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Abstract

Abstract

Structured illumination microscopy (SIM) is part of the super-resolution
methods developed at the beginning of this century. To produce a
super-resolution image SIM requires three things: 1) illumination of the
sample with a periodic pattern, 2) acquisition of multiple images per plane
under different pattern’s phases and orientations and 3) the processing of
these images has to be carried with a reconstruction algorithm. The result
of the reconstruction is an image with a resolution gain that is proportional
to the frequency of the pattern (p,). The typical SIM set-up uses an
epi-fluorescence configuration, thus the interference angle of the beams
that create the pattern is restricted by the angular aperture of the objective.
Under this restriction the maximum value of p, is given by the cut-off
frequency of the objective lens and sets at 2 the maximum resolution gain
of SIM under linear illumination.

In the first part of this thesis we present the implementation and
characterization of the 2D-SIM set-up designed by Dr. Bo-Jui Chang (B-J.
Chang et al., PNAS 2017), this design exploits the concept introduced by
light-sheet microscopy, i.e. separation of illumination and detection paths
to obtain resolution gains larger than the usual two-fold (Chapter 3). The
set-up is named coherent structured illumination light-sheet based
fluorescence microscopy (csiLSFM) and it consists of a triangular array of
three objectives, such that two are used for illumination and one for
detection. With the independent illumination arms is possible to interfere
two coherent light-sheets at angles beyond the angular aperture of the
detection lens, attaining the maximum interference angle of 180° when the
light-sheets counter-propagate. This condition delivers a pattern with a p,
1.4 times larger than the cut-off frequency (w,), hence our set-up provides
generic resolution gains of 2.4.



Abstract

The extraction of the high spatial frequencies that produce the resolution
gain in the csiLSFM is a challenge due to a low pattern modulation. The
low modulation inherently arises because the frequency associated to the
pattern period lies beyond the cut-off frequency of the detection lens. To
overcome this challenge we developed a filtering strategy that facilitates
the withdrawal of information from a SIM data set, simultaneously the
proposed filtering process optimizes the reconstruction algorithm by
reducing the periodic artifacts that are recurrent in SIM images. In this
same chapter we also performed an spectral analysis of the artifacts and
determined that they originate from irregularities in the power spectrum
that occur due to the partial or total lack of certain spatial frequencies
(fig.4.2 and 4.3), our reconstruction reduces this information drops and
diminishes the artifact occurrence. The relevance of our reconstruction
pipeline is that it delivers a standardized process to enhance the SIM image
in a current context in which the commonly used reconstruction algorithms
employ empirical tuning to improve it (fig.4.13). Moreover, the pipeline is
applicable to the csiLSFM data and also to images acquired with any other
2D-/3D-SIM set-up (fig.4.10 and 4.11).

The processing of various image data sets acquired with the csiLSFM
exposed us to the question of how low the modulation of the illumination
pattern can be before no super-resolution frequencies can be extracted.
Answering this question is important to guarantee that the SIM data
contains enough spatial frequencies to provide significant resolution gains.
Thus in chapter 5 we developed a quantitative metric to indirectly
determine the pattern modulation from the SIM data and find its critical
value to use it as evaluation criterion. We called this metric the quality
factor (Q-factor) and it represents the normalized strength (amplitude) of
the extracted frequencies respect to the Gaussian noise contained in the
images. Through simulations we estimated that Q=0.11 is a critical value
and a SIM data set requires this as minimum value is to deliver a
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significant resolution gain. Q works then as an assessment tool for
classifying SIM data as optimal or sub-optimal, i.e. Q>0.11 or Q<0.11.
We demonstrated such application with data acquired in various SIM
commercial set-ups to prove its feasibility in the field (fig.5.6-5.11)

As mentioned at the beginning of this abstract SIM requires a specialized
set-up and a processing algorithm to produce super-resolution images.
This thesis contributes to these two areas in the following aspects: first, in
its linear version a structured illumination microscope is highly associated
to a 2-fold resolution gain. Here we demonstrated the possibility of
extending this gain to 2.4 using our custom set-up the csiLSFM. Second, a
reconstructed SIM image is prone to artifacts due to the mathematical
process it undergoes, here we analyzed the artifact sources and identified
them with drops of spatial information in the reconstructed spectrum,
based on these conclusions we designed a processing pipeline to facilitate
the extraction of spatial frequencies and directly reduce artifacts. A third
and final outcome of this thesis is the development and practical
implementation of a quantitative index to evaluate the quality of SIM data
in terms of its relevant information content (Q-factor). Accordingly, the
overall contributions of this work were done in the areas of SIM set-up,
SIM reconstruction procedure and SIM data evaluation.






