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What You Will Learn in This Chapter

The advent of super-resolution techniques has fundamentally changed how biology
is done and what biological questions it is possible to ask and answer now that we
can image beyond the resolution limit. There are a number of super-resolution
techniques, each with their own strengths and preferred use cases. Structured
illumination microscopy (SIM) relies on spatially structured illumination light to
encode super-resolution information in a resolution limited image. A number of
these resolution limited images are used together to extract the super-resolution
information, producing a reconstructed image with twice the resolution of the
original images. The number of images required to obtain a super-resolution image
is considerably less than most other super-resolution techniques, making SIM ideally
suited to imaging dynamic biological processes. Herein we will cover how to think
of images as information in Fourier space (including an introduction to Fourier
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mathematics sufficient to understand this), the mathematics behind SIM and how
images are reconstructed, and the strengths and limitations of SIM.

7.1 What You Should Already Know

There are a few of concepts that the reader is assumed to be familiar with and/or have
been covered in previous chapters. These are:

¢ Geometric optics leading to the rise of the diffraction limit
* Fluorescence microscopy
* An understanding that functions can be represented by Fourier decomposition

These will be explained briefly when and where they are relevant. However, the
full scope and complexity will not be covered. Readers who are unfamiliar with any
of these are advised to pause here and familiarise themselves. Some suggested
sources are provided in the Further Reading section at the end of the chapter.

7.2 Fourier Decomposition of Images

In order to understand SIM, we must first take a step back and ensure we understand
a more fundamental concept, Fourier analysis. What follows will not be a series of
extensive mathematical derivations. These can be found in previous publications.
Rather specific formulae will be stated when appropriate to demonstrate particular
important details.

Readers should already be familiar with the concept of Fourier decomposition;
describing a function as an infinite series of frequency components, also referred to
as reciprocal components, called a Fourier series. Typically, this explanation starts
with time-varying functions since most people have an intuitive understanding of a
single time-varying function being composed of a number of frequency components.
For example, it is common knowledge that a single musical chord is composed of a
number of different notes (i.e. frequency components) played simultaneously. How-
ever, there is nothing unique about time-varying functions. If the function is spatially
varying rather than time-varying, all of the mathematics remain unchanged. In this
case, the Fourier components would be described by reciprocal quantities that we
call spatial frequencies.

More generally, we can describe a reciprocal variable for the Fourier series to
correspond to the original variable in the function. Likewise, in the same way, we
describe a vector space for the original variable or variables—such as the
3-dimensional vector space described by the xyz Cartesian vectors—we can describe
a vector space for the reciprocal variables which we call reciprocal space. Therefore,
we can say:
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Any function can be described by an infinite Fourier series of reciprocal variables.

There is a mathematical operation to convert from the original vector space to the
corresponding reciprocal space known as the Fourier transform which is written as

(1]
F(k,) = /ocf(x)e_ik"xdx, (7.1)

where x and k, are the original and reciprocal variables, respectively. This yields a
continuous function, f‘(kx) described in terms of the reciprocal variable, k.. In
general F is used to denote the Fourier transform of f- Likewise, the operation to
move from reciprocal space back to the original vector space, the inverse Fourier
transform, is written as

1 [T ;
flx) == / F(k,)e™~dk,, (7.2)
2w J_

Figure 7.1 shows the top hat function and its Fourier transform, a sinc function.
Notice that the Fourier transform has positive and negative frequency components
and it is symmetrical around @ = 0. This symmetry is the result of a more general
property of Fourier transforms of real functions which is that:

F(kx) = F(kx)’ (7'3)
where F(k,) is the so-called complex conjugate of F(k,). A complex conjugate of a
complex number a + ib is a — ib. Essentially the value of the Fourier transform at
some value of k, is the complex conjugate of the value of the Fourier transform at
—k,. Now, the Fourier transform of a top hat function symmetric around O has no
imaginary component (i.e. b = 0 in a + ib) and so this property becomes F(kx) =
F(—k,), and is symmetric around @ = 0.

