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(57) Abstract: Filtering module for trans-
forming one or more input images into at least
one synthesized output image is described
wherein one or more input images are gener-
ated by an optical- digital imaging system as-
sociated with a non-filtered optical transfer
function and wherein said filter module com-
prises: one or more filtering functions that are
obtained from minimizing at least part of an
objective function, wherein said objective
function is a sum of terms, preferably a
weighted sum of terms, wherein a term com-
prises one or more harmonic components of
said one or more input images and one or
more associated harmonic components of said
output image, and, wherein at least part of
said terms is minimum if the ratio between
said one or more harmonic components of
said one or more input images and output im-
age matches the ratio between a (spatial) fre-
quency bound of said non-filtered optical
transfer function and said non-filtered optical
transfer function.
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Image filtering for microscopy

Field of the invention

The invention generally relates to image filtering
for microscopy such as structured illumination microscopy or
fluorescence microscopy, and, in particular, though not
exclusively, to an image filtering module and filtering method
for use in microscopy, a computer-implemented method for
generating such filter and to a software program product using

such method.

Background of the invention

In structured illumination microscopy (SIM) the
resolution of conventional (fluorescence) microscopy may be
substantially doubled by reconstructing an image on the basis
of a sequence of digital images of the object wherein these
images are taken by illuminating the object with different
spatially varying periodic illumination fields. For example,
for each image the illumination fields (typically a set of
equidistant stripes) may be displaced and/or rotated.

A conventional SIM imaging system as for example
explained in the article by Gustafsson et al., “Surpassing the
lateral resolution limit by a factor of two using structured
illumination microscopy,” Journal of Microscopy, vol. 98, pp.
82-87 (2000), comprises an optical microscope and a digital
imaging system for generating digital images of (fluorescent)
objects on the basis of spatially varying periodic
illumination fields. The digital imaging system may further
comprise an image processor configured for reconstructing a
high-resolution image on the basis the images.

During reconstruction the image processor may use a

generalized Wiener filter in order to improve the image
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quality. An example of such filter is described in M.G.L.
Gustafsson, et al., “Three-Dimensional Resolution Doubling in
Wide-Field Fluorescence Microscopy by Structured
Illumination,” Biophysical Journal, vol. 94, pp. 4957-4970
(2008) . The generalized Wiener filter is characterized by a
regularization parameter, which is a measure for the boost of
high spatial frequencies compared to low spatial frequencies.
However, in practice, it is difficult to determine an a priori
setting for the regularization parameter.

Furthermore, for relatively low noise levels, the
high spatial frequencies are boosted too much, thus generating
image artifacts in the resulting image. The image of a
straight edge may show fringes on the bright side of the edge
(“edge ringing”). Also, the image of an isolated point may
show a ring structure surrounding the image point where
negative pixel values may occur. These negative pixel values
are unnatural and undesirable. Further, a piecewise continuous
object may show irregular line-like features in the bright
parts of the image, which do not represent real features of
the object. In some cases, part of these problems may be
alleviated by a so-called apodization filter, which suppresses
the high spatial frequencies. Such a filter however requires
careful balancing of the parameters of the apodization filter
with the settings of the generalized Wiener filter which in
practice is difficult to achieve.

Thus, there is a need for filters and filtering
methods, which alleviate some of the problems discussed above.
In particular there is a need for an improved filter and
filtering methods that may be used in microscopy such as
florescence and SIM microcopy and that are simple and robust
against variations of parameter settings and noise level and

which may provide reconstruction of images that represent the
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object with improved fidelity (i.e. which eliminates at least

part of the aforementioned image artifacts).

Summary of the invention

It is an objective of the invention to reduce or
eliminate at least one of the drawbacks known in the prior
art. In one aspect the invention may relate to a filtering
module for transforming one or more input images into at least
one synthesized output image, wherein said one or more input
images are generated by an optical-digital imaging system
associated with a non-filtered optical transfer function. The
filter module may comprise: one or more filtering functions
that are obtained by minimizing at least part of an objective
function, wherein said objective function is a sum of terms,
preferably a weighted sum of terms, wherein a term comprises
one or more harmonic components of said one or more input
images and one or more associated harmonic components of said
output image, and, wherein at least part of said terms is
minimum i1if the ratio between said one or more harmonic
components of said one or more input images and said at least
one output image matches the ratio between a (spatial)
frequency bound of said non-filtered optical transfer function
and said non-filtered optical transfer function.

The use of the one or more filters functions that
are obtained by minimizing an objective function which depends
on the optical transfer function and a frequency bound
provides a filter which is robust against variations in
regularization parameter values and noise levels while
generating an image with increased fidelity. The filter
functions may be used to alter or modify the effective OTF of
the whole imaging system. Deriving filter functions by

minimizing an objective function as defined above allows for



10

15

20

25

30

WO 2014/148908 PCT/NL2014/050178

easy incorporation of various bounds that allow enhancement of
certain favourable properties (resolution, contrast,
sharpness, color balance, etc.) and/or suppression of
artifacts and effects that deteriorate the image quality.
Hence, the invention provides a very flexible way of using and
constructing filter functions for different applications.

In an embodiment, said frequency bound may be based
on the cut-off frequency of said non-filtered optical transfer
function. In another embodiment, said bound may be based on a
Lukosz bound for filtering out at least part of the negative
output signals in at least part of said output image.

In an embodiment, said frequency bound may comprise
at least one one dimensional Lukosz bound or a derivative
thereof. In an embodiment, said at least one one-dimensional

Lukosz bound may be defined by:

/A\I(v/qc):cos( jfr s' | < ! ;M =1,2,3,...
M+ M q M-1
wherein ¢ is the cutoff frequency of the optical-digital
imaging system. The use of the Lukosz bound decreases the
occurrence of negative pixel values of the reconstructed image
(in the spatial domain) and suppress or even eliminate other
artifacts such as “edge ringing” that occur in filter methods
of the prior art.