Zusammenfassung

Zusammenfassung

Structured illumination microscopy (SIM) gehort zu den Hochauflosungs
Fluoreszenzmikroskopie Methoden, welche Anfang dieses Jahrhunderts
entwickelt wurden. Um ein hochaufgeldstes Bild mittels SIM zu erzeugen,
sind folgende Punkte zu beachten: 1) die Beleuchtung der Probe erfolgt
iiber ein periodisches Muster, 2) Pro Ebene werden jeweils mehrere Bilder
entsprechend unterschiedlicher Phasen und Richtungen des Musters
aufgenommen, 3) die Verarbeitung dieser Bilder erfolgt mit einem
Rekonstruktionsalgorithmus. Das Resultat der Rekonstruktion ist ein Bild
mit einem Aufldsungsgewinn die proportional zur Frequenz des Musters
o) ist. SIM Gerite verwenden typischerweise eine
Epifluoreszenzkonfiguration, so dass entsprechende Beleuchtungs- und
Detektionspfade gekoppelt sind. Zudem werden Interferenzwinkel der
Lichtstrahlen, die das Muster erzeugen, durch die Winkel6ffnung des
Objektivs begrenzt. Unter dieser Begrenzung liegt der Maximalwert von
po in der Ndhe der Grenzfrequenz des Objektivs. Aus diesem Grund liegt
die Einstellung des maximalen Aufldsungsgewinns von SIM auf 2 bei
linearer Beleuchtung.

Im ersten Teil dieser Arbeit présentieren wir die Umsetzung und
Charakterisierung der 2D-SIM Konfiguration von Dr. Bo-Jui Chang (B-J.
Chang et al., PNAS 2017). Dieses Design basiert auf dem Konzept der
Lichtscheibenmikroskopie, d.h. der Trennung von Beleuchtungs- und
Detektionspfaden, um einen Auflosungsgewinn grof3er als den iiblichen,
zweifachen Wert zu erhalten. Diese Konfiguration bezeichnen wir als
coherent structured illumination lightsheet based fluorescence microscopy
(csiLSFM). csiLSFM besteht aus einer dreieckigen Anordnung von drei
dhnlichen Objektiven, von denen zwei fiir die Beleuchtung und eines fiir
die Detektion verwendet werden. Um einen Auflosungsgewinn grofer als
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2 zu erzielen mischen sich jeweils zwei kohédrenten Lichtscheiben ein, in
Interferenzwinkeln jenseits der Winkel6ffnung des Detektionsobjektivs.
Der maximale Interferenzwinkel von 180° ist erreicht, wenn sich die
Lichtscheiben gegenldufig ausbreiten. Diese Voraussetzung liefert ein
Muster mit entsprechender Frequenz p,, die 1,4 mal grofler ist als die
Grenzfrequenz (w,). Deshalb Dbietet der csiLSFM einen generischen
Auflésungsgewinn von 2,4 (G1.35). Kapitel 3 stellt den optischen Pfad des
csiLSFM, die Aufbaukomponenten, die Ausrichtung und die theoretischen
Berechnungen der zu erwarteten Auflosung und den maximalen
Auflosungsgewinn Vor. Das System kann auch
folgendermallencharakterisiert werden: Zunichst wurden Kalibrierkurven
extrahiert, um die Bewegungsparameter der motorisierten Komponenten
im Aufbau mit den Phasen und Perioden des Beleuchtungsmusters in
Beziehung zu setzen (Abb.3.4 und 3.5). Zweitens wurde die
experimentelle  dreidimensionale = Punktspreizfunktion (PSF) des
Mikroskops sowohl flir Weitfeld- als auch fiir SIM-Bilder erfasst. Die
berechnete theoretische Auflosung wurde durch Vergleich mit den
Abmessungen des PSFs validiert. Die beste laterale Aufldsung des
csiLSFM betrug 91 nm und wurde mit einem Objektiv mit einer
Weitfeldauflosung von 301 nm erzielt (Tabelle 3.2). Die Mdglichkeit,
einen Auflosungsgewinn grofer als zwei in biologischen Proben zu
erhalten, wurde zudem an einigen biologischen Proben demonstriert
(Abb.3.7 und 3.8).

