein the hollow target internal body structure is selecied
from the group consisting of internal body structures of the mount and throat such as the
trachea, lungs, large and small intestines, bladder, nasal and car canals, blood vessels and
arteries.

6. A method for real-time mapping of a hollow target internal body structure,
comprising capturing 3D images of the hollow target internal body structure at very high
frame rates using an ultrafast optical coherence tomography imaging device; analyzing and
wnterpreting the 3D images in real time using an artificial intelligence (AT module;
displaying the 3D images and the Al predictions in real time.

7. The method of claim 6, wherein the ultrafast imaging device s a swept-source
optical coherence tomography (S5-0OCT) device.

8. The method of claim 6, wherein the Al module 18 a machine learning model trained
on a dataset of S5-OCT unages and corresponding hollow target internal body structure

anatomy or disease labels.

1
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9. The method of ¢claim 6, further comprising storing the 3D images and the Al
predictions in a databasc, and/or further comprising using the real-tirne mapping of the
hollow target internal body structure for one or more of diagnosis, surgery, and monitoring.

10, The method of claim 6, wherein the hollow target internal body structure 1s selected
from the group consisting of infernal body structures of the mouth and throat such as the
trachea, lungs, large and small intestines, bladder, nasal and ear canals, blood vessels and
arteries,

11. A computer-readable medium storing instructions that, when executed by a
processor, cause the processor to perform the method of claim 6.

12, A method for real-time mapping of the trachea using ultrafast swept-source optical
coherence tomography (35-0OCT) and artificial intelligence (Al), comprising:

capturing 3D images of the trachea at very high {rame rates using an ultrafast OCT
device, according to the equation:

W, v, e = [, v, 2, L)

where I(x, v, z, ) is the 3D image of the trachea at position {X, v, z} and time 1, ({x,
v, 2, Ly is the interferometne signal from the ultrafast OCT device at position (x, v, z) and
time t, and £{) is a function that maps the interferometric sigunal to the image;

analyzing and mterpreting the 3D images in real time using an Al module, according
to the equation:

pla | Iy =argmax { (D

where pla | I} 1s the probability of the Al prediction a given the image L, { 8()is a
machine learning model with paramecters 8, and argmax denotes the argument that
maximizes the model output; and

displaying the 3D images and the Al predictions in real time.

13. The method of claim 12, characterized by onc or more of the following
features:
{(a} further comprising storing the 3D images and the Al predictions in a database

according to the equation: D{IX, v, 2, 1), pla | i =(x.y, 7, &, a) where D{] is a function that
stores the image I(x, v, z, t) and the Al prediction p{a | 1} in the database, and {x, y, z, t, a} is

a tuple representing the position, time, and prediction; and
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.

{1y} further comprising using the real-time mapping of the trachea for one or more
oft diagnosis, surgery, and monitoring, according to the cquation: U(L, p{a | I}) = (d. 5, m}
where U()} is a function that maps the image | and the Al prediction p{a | I} to the diagnostic,

surgical, and monitoring outputs (d, s, m}.

5 14, The method of claim 12, characterized by oune or more of the following features:
{2 5 5 RN ) 3 «; 5 s 7 ‘» ahd
{(a) further comprising sparse coding-based image analysis:

a=argmin y |[I-D*a"2+1% ial
where a is the coefficient vector for the image I, D is the dictionary matrix, and A is a
constant, and whercin coetiicicnt vector optionally is obtained by minimizing the

[0 reconstruction error between the image I and ifs reconstruction 2 * a, using a sparsity-

promoting regularization term A 3 al;
(b further comprising dictionary learning-based image analysis:
D=argminy > {I-D*¥a"2+4> > |a
where Db is the dictionary matnix, a i1s the coethicient vector {or the image 1,

5 and A is a constant, and wherein the dictionary matrix D optionally is obtained by
munimzing the reconstruction ervor between the image Land its reconstruction D *
a, using a sparsity-promoting regularization term A 3 3 {al;

(¢} further comprising deep learning-based image analysis:
601) = g(h_6(1)

20 where { 8() 18 a deep leaming model with parameters 8, 11s the input tmage,
h 80} is the hidden represeutation of the tmage, and g(} is the output layer of the
model, and wherein the model optionally is trained by minimizing a loss function
L{y, T 8(D) that measures the difference between the trae label v and the model
output { 6(I}, using stochastic gradient descent or another optimization algorithm;

(d) further comprising geometric transformation-based image correction: I' = T(I) where

b2
L

I ts the input image, I' is the corrected image, and T(} is a geometric transformation function
that maps the image 1 to the corrected image T, wherein the transformation function ()
optionally is a rotation, translation, scaling, or other type of transformation that is applied to
the image 1 to correct for geometric distortion or other issues; and

30 (e} further comprising tmage denoising-based image correction: ' =argmin ) [[-¥|"2 +

A3 [V where 1is the input image, I’ 1s the corrected image, 3 |F - U1"2 is the reconstruction
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error between the image | and its denotsed version [, and 3 [V 15 a regalarization term that
promotes smoothness in the image ', and wherein the corrected image I' optionally is
obtained by minimizing this encrgy function using an optimization algorithim such as
gradient descent.

15. A compuier-readable medium storing instructions that, when executed by a

processor, canse the processor to perform the method of claim 12,

14
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