In an embodiment, said frequency bound may comprise
a one-dimensional modified Lukosz bound or a derivative
thereof, wherein said one-dimensional modified Lukosz bound
may be defined by:

A,(v/q,) = cos” Ralls )
1+v/q,

wherein B=1 or wherein P is selected from a value between 1

and 2, preferably between 1 and 1,2 and wherein 9c is the

cutoff frequency of the imaging system. The modified Lukosz
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bound may suppress all negative pixel values in all practical
circumstances so that the image quality 1is substantially

improved.

In an embodiment, said frequency bound A(v) may

comprise a two-dimensional Lukosz bound or a derivative
thereof, wherein said two-dimensional Lukosz bound may be

defined by:

R, =min{A, (', /g, DA, 0, /9. ¢+ 7/ 2)|0< § <27}
wherein the cutoff frequency ¢, may depend on an azimuth angle
¢ and ¢+7n/2, wherein (vau) may be the frequency coordinates
in a frame rotated over an angle ¢,and wherein Aqw/q) is the
one~dimensional (modified) Lukosz bound.

In an embodiment, said frequency bound AUQ may

comprise an n-dimensional Lukosz bound or a derivative

thereof, said n-dimensional Lukosz bound may be defined by:

A, (¥) =min {H AG' /g, )Re SO(n)}

J=1
wherein the cutoff frequencies g, , may depend on a rotation R,

ot

v'=Rv, and wherein Aﬂw/q) may be the one dimensional

(modified) Lukosz bound and where SO(n) is a group of rotations
in n dimensions. Hence, the filtering module may be used in
multi-dimensional imaging applications such as 3D microscopy.
In an embodiment, said frequency bound may be
configured for suppressing low spatial frequencies for
filtering one or more blurred parts in said output image. In
an embodiment said frequency bound may be based on a Gaussian

function defined by:

/A\(V):1~Coexp(—2VD:)

v
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wherein ¢ defines the strength of the low frequency
suppression, ¢ being selected between 0 and 1, wherein Dy
determines the the boundary between the low and high-frequency
region and wherein v is the spatial frequency. Accordingly,
filter functions derived from the minimization of the
objective function that includes a bound on the effective
optical transfer function for predetermined low spatial
frequencies may be used in order to filter out the out-of-
focus blurred background.

In an embodiment, the objective function may
comprise quadratic terms of harmonic components of the one or
more input image and harmonic components of the output image.

In an embodiment, the objective function may further
comprise a regularization term for regularization of at least
part of said output image. In an embodiment, said
regularization term may comprise any one or a combination of:
the sum of the squares or the absolute value of pixel values
of the output image, or, the sum of the squares or the
absolute value of the gradient of pixel values of said output
image, or the sum of squares or absolute value of higher order

spatial derivatives of said output image.

In an embodiment, said filter module may comprise an

input for receiving one or more pass bands jxﬁ). In an
embodiment, said input may be configured for receiving K pass
bands [=12,.K. In an embodiment, a pass band may be obtained
by a linear combination of two or more images in the frequency
domain.

In an embodiment, a pass-band may be associated with
at least one of the harmonic components of the one or more
spatially periodic illumination fields that are used in

obtaining said one or more images. In an embodiment, a
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harmonic component may be associated with a spatial frequency
vector ¢q,, [=12,.K;

In an embodiment, said one or more pass-bands may be
shifted by a distance and a direction associated with the
spatial frequency vector g, of a harmonic component of the

spatially periodic illumination field to which said one or
more pass-bands are associlated.

In an embodiment, the objective function L may
comprise:

iZf(JZ <v+q‘,>————“’H5“‘7’)f<v)J
A®)

ZZf(J, <v+q,)—mﬁv>} + 1Y ()

=5 A(P)
or

K AL @ﬁ'#j n ’ IO T
L:[Z:I:ZJ,(v+q,)— A((Vv) )T(v) + iy P ()

wherein jﬂ?) represents a pass band that may be provided as

input to the filter; T(¥) represents a filtered image in the
frequency domain that may be obtained as the output of the

filter; f(x) represents a function that satisfies f(x)20 and

f(x)=0 if and only if x = 0; «, represents a welght coefficient

associated with a pass band; ]?00 represents an optical

A a;
transfer function; A(v) presents a frequency boun u

represents a regularization parameter; and, g(x) represents a
regularization function.

In an embodiment, said weight coefficient o1 may be

equal to the product of the amplitude of a harmonic component

with spatial frequency vector ¢, and a free parameter s,
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wherein the free parameter s, takes a first value for one or

more bands associated with non-zero spatial frequency and a
second value for one or more bands assocaited with zero
spatial frequency; wherein the ratio of the first and second
value is referred to as the side-band height parameter s,
preferably s being selected between 0.5 and 2.5, more
preferably between 0.75 and 1.5. Hence, the side-band height
parameter s is selected high enough in order to provide
sufficient gain in resolution over the conventional resolution
limit and low enough in order to prevent amplification of

noise structures overlaying the genuine image data.

In an embodiment, one or more filter functions ﬁxﬁ),
obtainable by minimizing the objective function, with respect
to the harmonic components of the ocutput of the filter fﬁn,

may comprise:

F5)= X B (), (7+)
)

In an embodiment, the optical-digital imaging system
may comprise a microscope, preferably a fluorescence
microscope or a trans-illuminated brightfield microscope.

In an embodiment said one or more filter functions
may be configured to process a plurality of input images. In
an embodiment, at least part of said input images may be
obtained by using one or more spatially periodic illumination
fields.

In an embodiment, said optical-digital imaging
system may be configured to image two-dimensional object(s) or

three-dimensional object(s).



10

15

20

25

30

WO 2014/148908 PCT/NL2014/050178

In a further aspect, the invention may relate to a
filter module as described above in a optical-digital imaging
system, preferably a microscope for structured illumination
microscopy, fluorescence microscopy, trans—-illuminated
brightfield microscopy or combinations thereof.

In yet a further aspect, the invention may relate to
an optical-digital imaging system, preferably structured
illumination microscopy, comprising a filtering module
according as described above.