Although up to this point, we have dealt with one-dimensional functions, there is
nothing in the mathematical construction of the Fourier transforms which requires
this. Take, for example, the Mona Lisa shown in Fig. 7.2a. Although it might not be
immediately obvious, there exists a mathematical function which describes the
intensity variations in this image. We can, therefore, consider the function which
describes the Mona Lisa as the visualisation of a 2D function in (x,y). As such, we
can also perform a Fourier transform on this function to acquire Fig. 7.2b, which is a
function in (k,, k,) where k, and k, are the spatial frequencies which are reciprocal
variables to the x and y variables, respectively. Once again, these are equivalent
representations of the same information. We only use different variables to describe
said information.

It is worth noting that the Fourier space representation is equivalent to the real
space representation (i.e. the actual function), just described in terms of reciprocal
variables. A mathematical theorem, the derivation of which is not presented here,
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called Parseval’s theorem states that the integral of the square of a function is equal
to the integral of the square of its Fourier transform. Now, when the function in
question describes amplitude—in the case of light, the amplitude of the electromag-
netic field—then the square of the function is its intensity. Therefore, the integral of
the square of the function f is the total energy of the signal or image the function
describes. Consequently, the integral of the square of both the real space function
and its Fourier transform is the total energy of the signal or image the function
describes. This information allows us to conclude that the Fourier space representa-
tion is equivalent to the real space representation, just described in terms of recipro-
cal variables.

We should also note that the previous discussion refers to continuous functions,
that have a known value at all possible positions in space, and that these need infinite
Fourier components to be faithfully reproduced. However, a modern microscope
image is represented by pixels in a camera image, which is only defined at the centre
positions of the pixels. This type of function can be completely defined by a finite
Fourier series with the same number of components as the positions in the original
discrete function.
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Fig. 7.2 (a) An greyscale
image of the Mona Lisa. (b)
The 2D Fourier transform of
the image

Before we proceed, we also need one last mathematical concept; convolution. The
convolution operation is defined as

sw@e) = [ " f()gla — e = / g (14)

where ® is the convolution operator. The resulting function expresses how the
shape of one function modifies the other. It may not be intuitively apparent what this
means, which is fine as a complete understanding of convolution is not required at
this stage. There are two relevant properties of convolution which are required going
forward.

The first is what happens when some function, f{x), is convolved with a Dirac
delta function, 6(x — a). The Dirac delta function is a real-valued function which is
0 everywhere except at the position a, where it is 1. In other words, it is an infinitely
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Fig.7.3 The convolution of a top hat function centred at the origin, f{x), with a Dirac delta function
centred on —100, g(x) = &(x + 100). The resulting convolution is a top hat function centred on
—100, i.e. fix + 100)

narrow peak at a particular position, a, and 0 everywhere else. When some f(x) is
convolved with the Dirac delta function, we obtain

10)@¢() = [ 00— a)ds sl 7). (7.5)
In other words:

The convolution of a function fix) with a Dirac delta function results in f(x) being
shifted to be centred at the position of the Dirac delta function.

Figure 7.3 show the convolution of a top hat function centred at the origin, f(x)
with a Dirac delta function centred on —100, g(x) = &(x + 100). As we can see,
function obtained as a result of this convolution is identical to the top hat function,
except it is centred on x = — 100 instead of x = 0.

The other property of convolutions is the convolution theorem. Say we once again
have the convolution of two functions, fix) and g(x). The convolution theorem
states that:

F{ f(0)®g(x)} = F(ky) - G(k,), (7.6)

where # denotes performing a Fourier transform (otherwise known as the Fourier
operator), - is the dot product (i.e. point-wise multiplication), and F(k,) and G(k,)
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are the Fourier transforms of the functions f{x) and g(x), respectively, as before.
What the convolution is essentially stating is:

The Fourier transform of a convolution of two functions is equivalent to the product
of their Fourier transforms

From Eq. (7.6), we can obtain the corollary:

F{Fk)OG (k) } = f(2) - 8(x). (1.7)

7.3 Optics in Reciprocal Space

Most readers should be familiar with the concept of the resolution limit in micros-
copy. The typical formulation of the resolution limit is the minimum separation at
which two point objects can be meaningfully separated as independent objects. The
often-quoted value for this resolution limit from the Rayleigh Criterion is

1222 2n

NRSNA TR NAZ (7.8)

where r; and r, are the lateral and axial resolution limits, respectively, A is the
wavelength of light, NA is the numerical aperture of the imaging lens, and » is the
refractive index of the media [2-5]. These formulations require several
approximations and simplifications, but they are nonetheless useful quantities as
the theoretical, ideal resolution limit of a microscopy system.

Rather than exploring the derivation of these diffraction limits from a geometric
perspective, it is useful for us to instead discuss their origins using the notions of
reciprocal space we have established previously. This will allow us to more intui-
tively understand the principles of SIM. First, consider a single slit with monochro-
matic light shining through it as shown in Fig. 7.4 which should be familiar to
readers. Consider a point which is vertically displaced y from the centre of the slit
with width d and a distance L from the slit. There is a path difference, shown in red in
Fig. 7.4, between the top and bottom of the slit determined by d sin &'.

In the extreme case of a maxima in the diffraction pattern, this path difference
must be an integer multiple of the wavelength of light, 4, i.e. d sin @ = mJ, where
m is some integer. Using the simple geometry tan@ = 7, the approximation that
0 ~ @ and the paraxial approximation that sinf ~ tan @ = @ then the maxima, or
anti-nodal, intensity positions are given by

mAL
y= a4 (7-9)

Similarly, the minima, or nodal, intensity positions are given by
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Fig. 7.4 Diagram of a single slit diffraction pattern

_wiL

=, (7.10)

composed of binary minima and maxima, as the intensity line profile to the left of
Fig. 7.4 shows. In fact, the intensity of the diffraction pattern, 4, is directly propor-
tional to sinc(y)* .

This follows if we consider a situation we have already discussed in Sect. 7.2; the
top hat function. Previously we considered the amplitude of a time-varying top hat
signal pulse. As shown in Fig. 7.1, the Fourier transform of this time-dependent
function is a sinc function. Now, consider the transmissivity profile of a single slit. It
is 0 everywhere except the slit opening, essentially a top hat centred around the
centre of the slit. The amplitude profile of the electromagnetic field of the light is
therefore also a top hat. As previously established, the Fourier transform of a top hat
function is a sinc function, but we observe the intensity of the diffraction pattern not
its amplitude. Since intensity is directly proportional to amplitude squared, it should
not be surprising that the diffraction pattern is a sinc® function.

Now, consider the setup shown in Fig.7.5a where we place a lens at L with a focal
length, f = % At L we would expect to recover an image of the Fourier transform of
the slit. If we then place an identical lens (i.e. a X 1 magnification setup) at %L, then
at 2L we might expect to recover a perfect image of the single slit, as shown in
Fig. 7.5b. However, as the inclusion of the word “perfect” in the previous sentence
might imply, this is not what happens. Instead at 2L a blurred image is observed
similar to Fig. 7.5c.
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L

b)

c)

Fig. 7.5 A simple imaging system observing a single slit. (a) Diagram of a single slit imaging
setup with a x 1 magnification. Diffraction orders captured by the imaging setup are shown in green.
Diffraction orders not captured by the imaging setup are shown in red. (b) Ideal image of the single

slit. (¢) Diffraction limited image of the ideal single slit
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This occurs because a lens at L has a finite aperture. Therefore, only a finite
portion of the diffraction pattern is collected by the imaging lens. In other words,
only a finite range of spatial frequencies are collected by the imaging lens. This is
shown in Fig.7.5a where certain diffraction orders are within the lens apertures and
therefore propagate through the system, whereas others are not collected and there-
fore are missing when the final image is formed. When these spatial frequencies are
used to construct an image at 2L by the second lens, the absence of the higher order
spatial frequencies leads to an incomplete reconstruction of the original object, in
this case a single slit. In effect, the imaging lens acts as a low-pass filter on the spatial
frequencies. The spatial frequencies which are captured by the imaging system as
said to be within the observable region.