In another aspect, the invention may relate to a
computer—-implemented method for determining one or more
filtering functions for transforming one or more input images
into at least one synthesized output image, wherein said one
or more input images are generated by an optical-digital
imaging system associated with a non-filtered optical transfer
function, wherein said method may comprise: determining one or
more filtering function by minimizing at least part of an
objective function, wherein said objective function is a sum
of terms, preferably a weighted sum of terms, wherein a term
comprises one or more harmonic components of said one or more
input images and one or more associated harmonic components of
said output image; and, wherein at least part of said terms is
minimum if the ratio between said one or more harmonic
components of said one or more input images and output image
matches the ratio between a (spatial) frequency bound of said
non-filtered optical transfer function and said non-filtered
optical transfer function.

The disclosure may alsc relate to a computer program
product, implemented on computer-readable non-transitory
storage medium, wherein the computer program product may
comprise software code portions configured for, when run a
computer, executing the method steps according to any of the

methods described in the present disclosure.
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The disclosure will further be illustrated with
reference to the attached drawings, which schematically show
embodiments according to the disclosure. It will be understood
that the disclosure is not in any way restricted to these

specific embodiments.

Brief description of the drawings

Aspects of the disclosure will be explained in
greater detail by reference to exemplary embodiments shown in
the drawings, in which:

FIG. 1 illustrates a structured illumination
microscopy (SIM) method;

FIG. 2 depicts a schematic of the effective transfer
function of an optical-digital imaging system according to one
embodiment of the disclosure;

FIG. 3 shows examples of a bound on the effective
optical transfer function of the optical-digital imaging
system, the one-dimensional Lukosz bound and the modified
Lukosz bound according to one embodiment of the disclosure;

FIG. 4 shows exemplary cross sections of a two-
dimensional modified Lukosz bound according to one embodiment

of the disclosure;

FIG. 5 shows an illustrative effective optical
transfer function of the optical-digital imaging system,
according to one embodiment of the disclosure;

FIG. 6 shows an illustrative point spread function
of the optical-digital imaging system according to one
embodiment of the disclosure;

FIG. 7 shows another illustrative point spread
function of the optical-digital imaging system according to

one embodiment of the disclosure;
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FIG. 8 shows an illustrative optical-digital imaging
system, according to one embodiment of the disclosure;

FIG. 9A shows an image obtained using a conventional
SIM method applying the generalized Wiener filter;

FIG. 9B shows an image obtained using the improved
filter disclosed herein according to one embodiment of the

disclosure.

Detailed description

FIG. 1 depicts a schematic of a known structured
illumination microscopy (SIM) method. The SIM method may be
used in an optical-digital imaging system comprising an
optical microscope and a digital imaging processor for
processing images obtained by the optical microscope. An
optical system like a microscope may be described in the
frequency domain, wherein the image and the object may be
considered as being composed of a sum of harmonic components,
i.e., terms that vary periodically with the spatial
coordinates of the object. Each harmonic component may be
characterized by the direction of the periodic spatial
variation and by the spatial frequency (i.e. the inverse of
the spatial period of the harmonic component).

The so-called Optical Transfer Function (OTF) of the
microscope may be defined as a ratio between the amplitude of
one or more harmonic components of the image and the amplitude
of the corresponding one or more harmonic components of the
object. For fluorescent microscopy, the OTF is zero for
spatial frequencies larger than a cut-off frequency 2NA/A,
where NA is the microscope objective numerical aperture and A4
is the wavelength of the emitted light. The region in the
frequency domain for which the OTF is non-zero may be referred

to as the pass-band.
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The microscope images are recorded using a digital
camera and converted into digital images, which may be
processed and filtered in order to enhance certain favourable
properties such as resolution, contrast, sharpness, color
balance, etc. This way the effective OTF of the whole imaging
system (i.e. microscope and digital imaging system) may be
altered.

The SIM image reconstruction method comprises
certain image processing steps that result in an effective OTF
of an optical-digital imaging system that has a cut-off
frequency of up to 4NA/A, i.e. twice as high as the OTF of a
conventional fluorescent microscope. Hence, based on the SIM
technique an image may be reconstructed that has twice the
resolution of a conventional microscope image.

The SIM method as depicted in Fig. 1 may start with

the determination of the Fourier transform of the one or more

input images. In one embodiment N Fourier transforms i&ﬁ)

j=1,..,N of N input images Liﬁ) j=1,..,N (step 102) may be
determined, wherein the images may be taken using one or more
spatially periodically illumination fields 103;-x. Linear
combinations of the Fourier transforms may be determined in
order to obtain K (K < N) individual pass-bands 105:-x in
Fourier (frequency space) (step 104). A pass-band may comprise
at least one of the K harmonic components appearing in the set
of illumination patterns and a pass-band may have the same
support in Fourier space as the OTF of the optical imaging
system. In the next step 106, shifted pass-bands 107i1-xk may be
generated by shifting the pass-bands 105:-x over a distance and
in a direction given by the spatial frequency vector of the
harmonic component of the set of illumination patterns to
which the pass-band is assigned. The shifted pass-bands may be
filtered (step 108) to enhance and/or suppress certain regions

in Fourier space. In an embodiment, the image filter may vary
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between the different pass-bands. The thus filtered and
shifted pass bands may be added (step 110) and an inverse
Fourier transform is performed on the sum of the filtered and
shifted pass bands so that a reconstructed image of enhanced
resolution.

The filtering step 108 usually involves the use of a
generalized Wiener filter and an apodization filter. The
generalized Wiener filter may be characterized by a so-called
regularization parameter, which provides a measure for the
boost (enhancement) of high spatial frequencies compared to
low spatial frequencies.

Determination of an a priori setting for the
regularization parameter is however difficult to accomplish in
practice, so that a user or an automated system may have
difficulty in order to set this parameter to a correct
setting. Further, when using a generalized Wiener filter at
relatively low noise levels, the high spatial frequencies may
be enhanced too much, thus generating image artefacts. The
image of a straight edge for example may exhibit fringes on
the bright side of the edge (usually referred to as “edge
ringing”). Also, the image of an isclated point may show a
ring structure surrounding the image point such that negative
pixel values can occur. These negative pixel values are
unnatural as no a negative amount of light does not exist.
Finally, a piecewise continuous object may show irregular
line-like features in the bright parts of the image, which do
not represent real features of the object.