In the lateral reciprocal plane, k. k,,—that is, the spatial frequency plane which is
reciprocal to the lateral optical plane xy—the observable region has a radius w; as
shown in Fig. 7.6a. In the simple example considered previously, this would be the
radius of the imaging lens at L. Modern microscopy systems are considerably more
complex than this and contain a number of lenses which collect the diffracted spatial
frequencies. As such, we define a quantity, numerical aperture or NA, which
describes the effective aperture of the entire imaging setup. The radius of the
observable region in the k,k, plane is defined as

__2NA

1 (7.11)

w;
which observant readers will note is the reciprocal of the Abbe diffraction limit
[6]. The bounds of the observable region in k, differs since the intensity spectrum in
k, is independent of the object nature and the point spread function (PSF) [5]. The
bounds of the observable region in k, can be shown to be

Ko |
2

ke = 5577 (o = [[ko |

), (7.12)

for ||k,,|| < w;, where ||k,| is the length of the vector denoting the lateral spatial
frequencies, (k. k,) and 4 = 27” [5]. Figure 7.6b shows the projection of the
observable region onto the axial spatial frequency plane, k&, The maximum
extension of this observable region, w,, is given by
_of

00 =g (7.13)

From Eq. (7.12), we can see that unlike the observable region for the lateral
spatial frequencies, the observable region in k, is bandpass limited at both high and
low spatial frequencies. This results in the “missing cone” phenomenon which limits
the axial spatial frequencies which are able to be collected, in turn limiting the axial
resolution [7, 8]. This, coupled with the fact that for all practical cases w, < o,
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/— w, _kx

b)

Fig. 7.6 Visualisation of the observable region of a conventional imaging system. (a) The
projection of the observable region onto the k,k, plane. (b) The projection of the observable region
onto the k.k, plane. (c) The full observable region for a conventional widefield microscope in
reciprocal space as a 3D render
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explains why the axial resolution is always worse than the lateral resolution of a
system. Figure 7.6¢c shows the complete 3D observable region, obtained by rotating
Fig. 7.6¢ around the k_ axis resulting in a torus-like 3D observable region which they
can be described by

. k,
oo~ | 1 7 kol <orana ey <ol gy

0, otherwise

Only spatial frequencies within this observable region contribute to the observed
image. If we consider an illumination wavelength of 561 nm and a numerical
aperture of 0.7—typical values for a widefield air objective imaging system—we
obtain w; = 2.50 x 10® m~". Since spatial frequencies have a corresponding peak-to-
peak separation, for this imaging system we can see that objects which are laterally
separated by less than % =400 nm cannot be separated since no lateral spatial

frequency with a peak-to-peak separation of less than 400 nm is captured by the
imaging system. So produced images cannot contain objects with less than that
lateral separation.

Individual objects which are below the resolution limit will still be observed,
since a portion of their intensity is captured within the observable region and form an
image. However, their apparent size will still be defined by the resolution limit, since
the spatial frequencies required to construct an image with dimensions smaller than
this are not available.

For a practical demonstration of the effects this observable region has on the
image of a sample, take the ideal image presented in Fig. 7.7a. As shown in Fig. 7.7c,
this image has a complete set of the spatial frequencies present in the underlying
structure. Once a diffraction limit is imposed on the ideal image, Fig. 7.7b shows that
although much of the large structures remain clearly visible, many of the fine
structures such as spacing between individual leaves, small ripples of water, or
patches of lichen on the rocks are no longer observable. In the power spectrum
shown in Fig. 7.7d, the only spatial frequencies with non-zero values are those
within the observable region.

7.4  Principles of SIM

What follows is not a rigorous derivation of the mathematical framework which
underpins SIM imaging and reconstruction. Rather it is meant to provide readers
with an intuitive understanding of the principles which are employed in SIM. For a
more rigorous explanation of the mathematics, consult the papers references in the
Further Reading section at the end of the chapter.
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Fig. 7.7 The impact of a
finite observable region on the
resolution of an image. (a) an
ideal image, (b) a resolution
limited image, (c) the power
spectrum of the ideal image.
(d) The power spectrum of the
resolution limited image. The
only spatial frequencies which
have any power in them are
those within the observable
region

b)

d)
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This implementation of SIM is best understood through the moiré effect. Two
patterns, such as those shown in Fig. 7.8a, b, which are simply two-dimensional
positive sinusoids of the form:

fy) =1+ cos (t.x + .7,y + by), (7.15)

where x and y are the lateral coordinates, and 7, and 7, are the frequencies of the
sinusoid in the x and y axis, respectively, and are multiplicatively superimposed on
one another will produce a beat pattern—moiré fringes—such as those shown in
Fig. 7.8c. Using the convolution theorem, the Fourier transform of this superposition
is equivalent to the convolution of the Fourier transforms of the two original patterns
[9], as shown in Fig. 7.8d-f.