Part of the above-mentioned problems may be
alleviated by the so-called apodization filter, which
suppresses the high spatial frequencies. Suppression however
requires careful balancing of the parameter(s) of the

apodization filter compared to the settings of the generalized
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Wiener filter. Such balance is difficult to achieve in
practice.

To alleviate at least some of the problems described
above, an improved filter design is provided, which is robust
against variations in regularization parameter values and
noise levels, and which may ensure the occurrence of negative
pixel values of the reconstructed image (in the spatial
domain) are substantially decreased or even eliminated.

It is submitted that although the embodiments in
this disclosure are described in terms of operations in the
frequency domain, one skilled in the art would appreciate that
corresponding operations in the spatial domain may also be
used to achieve the same purpose and effect.

FIG. 2 depicts a schematic representation of the
effective transfer function of an optical-digital system
according to one embodiment of the disclosure. The optical-
digital imaging system may be characterized by an effective

optical transfer function Herr comprising a native transfer
function 1?63 202 of the (native) optical-digital system, a
pass-band function P 204 for generating pass-bands and an
image filter F(v) 206.

An object O(u), e.g., a sample of interest, may be
imaged by the optical-digital imaging system, thereby
producing a set of N image(s) of the object. In one

embodiment, N is at least 2. The plurality of acquired images

7 (i
may be represented by the image set ,iu) wherein n = 1,2,..,N

and wherein ¥ represents the vector of spatial coordinates
(which may be in two or three dimensions). The images may be
obtained by using an optical microscope that is configured to
illuminate the object with one or more different spatially
periodic illumination fields. In that case, an input images

may be associated with a particular spatially periodic
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illumination field (as e.g. depicted in Fig. 1). The Fourier

A

. : I (v . ,
transform of acquired images ’i ) may be determined in order
to process the images in the Fourier (frequency) domain.

The pass-band function P 204 may be configured to

A

generate a set of pass-bands L(V) 1 =1,2,.,K on the basis of

A

the Fourier transformed images ’XV). A pass-band may be
l"(v), e.g.

K images, in the frequency domain, wherein K is less than or

determined by linearly combining one or more images

equal to N. A pass-band may be associated with one of the K
harmonic components of spatially periodic illumination fields

used in obtaining the images. A harmonic component may be

associated with a spatial frequency vector q’, 1212”“K.

Further, a pass-band may be shifted by a distance and a

direction associated with the spatial frequency vector @ of
the harmonic component of the spatially periodic illumination

field to which the pass-band is assocliated. Hereunder, the to-

T(i
be reconstructed image may be represented by (u) and its

(7).

To alleviate some of the problems of the generalized

Fourier transform may be represented by

Wiener filter, an improved filter design for the image filter

F(#) 206 is provided. Improving the image quality may include
imposing a predetermined (frequency) bound A(ﬁ) on the

effective optical transfer function of the optical-digital
imaging system. If the effective optical transfer function
meets the desired bound an image may be obtained with improved
characteristics.

To that end, in one embodiment, the improved image
filter F(#) 206 for processing the pass-bands (the input of the

filter) in order to obtain the reconstructed image (the output
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of the filter) may be determined by minimizing an objective

function L:

L=i2f[f/(v+é,)—mf(‘” w2 (10)

A(5)

Here, f(x) 1s a function that satisfies f(x)20 and
with f(x) = 0 if and only if x = 0. In one embodiment, f(x)
may be defined as [x]%. The function f(x) may be defined in
variocus ways. In an embodiment, the objective function may be
a weighted sum of harmonic components of the (pixel values of
the) input image and harmonic components of the (pixel values
of the) output image. In another embodiment, the objective
function may comprise quadratic terms of the (pixel wvalues of
the) input image and harmonic components of the (pixel values
of the) output image.

The second term of the objective function L may be
referred to as the regularization term wherein p is defined as
the regularization parameter. In one embodiment, the function

g(x) of the regularization term may be defined as:

g(f(v)):4vpf(vﬂq

wherein the power value may be q = 1,2,.. and wherein
the power value may be p = 0,1,2,... In real space, the p-th
power of v may indicate the p-th order spatial derivative Vp.
For example, p = 0 may define [x]9 in real space, p = 1 may
define |Vx[9, p = 2 may define |V?x[|9, etc. Other forms of the
regularization function, including the sum of terms described
above, and a plurality of regularization parameters may be
envisioned as well.

The regularization term may include any one of or a
combination of any of the following: a sum of squares or an
absolute value of values of the output of the image processing
function; a sum of sguares or an absolute value of a gradient

of the values of the output of the image processing function;
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and/or, a sum of squares or an absolute value of a higher
order spatial derivative of the output of the image processing
function. Linear combinations of such terms are also
envisioned.

The displacements of the pass-bands may be
represented by the spatial frequency vectors ¢, associated with
each pass-bands. A pass-band may be assigned a weight
coefficient ai1. In one embodiment, the objective function may
include a weighted sum of harmonic components of the input of

the filter and the output of the filter. The weight
coefficient a1 may be equal to the product of: the amplitude of
the harmonic component with spatial frequency vector g, in the

periodic illumination pattern and a free parameter si.

In one embodiment, the free parameter s1 may take
first value for one or more bands (or all bands) centered
around a non-zero spatial frequency and second value for one
or more bands (or all bands) centered around a zero spatial
frequency. The ratio of the first and second values may be
referred to as the side-band height parameter s. This ratio
has a significant effect on the quality of the resulting
image. Preferably, the side-band height parameter s 1is
selected high enough in order to provide sufficient gain in
resolution over the conventional resolution limit and low
enough in order to prevent amplification of noise structures
overlaying the genuine image data. In an embodiment, the side-
band height parameter may be selected in a range between 0.5
and 2.5, preferably between 0.6 and 2, more preferably between
0.7 and 1.5.