For SIM, one of the patterns is the underlying biological structure—or more
specifically the spatial distribution of fluorophores—and the other is the spatially
structured excitation illumination. The moiré fringes arising from the superposition
of these two structures can be coarser than either of the original patterns, meaning
that information arising from biological structures beyond the resolution limit of the
microscope and a known illumination pattern can be observed. These moiré fringes
contain information about these super-resolution structures and the super-resolution
information can be extracted from the moiré fringes, effectively extending the
observable region of a microscope beyond the diffraction limit [10].

In order to provide an intuitive understanding of SIM, let us look at a simulated
example of 2D SIM. Here we will return to the ideal image from Fig. 7.7a. As we
have already seen, only a portion of the spatial frequencies present are within the
observable region, and therefore we obtain a diffraction limited image as shown in
Fig. 7.7b. We are imaging our sample with fluorescence, where the sample intensity
distribution is a multiplication of the illumination distribution with the sample
fluorescence distribution. If we multiplicatively superimpose on the ideal image
from Fig. 7.7a, a sinusoidal pattern similar to that presented in Fig. 7.8a with a
known frequency, z, and phase, ¢, we obtain D(r)I(r) which is shown in Fig. 7.9a,
where D(r) is the underlying sample structure and I(r) is the illumination pattern.
From the convolution theorem we know that the Fourier transform of this image is a
convolution of the image Fourier transform and the sinusoidal pattern Fourier
transform, which results in an image with three identical copies of the same Fourier
spectrum albeit it centred on different frequencies, as shown in Fig. 7.9b. We

~/
therefore obtain a resultant Fourier spectrum, F of the form:

=~/

F (k) = ¢ *D(k + 7) + D(k) + ¢’D(k — 7), (7.16)

where D is the Fourier transform of the sample structure. However, the observable
region still limits the spatial frequencies which can be captured by the imaging
system, as shown in Fig. 7.9c. This results in a Fourier spectrum described by
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d) €)
Fig. 7.8 Visualisation of moiré fringes. (a—b) Shows two spatially structured images. (¢) Shows
the resultant moiré fringes arising from the interference of (a, b). (d—f) Shows the respective Fourier

transforms of (a—c). Note that (f) is a convolution of (d) and (e)
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c)

d)

e)

Fig. 7.9 Workflow of simulated 2D-SIM resolution enhancement. (a) The ideal image from
Fig. 7.7a with a sinusoids pattern multiplicatively imposed on it. (b) Complete Fourier transform
of (a). (¢) The frequency components of the Fourier transform within the observable region. (d)
Contribution to the Fourier transform in (b) arising from the convolution of the underlying image
structure, 5(k) , and the Fourier illumination component centred on [k, = 7,k, = 0]. (e) The
frequency components of the convolution within the observable region. Spatial frequencies which
are normally outside of the observable region, the super-resolution spatial frequencies, are shaded in
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~1 ~ ~

F (k) = O_,(k)e "Dk + 1) + Oo(k)D(k) + O, (k) D(k — 7), (7.17)

where (~)m is the optical transfer function of the imaging system, the Fourier
transform of the point spread function (PSF). Let us now consider the contribution
from the only one of the components, e’"”f)(k + 7), which is shown in Fig. 7.9d.
When we consider the region of this component which is within the observable
region, Fig. 7.9e, clearly some spatial frequencies are ones which are already
captured in conventional, widefield imaging. However, due to the lateral shift of
the Fourier spectrum there are many spatial frequencies which were not previously
within the observable region which are now captured by the imaging system, shown
shaded in green in Fig. 7.9e. These spatial frequencies, beyond the resolution limit of
the imaging system, contain the super-resolution information.