In one embodiment, the power values p and g may be
selected as p = 1 and q = 2, however other values for p and g
may also be used. In that case, the objective function may

take the form:
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From the construction of the objective function, it

may determined that the objective function is minimized when

the ratio of the output f(ﬁ) of the image filter and the input
5 j&ﬁ) of the filter is substantailly equal to the ratio of the
bound A(ﬁ) on the transfer function of the optical-digital

imaging system and the optical transfer function [960 of the

microscope.

Accordingly, a filter 206 may be derived by
10 minimizing the objective function with respect to the

components of the Fourier transform of the reconstructed image

f(ﬁ), which gives:
A K ~ A
T(v)=2F(¥)/,(v+§)
/=1
AF)a,d(v+§,)

AG) +12:1a,2 |75+

£ (5)-

=2
y7y

A

Hence, pass-band filter functions JV) (in short
15 referred to as filter functions) may be used to modify the
input signal of the filter, the pass-bands. In particular, the
pass-bands j&ﬁ) may be provided as an input to the pass-band
filter functions ﬁxﬁ) (which collectively referred to as the
filter 206). Here a pass-band may be determined by:
20 J(§)=aJ¥ﬁ00(V+@)

A

o) . . ,

where ( ) is the Fourier transform of the object
| (i) |

function . For example, in the case of fluorescence

. , . u
microscopy, the object function ( ) may be the fluorescene
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object function associated with the object of interest. The
fluorescence function may be regarded as a measure of the
local concentration of fluorescent molecules. Other object
functions for other types of microscopy may be envisioned as

well.

The reconstructed image f(ﬁ) may be obtained as the

output of the image processing filter ﬁxﬁ):

T(v)=H, (7)0(7)

An inverse Fourier transform on the output of the
image processing filter may be performed to obtain a
reconstructed image T(ﬁ) for human visual inspection. The
resolution of the reconstructed image has doubled by the SIM
technique when compared to the resolution of an image
determined by a non-SIM microscope. Accordingly, an effective

OTF of the entire optical-digital system may be given by:

By construction, this effective OTF satisfies the
bound on the effective optical transfer function for any value

of the regularization parameter, because:

[A{c/f (‘_;)| s /A\(‘_;)

Because the effective optical transfer function of
the optical-digital imaging system satisfies the bound on the
effective optical transfer function, certain desirable
characteristics of the inverse Fourier transform of the
reconstructed image may be achieved.

In one embodiment, the bound on the effective
transfer function may be based on the cutoff frequency of the

(optical) imaging system. More specifically, in an embodiment,
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the bound on the effective transfer function may be based on
the so-called Lukosz-bound as described by Lukosz in
“Ubertragung Nicht-negativer Signale Durch Lineare Filter”
published in Journal of Modern Optics, vol. 9, pp. 335-364
(1962) . This bound may be selected in the SIM filter design in
order to reduce the negative pixel values in the reconstructed
image in the spatial domain. The Lukosz-bound and improved
versions of the Lukosz-bound (the so-called modified Lukosz-
bound) are described in more detail with reference to Fig. 3.

This result 1s achieved irrespective of the value of
the regularization parameter. This advantage is significant
because in practice an a priori value for the regularization
parameter is hard to determine. Moreover, no additional
parameters need to be introduced in order to achieve the
desired apodization effect.

The generalized (prior art) Wiener filter functions

in conventional SIM are given by:
aH(V+q,)

ﬁ; prior—art ( ‘—)-) — = - -
i+ ol |1 (5 +3,)
=]

The disclosed improved image processing filter
differs from the prior art generalized Wiener filter because
the prior art generalied Wiener filter has an improper boost
of higher spatial frequencies, e.g., in the case when the
value of the regularization parameter is very small. In that
case the Lukosz-bound is not satisfied, leading to image
artifacts in the reconstructed image. These effects and the
improved result are illustrated in more detail with reference
to FIG. 9A and 9B.

It is submitted that the above-described operations
in the frequency domain may have a corresponding set of
operations in the spatial domain. In the spatial domain,

suitable linear combinations of the N acquired images may be
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determined in order to construct K pass band images by L(ﬁ)

with 1 = 1,2,..,K. The pass band images may be multiplied with
harmonic functions of the spatial coordinates. The direction

and period of the harmonic variations are characterized by the
spatial frequency vector of the corresponding pass band image.

Subsequently, the modulated pass-band images may be convolved

with suitable filter functions by E(ﬁ) and added to obtain the

reconstructed image T(ﬁ).

It is submitted that the invention is not limited to
the exmaple in Fig. 2 and other bounds than the (modified)
Lukosz bound (as discussed hereunder) may be imposed on the
effective optical transfer function (e.g. enhancing or
suppressing certain spatial frequencies) in order optimize a
characteristic of the image. For example, light obtained from
out-of-focus layers in an image may be captured by the
optical-digital system which give rise to a blurry background.
This background image is composed primarily of low spatial
frequencies, the high spatial frequencies being nearly absent.
An effective transfer function that suppresses low spatial
frequencies may be used to filter out a substantial part of
the out-of-focus blurred background. In one embodiment, a
bound for blur suppression may be defined on the basis of a

Gaussian function:

2

A(V) =1-ceexp(— 2‘;2)

v
wherein 0 < ¢ < 1 defines the strenght of the low

frequency suppression, Dy determines the the boundary between
the low and high-frequency region and v is the spatial

frequency in one dimension. In two dimensions v 1s represented

by the spatial frequency vector (vx,vy) wherein V:,hé+wé.

Accordingly, filter functions derived from the

minimization of the objective function that includes a bound
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on the effective optical transfer function for predetermined
low spatial frequencies may be used in order to filter out the
out-of-focus blurred background.