By isolating them and laterally shifting them to the correct position relative to the
central contribution, the observable region is laterally extended. This enhanced
resolution information is on and near to the line subtended by the Fourier
components of the structured illumination pattern, shown shaded in green in
Fig. 7.9f. To cover the whole range of angles the illumination pattern is rotated
and the observable region can be extended in multiple directions, shown shaded in
Fig. 7.9g. Rotating the illumination pattern such that the various Fourier components
are spaced % from one another gives a near isotropic improvement in lateral resolu-
tion. The comparison between a true isotropic doubling of the resolution limit and
the extended observable region created by 2D-SIM is shown in Fig. 7.9h, with the
difference in observable region extent shaded in magenta. Figure 7.91 shows a
2D-SIM reconstruction of the diffraction limited image shown in Fig. 7.7b. Clearly
Fig. 7.91 recovers many of the fine details which are unobservable in Fig. 7.7b and
appears far closer to the ideal image shown in Fig. 7.7a.

Readers may be wondering how the contributions from the 3 Fourier components
can be separated. This problem is actually relatively simple to understand. If we
consider any single Fourier spatial frequency within the observable region k;, then
according to Eq. (7.17), the amplitude at the frequency k; is a sum of three
contributions. In other words, it is a linear equation with 3 unknowns. As is well
documented, if one has N linear equations with N unknowns, then one can solve this
system of linear equations and obtain the value for each of the unknowns. Since each
of the contributions has not only a phase component, ¢*? | but this phase component
is different for each contribution, by varying the phase of the structured illumination

<
«<

Fig. 7.9 (continued) green. (f) The extended observable region when the super-resolution spatial
frequencies are laterally shifted to their correct locations. (g) The extended observable region when
sinusoidal patterns of multiple direction are imposed on the ideal image, imaged through the
observable region and the super-resolution frequencies are relocated to their correct position. (h)
Comparison between a true isotropic doubling of the resolution limit and the extended observable
region shown in (g). The regions where the extended observable region does not match the doubled
resolution limit are shown in purple. (i) A 2D-SIM reconstruction of the diffraction limited image
shown in Fig. 7.7b, imaged through the extended observable region
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pattern for different images it is possible to solve this system of linear equations for
each spatial frequency and thereby determine the contribution of each Fourier
component. Since the contributions are laterally translated by a known amount,
=7, it is possible to translate them to their correct position, leading to an extended
observable region.

From this explanation it should be intuitive why, for each angle we wish to extend
the observable region in 2D-SIM, we require 3 images. However, for 3D-SIM we
have 7 Fourier components and so it might seem like there has been an error when
we say we only need 5 images per angle. Here, we utilise the property of the Fourier
transform of real functions described in Eq. (7.3) and can conclude that the +k,
contributions are identical to the —k, contributions. We therefore only have
5 unknowns rather than 7, and therefore only need 5 images to solve this system
of linear equations.

7.4.1 Reconstructing a SIM Image

The general process of reconstructing a SIM image from multiple raw widefield
images takes several steps, described below but there are a few general points to be
made first. The exact mathematical description of the reconstruction will not be
covered here, but it is readily available in the literature and there a number of open-
source implementations [10-14].

The SIM reconstruction relies upon information shifted in frequency by the
stripes (or other patterns) in the illumination, then propagated into the recorded
image. The most critical factor in gaining good SIM reconstructions is to have high
contrast in the original illuminating stripes and in the produced fluorescent images.
This is influenced by both the optical setup and the sample. Imaging at depth with
SIM is challenging as sample-induced aberration, usually spherical aberration,
reduces and finally eliminates stripe contrast as you image deeper into the sample.
Two common techniques to reduce, or eliminate spherical aberration, are to vary the
refractive index of the immersion oil or to use an objective with a correction collar.
Either of these techniques can dramatically improve stripe contrast and hence
reconstruction quality. However, it should be noted that mismatch between the
immersion and sample refractive indices often mean this correction only applies
over a limited depth range. Dispersion, variation of the refractive index with
wavelength, in samples can also mean the required correction differs at different
wavelengths. Additionally imaging samples with high out of focus background is
much more challenging than samples with very low background.

The steps in the SIM reconstruction process are:

1. The images are converted into reciprocal space using a Fourier transform.

2. The multiple images at a single orientation are used as a set of linear equations to
extract the components due to the different Fourier elements in the excitation
light.
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3. The components are then divided by the optical transfer function to normalise the
amplitude of information at different spatial frequencies as the microscope
detected the different spatial frequencies with a varying sensitivity.