FIG. 3 shows illustrative bounds that may be used in
the objective function including the conventional one-
dimensional Lukosz bound 302 and the modified Lukosz bound
304. For microscopy the conventional Lukosz bound and the

modified Lukosz~-bound depend on the cut-off spatial frequency

vector 9. of the native optical transfer function (OTF) of the
imaging system (e.g. the microscope). For a 1lD-signal with a
native OTF with highest spatial frequency gc for which the OTF

is non-zero, the conventional Lukosz bound may be given by:

=1,2,3,...
Jer q, M—l M =1,2,3,

Al(v/qc):cos(

Hence, the Lukosz bound may be represented as a
“staircase” function for the maximum (absolute value of the)
OTF (i.e., a mathematical upper bound) as plotted as line 302
in FIG. 3. This bound may be used in the objective function in
order to derive a set of filter function that substantially
decrease the number of “negative” output signals.

In practice the conventional Lukosz bound does not
provide a sufficient condition for non-negative output signals
under all conditions. In order to avoid negative output
(image) signals in substantially all practical circumstances a
first modified Lukosz bound may be used:

~ mv/q,
IOTF(V)! <A, (v/q,)=cos (W]

In another embodiment, negative output signals may

be avoided by satifying a second Lukoz bound:

A /q.
0TF (v)| <A, (v/q,) = cos” (%J
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wherein P may be referred to as a stretching exponent which may
may be selected between 1 and 2, preferably between 1 and 1.2
(1 £ B< 1.2).

The first modified Lukosz-bound is plotted as line
304 in FIG. 3 and connects the lower point of the
discontinuities in the conventional Lukosz-bound. In an
embodiment, the modified Lukosz-bound may be generalized to
two dimensions. The cut-off spatial frequency depends on the
azimuth angle ¢ by a function ¢.(¢) which parametrizes the
exteriour boundary of the support of the OTF in spatial

frequency space. In a further embodiment, for a given spatial

v={v_,v .

frequency vector (‘ y), the modified Lukosz-bound may be the
minimum of the set of products of the 1D (modified) Lukosz-
bound along the two orthogonal directions given by azimuth

angle ¢ and ¢+n/2:

|OTF ()| < A, (%) = min{f\l (v'.Ja. () A (v, /a. (¢+7r/2))|0 <p< 272}

rotation over an angle ¢, 1i.e.

generalized to n spatial dimensions:

OTF (V)| <A, (%) = mm{HAl (v',/a.,(R))|Re SO(n)}

for V“:Rv, and wherein SO(n) is the group of
rotations in n spatial dimensions, e.g., n=3. Hence, given the
cut-off of the OTF in spatial frequency space, the modified
Lukosz-bound may be evaluated.

For the case of 2D SIM, the support in Fourier space

of the native OTF may be the union of the supports of the K
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pass-bands displaced over the spatial frequency vectors %

associated with the individual pass-bands. In an embodiment,
the stripe illumination pattern may comprise a plurality, e.g.
three harmonic components, rotated over three different
angles, thereby determining seven (K=7) pass-bands wherein the

cut-off frequency satisfies hexagonal rotation symmetry

q.(@)=q,(¢+n/3), and wherein:

q.(#)=q,cosp+4/q,’ —q,’sin*¢ for—m/6<p<7/6

with ¢, =2NA/A defining the optial cut-off

resolution and ¢,=1/p defining the stripe spatial frequency

where p is the distance between the stripes of the
illumination pattern. These quantities satisfy go < dgm as the
stripe pattern is made by interference between beams projected
through the same objective lens with numerical aperture NA.
Two cross-sections 402,404 of an illustrative 2D SIM modified
Lukosz bound according to an embodiment of the disclosure is
depicted in FIG. 4 for a parameter go = 0.9qx.

The regularization parameter preferably measures the
strength of the regularization term in the objective function.
The value for the regularization parameter can in principle be
chosen arbitrarily. A number of methods may be used for
automatically setting the regularization parameter. Several of
these methods are described by G.M.P. van Kempen and L.J. van
Vliiet in “The influence of the regularization parameter and
the first estimate on the performance of Tikhonov regularized
non-linear image restoration algorithms”, Journal of
Microscopy vol. 198, pp. ©63-75, 2000, in the context of
restoring or retrieving object information from a single noisy
image.

One of these methods is the so-called cross-
validation method, which may be used to find an appropriate

value for the regularization parameter x. In an embodiment,
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the cross-validation method may be adapted to the case of
multiple input images as follows. One possible measure for the
quality of the reconstructed image (given a certain object)

may be determined by the mean-square error MSE:

MSE = ZZ —-——A((V;; %) 7 (5)

The cross-validation function may be defined as a

normalized form of the mean-square error MSE:

A%SE

CV(u)==

with the normalization constant:

2

S Bl B

Exemplary cross-sections 502,505 of an illustrative
Lukosz bound filtered OTF for an 2D-SIM case are shown in Fig.
5. The illustrative case provides the shown OTF-support in
spatial frequency space corresponding to SIM using a striped
illumination pattern at three orientations and for a stripe
spatial frequency that is 0.9 times the optical cut-off
resolution.

FIG. 6 shows cross-sections 602,604 of a point
spread function (PSF) associated with the Lukosz bound
filtered OTF of Fig. 5. The PSF 1s defined as the inverse
Fourier transform of the OTF. The PSF is the image of a single
bright point object on a dark background. Ideally, the PSF
approximates the reference PSF that would be obtained by
simply scaling the coordinates with a factor 1+qgp. From Fig. 6
it can be seen that the PSF 602,604 substantially matches the
reference PSF 606 with comparable side-lobe height and is
nearly everywhere positive. The residual slightly negative PSF
values may be washed out if blurring effects due to the finite

pixel size are taken into account. When taking these
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corrections 1into account cross-sections 702,704 of a PSEF as
depicted in FIG. 7 are obtained.

FIG. 8 shows an illustrative optical-digital imaging
system according to one embodiment of the disclosure. The
optical-digital imaging system may comprise an (optical)
imaging system 800 and an image processor 810. In one
embodiment, the imaging system may be a microscope suitable
for two-dimensional SIM imaging. In such an embodiment, a
laser may be coupled into a fibre wherein the exit point of
the fibre 801 may serve as a point source. The beam may be
collimated by a first lens 802 and is split into two beams
travelling at an angle with the optical axis by a grating 803.
The beams pass a dichroic beam splitter 804 and are focused by
a second lens 805 onto the entrance pupil of an objective lens
806. The objective lens may then produce two parallel beams
travelling towards the sample/object on the backside of the
cover slip 807 at equal but opposite angles. The interference
pattern of the two beams forms a spatially periodic
illumination pattern that may be used to illuminate the
sample. The pattern may be rotated and/or shifted with respect
to the sample by, e.g., rotating and shifting the grating.