4. The normalised components are then shifted to their correct positions and com-
bined to generate an extended resolution image in reciprocal space. The exact
shift used is usually optimised on an image by image basis by finding the highest
correlation between the expected overlapping regions in the images from the
multiple components. This allows correction for errors introduced by small
changes in the optical setup due to issues such as temperature variations.

5. Steps 2-4 are repeated for each orientation. As previously mentioned, often there
are three orientations as this minimises the number of images required while
producing an almost isotropic result.

6. All orientations are combined to produce a single reciprocal space image.

7. The combined reciprocal image then has a frequency based filter applied, usually
a Weiner filter is used.

8. Finally the reciprocal space image is inverse Fourier transformed to generate the
final reconstruction.

The spatial filter has two effects, it produces an image which is comparable to
other microscope images, it effectively reverses the division by the OTF which was
applied earlier, but with a synthetic OTF which has twice the frequency limit, as the
image has double the resolution. Secondly, the filter strongly suppresses high
frequency noise that is amplified in the initial processing as the original noisy data
is divided by the OTF. The OTF has low amplitude near the edge of the observable
region meaning noise here contributes more to the final image.

In 2D SIM the above processes are performed in 2D, whereas in 3D SIM the
processing uses 3D images throughout. In 3D SIM this means that the processing
can account for the out of focus contributions and properly double the resolution in Z
as well as in the XY directions. This does depend on the original 3D image stack
including in focus information for all significant contributions. Meaning thicker
samples may require large stacks to ensure that all significant fluorescence has
both in focus and out of focus information included.

The initial stages of the processing are entirely linear and well constrained. The
final filtering step does introduce a non-linear element but is extremely important to
suppress high frequency noise components. The effective cut-off frequency of the
final filtering can be tuned to play off resolution against noise, with stronger filtering
eliminating more high frequency noise at the cost of lower resolution in the final
reconstruction.

The output reconstruction quality depends on many factors and data quality
should be carefully checked to ensure that experimental conclusions are adequately
supported by the imaging data. There are resources for sample preparation, imaging
and data quality assessment available [15-17].
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7.5  Strengths and Limitations of SIM

Each super-resolution technique has benefits and drawbacks which need to be
considered when employing them including; the resolution required (both laterally
and axially), the acquisition speed, photodamage incurred, depth of imaging, and
multi-colour capability [16, 18].

Although it has a modest resolution improvement—only x2 compared to con-
ventional microscopy much less than stimulated emission depletion (STED) micros-
copy and single-molecule localisation microscopy (SMLM) which offer many times
that, SIM a widely applied super-resolution technique for biology for a number of
reasons [16, 19]. The number of images required in order to reconstruct a super-
resolution SIM image is typically 9 for 2D SIM and 15 for 3D SIM, determined by
the number of lateral Fourier components in the illumination pattern—3 for 2D SIM
and 5 for 3D SIM—and the number of stripe angles used to rotate the illumination
pattern through, typically 3. This relatively low number of images per reconstruction
has a number of benefits. Firstly, the temporal resolution is considerably higher for
SIM than for point-scanning super-resolution techniques, such as STED, or SMLM
techniques which require a great deal more images per reconstruction [16, 20]. Sec-
ondly, each of these images is fundamentally still a widefield-style image and
therefore has a lower light-dosage per image than STED or SMLM techniques.
The lower light-dosage per image combined with fewer total images required per
reconstruction contributes to a low photodamage impact. Finally, SIM is easily
expandable to multi-colour imaging using a wide range of standard fluorophores
not requiring specific dyes, or imaging buffers [21, 22]. Overall, SIM is a super-
resolution technique well suited to biological imaging, particularly imaging dynamic
biological processes.

Take Home Message

e Structured illumination microscopy is one of the most widely used super-
resolution techniques in modern microscopy.

¢ The low-light dosage, low number of images required to achieve super-resolution
and multi-colour extensibility make it well suited to biological imaging, particu-
larly in live samples.

e The quality of your final super-resolution images is critically dependent on
having a high-contrast structured illumination pattern in the images used for the
reconstruction.

¢ The resolution improvement relative to other super-resolution techniques is
modest.
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