The fluorescent light 808 emitted by the sample may be
(partly) captured by the objective lens 806 and focused by the
second lens 805. The light may then be reflected at dichroic
beam splitter 804 due to its slightly larger wavelength
compared to the excitation light, and converge towards the
image point on the digital camera 809, which may generate
digital images that may be processed by several digital image
processing modules in a computer system. The operation of a
three-dimensional SIM apparatus may use a similar system.

The image processor 810 may be part of a computer
system that is configured to process the image data in the

frequency domain as described with reference to Fig. 2. The
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processor may comprise a pass-band module 812 and a digital
filter module 814 as described in detail with reference to
Fig. 2-7 above. The image processor and its modules may be
implemented as software, hardware or a combination of hardware
and software.

The inputs and outputs and any intermediary data of
the image processor may be stored in a storage device 816. The
optical-digital system may further include a user interface
module 818 allowing an operator to configure and control the
image-processing module. Furthermore, in some embodiments, the
computer system may include a display module 820 for rendering
and/or displaying the reconstructed image.

FIG. 9A shows an image obtained using a conventional
SIM method applying the generalized Wiener filter and FIG. 9B
shows an image obtained using the filtering method according
to one embodiment of the disclosure. The images are assoclated

with a SIM microscope that has a Numerical Aperture NA = 1.25

and that images green light (A = 500 nm). The acquired images
are corrupted by shot noise, i.e. the noise that arises due to
the nature of light detection with discrete amounts (photons).
The actual number of detected photons per pixel is a noisy
quantity. The average number of detected photons per pixel for
repeated measurements provides the genuine image structure.
The first image shown in FIG. 9A provides an
indication of artefacts that arise with insufficient
apodization associated with the generalized Wiener filter. As
can be seen from Fig. 9A, parts of the image pixels comprises
negative pixel values. Further, other artefacts such as halo's
surrounding bright objects and a noise structure are visible.
When using the filtering method according to the invention in
combination with the modified Lukosz-bound, at least a
substantial part of these artefacts may be removed as can be

seen in FIG. 9B. By satisfying the Lukosz-bound, the resulting
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reconstructed image is substantially non-negative and the
amount and severity of artefacts have been significantly
reduced.

Although the embodiment of acquiring at least two
images using spatially periodic illumination fields are
extensively discussed in the disclosure, it is envisioned that
at least one image for the image processing module may be
obtained with any suitable imaging system with a substantially
uniform illumination pattern. It is stressed that the
preceding discussion in no way limits the scope of the
disclosure. In particular the disclosure applies equally well
to the method of 3D-SIM for obtaining 3D images of the volume
of a fluorescent sample. Also, it 1s not necessarily
restricted to the case of SIM, it applies equally well to the
case of conventional fluorescence microscopy as well as to the
case of conventional trans-illuminated brightfield microscopy.

Various embodiments of the disclosure relating to at
least the image processing module may be implemented as a
program product for use with a computer system, where the
program(s) of the program product define functions of the
embodiments (including the methods described herein). In one
embodiment, the program(s) can be contained on a variety of
storage, i.e., non-transitory computer-readable storage media,
where, as used herein, the expression “non-transitory computer
readable storage media” comprises all computer-readable media,
with the sole exception being a transitory, propagating
signal. In another embodiment, the program(s) can be contained
on a variety of transitory computer-readable storage media.
Illustrative computer-readable storage media include, but are
not limited to: (i) non-writable storage media (e.g., read-
only memory devices within a computer such as CD-ROM disks
readable by a CD-ROM drive, ROM chips or any type of solid-

state non-volatile semiconductor memory) on which information
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is permanently stored; and (ii) writable storage media (e.g.,
flash memory, floppy disks within a diskette drive or hard-
disk drive or any type of solid-state random-access
semiconductor memory) on which alterable information is
stored.

It is to be understood that any feature described in
relation to any one embodiment may be used alone, or in
combination with other features described, and may also be
used in combination with one or more features of any other of
the embodiments, or any combination of any other of the
embodiments. Moreover, the disclosure is not limited to the
embodiments described above, which may be varied within the

scope of the accompanying claims.
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CLAIMS

1. Filtering module for transforming one or more
input images into at least one synthesized output image,
wherein said one or more input images are generated by an
optical-digital imaging system associated with a non-filtered
optical transfer function, said filter module comprising:

one or more filtering functions that are obtained
from minimizing at least part of an objective function,

wherein said objective function is a sum of terms,
preferably a weighted sum of terms, wherein a term comprises
one or more harmonic components of said one or more input
images and one or more associated harmonic components of said
output image, and,

wherein at least part of said terms is minimum if
the ratio between sald one or more harmonic components of said
one or more input images and output image matches the ratio
between a (spatial) frequency bound of said non-filtered
optical transfer function and said non-filtered optical

transfer function.

2. Filtering module according to claim 1 wherein
said bound is based on the cut-off frequency of said non-
filtered optical transfer function, preferably said bound
being based on a Lukosz-bound for filtering out at least part
of the negative output signals in at least part of said output

image.

3. Filtering module according to claims 1 or 2
wherein said frequency bound comprises a one-dimensional
Lukosz bound or a derivative thereof, said one-dimensional

Lukosz bound being defined by:
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N |v|
Aw/g)=cos| — | for — - <m0 M =1,2,3,...
(v/q.) (M+ jf o M1

wherein 9¢ is the cutoff frequency of the optical-

digital imaging system.

4. The method according to claims 1 or 2, wherein
said bound comprises an one-dimensional modified Lukosz bound
or a derivative thereof, said one-dimensional modified Lukosz

bound being defined by:

A, (v/q,)=cos” g, |
1+v/q,

wherein PB=1 or wherein B is selected from a value

between 1 and 2, preferably between 1 and 1,2 and wherein 9o is
the cutoff frequency of the imaging system; or,

wherein said bound A(v), comprises a two-dimensional
Lukosz bound or a derivative thereof, said two-dimensional

Lukosz bound being defined by:

A, )= min{i\1 ' A O, [q.(p+ 7] 2))|0 <p< 27r}

wherein the cutoff frequency ¢, depends on an azimuth
angle ¢ and ¢+x/2, where (Vﬁv;) are frequency coordinates in

a frame rotated over an angle ¢,and where Aﬂodq) is the one
dimensional (modified) Lukosz bound; or,
wherein said bound A(v) comprises a n-dimensional

Lukosz bound or a derivative thereof, said n-dimensional

Lukosz bound being defined by:

j=1

Re SO(n)}

A, (¥) =min {Hf\l v'/q.,)
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where the cutoff frequencies ¢, , depend on a rotation

R, V'=Rv, where Aﬂoﬁq) is the bound and where SO(n) is a group

of rotations in »n dimensions.

5. Filtering module according to claim 1 wherein
said frequency bound is configured for suppressing low spatial
frequencies for filtering one or more blurred parts in said
output image, preferablly said frequency bound being based on

a Gaussian function defined by:

. v’
A{V)=1-ceexp(— )
( ) 2D5
wherein c¢ defines the strength of the low frequency
suppression, c¢ being selected between 0 and 1, wherien Dy

determines the the boundary between a low-frequency region and

a high-frequency region, wherein v is the spatial frequency.

6. Filtering module according to any of claims 1-5,
wherein the objective function comprises quadratic terms of
harmonic components of the one or more input images and

harmonic components of the output image.

7. Filtering module according to any of claims 1-6,
wherein the objective function further comprises a
regularization term for regularization of at least part of
said output image, preferably said regularization term
comprising any one or a combination of:

the sum of the squares or the absolute value of
pixel values of the output image, or,

the sum of the squares or the absolute value of the
gradient of pixel values of said output image, or

the sum of squares or absolute value of higher order

spatial derivatives of said output image.
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8. Filtering module according to any of claims 1-7
wherein:

wherein said filter module comprises an input for
receiving one or more pass bands jﬂﬁ), preferably K pass bands
[=12,..K, preferably a pass band being obtained by linearly

combining two or more images in the frequency domain.

9. Filtering module according to any of claims 1-8
wherein a pass-band is associated with at least one of the
harmonic components of the one or more spatially periodic
illumination fields that are used in obtaining said one or

more images, preferably a harmonic component being associated

with a spatial frequency vector g¢g,, [=12,.K;

10. Filtering module according to any of claims 1-9

wherein: said one or more pass-bands are shifted by a distance
and a direction associated with the spatial frequency vector ¢,

of a harmonic component of the spatially periodic illumination

field to which said one or more pass-bands are associated.

11. Filtering module according to any of the above

claims, wherein the objective function L comprises:

iZf (j, G +c‘1‘,)———a’f{(§f q’)f“(v))

1S A)
or
ZZf[J“, (v+‘,)—mT<v>] +uY g )
=l ¥ AOO
or

wherein:
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jﬂﬁ) is a pass band that is provided as input to the
image processing filter:;
T(¥) is a filtered image in the frequency domain that

is obtained as the output of the image processing filter;

f(x) is a function that satisfies f(x)=0 and f(x)=0
if and only if x = 0;
o, 1s a weight coefficient associated with a pass

band;

A

H(v) . .

( ) 1s an optical transfer function;
A(ﬁ) is a frequency bound;

# 1s a regularization parameter; and,

g(x) is a regularization function.

12. Filtering module according to claim 11, wherein
said weight coefficient a1 is be equal to the product of the
amplitude of a harmonic component with spatial frequency
vector ¢, and a free parameter s,

wherein the free parameter s takes a first value for

one or more bands associated with a non-zero spatial frequency

and a second value for one or more bands associated with zero
spatial frequency;

wherein the ratio of the first and second wvalue is
referred to as the side-band height parameter s, preferably s
being selected between 0.5 and 2.5, more preferably between

0.75 and 1.5.

13. Filtering module according to any of the above

claims, wherein:
one or more filter functions ﬁKﬁ), obtainable by

minimizing the objective function, with respect to the
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harmonic components of the output of the image processing

filter 7(v), comprises:

14. Filtering module according to any of the above
claims wherein the imaging system is part of a microscope,

preferably a fluorescence microscope.

15. Filtering module according to any of the above
claims,

wherein said one or more filter functions are
configured to process a plurality of input images, preferably
a least part of said input images being obtained by using one

or more spatially periodic illumination fields.

16. Filtering module according to any of the above
claims, wherein said optical-digital imaging system is
configured to image two-dimensional object(s) or three-

dimensional object(s).

17. A use of the filter module according to any of
claim 1-16 in a optical-digital imaging system, preferably a
microscope for structured illumination microscopy,
fluorescence microscopy, trans-illuminated brightfield

microscopy or combinations thereof.

18. An optical-digital imaging system, preferably a
microscope for structured illumination microscopy, comprising

a filtering module according to any of claims 1-16.
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19. A computer-implemented method for determining
one or more filtering functions for transforming one or more
input images into at least one synthesized output image,
wherein said one or more input images are generated by an
optical-digital imaging system associated with a non-filtered
optical transfer function, said method comprising:

determining one or more filtering function by
minimizing at least part of an objective function,

wherein said objective function is a sum of terms,
preferably a weighted sum of terms, wherein a term comprises
one or more harmonic components of said cone or more input
images and one or more associated harmonic components of said
output image, and,

wherein at least part of said terms is minimum if
the ratio between saild one or more harmonic components of said
one or more input images and output image matches the ratio
between a (spatial) frequency bound of said non-filtered
optical transfer function and said non-filtered optical

transfer function.

20. A computer program product, ilmplemented on
computer-readable non-transitory storage medium, the computer
program product configured for, when run on a computer,

executing the method according claim 19.
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