Aufgrund der geringen Mustermodulation ist die Extraktion der hohen
Ortsfrequenzen, welche den Auflosungsgewinn im csiLSFM erzeugen,
herausfordernd. Eine geringe Modulation entsteht dadurch, dass die der
Musterperiode zugeordnete Frequenz auBerhalb der Grenzfrequenz der
Detektionslinse liegt. Um diese Herausforderung zu bewiltigen, haben wir
eine Filterstrategie entwickelt, welche die Entnahme von Informationen
aus einem SIM-Datensatz erleichtert. Gleichzeitig optimiert der
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vorgeschlagene Filterprozess den Rekonstruktionsalgorithmus durch
Reduzierung periodischer Artefakte, die in SIM-Bildern wiederkehrend
sind. In Kapitel 4 beschreiben wir den Arbeitsablauf der vorgeschlagenen
Rekonstruktionspipeline und demonstrieren deren Umsetzung in
Datensdtzen, die mit dem c¢siLSFM und anderen kommerziellen
Mikroskopen erfasst wurden (Abb.4.4-4.12). Kern  unserer
Rekonstruktionsmethode ist die Entfaltung der Rohbilder mittelss
Richardson-Lucy-Algorithmus vor jedem Rekonstruktionsversuch. Diese
Strategie liefert hohere-rdumliche  Informationen mit groBeren
Amplituden, so dass sie in Bezug auf das Hintergrundrauschen relevanter
werden. Im gleichen Kapitel haben wir auch eine Spektralanalyse der
periodischen SIM-Artefakte durchgefiihrt und festgestellt, dass sie von
UnregelmaBigkeiten im Leistungsspektrum stammen, die aufgrund des
teilweisen oder vollstindigen Fehlens bestimmter rdumlicher Frequenzen
auftreten (Abb.4.2 und 4.3). Unsere Strategie der Dekonvolution vor der
Rekonstruktion reduziert den Informationsriickgang und glittet das
Spektrumsprofil, um das Auftreten von Artefakten zu verringern und
zudem ein standardisiertes Rekonstruktionsverfahren zu liefern. Die
Relevanz unseres Rekonstruktionsverfahrens liegt darin, dass es eine
standardisierte Prozessierung zur Bildverbesserung bietet. Dies wird
ermoglicht in dem die gingigen Rekonstruktionsalgorithmen eine
empirische Abstimmung zur Verbesserung des Bildes verwenden
(Abb.4.13). Unsere Methode erfordert keine Abstimmung an das letztlich
hochaufgeloste Bild und kann direkt auf 2D- und 3D-SIM Datensitze
angewendet werden, wir konnten zeigen, dass unsere Rekonstruktion eine
dhnliche bis bessere Bildqualitét erreicht hat, als vergleichbar Methoden,
die in kommerziellen Mikroskope implementiert sind (Abb.4.10 und 4.11).

Die Verarbeitung verschiedener Datensétze, die mit dem csiLSFM
aufgenommen wurden, fithrte uns zu der Frage, wie niedrig die Modulation
(M) des Beleuchtungsmusters sein darf, bis keine hochauflésenden
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Frequenzen mehr extrahiert werden konnen. Die Beantwortung dieser
Frage ist wichtig, um sicherzustellen, dass die SIM-Daten geniigend
Ortsfrequenzen enthalten, um einen signifikanten Auflosungsgewinn zu
erzielen.  Gleichzeitig kann die Erkenntnis iiber einen optimalen
Modulationswert als Parameter zur Beurteilung der Datenqualitit dienen.
Somit ist die Beantwortung dieser Frage nicht nur fiir csiLSFM-Bilder
grundlegend, sondern auch fiir jeden Bildsatz, der mit einem SIM-Setup
aufgenommen wird. In Kapitel 5 adressierten wir dieses Problem, indem
wir die Mustermodulation (M) mit der in der Rekonstruktion angezeigten
Auflosung mittels des Rayleigh-Kriteriums verkniipft haben. Dann haben
wir durch eine simulierte 2D-SIM-Erfassung an einem virtuellen Sample
gezeigt, dass ein minimaler Modulationswert von M=0,5 tatsdchlich
erforderlich ist, um einen vollen Aufldsungsgewinn zu erreichen (Abb.5.1).
Die Berechnung der Mustermodulation in realen Datensétzen ist nicht
einfach, daher haben wir eine Metrik zur indirekten Schitzung der
effektiven Modulation in einem SIM-Datensatz definiert. Wir nannten
diese Metrik den Qualitdtsfaktor (Q-Faktor) und sie reprisentiert die
normierte Stirke der extrahierten Ortsfrequenzen beziiglich des Gauschen
Rauschens in den Bildern. Unsere Berechnungen und Simulationen fiihren
zu zwei wichtigen Ergebnissen: a) Der Rekonstruktionsprozess verstérkt
das Gauflsche Rauschen, genauer gesagt, die Rauschvarianz in den
hochauflésenden Frequenzen ist viermal so hoch wie die der
Standardfrequenzen (Weitfeld) (§5.1.2). b) Bei einer SIM-Erfassung, die
auf einen maximalen Aufldsungsgewinn von 2 ausgelegt ist, wird ein Wert
von (0=0,33 aus dem SIM-Datensatz benétigt, um diesen Gewinn zu
erreichen. Wenn wir dagegen einen Aufldsungsgewinn von 1,5 als
MaBstab fiir einen signifikanten Gewinn festlegen, ist ein Mindestwert von
0=0,11 erforderlich (Abb.5.3 und 5.4). Ergebnis (a) unterstreicht die
Bedeutung der Aufnahme von SIM-Datensétzen mit einem hohen Signal-
Rausch-Verhiltnis (SNR), andernfalls wird letztlich die Rauschverstirkung
in niedrigen SNR-Daten den Auflosungsgewinn und Qualitdt des
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rekonstruierten Bildes beeintrichtigen (Abb.5.5a und 5.8). Ergebnis (b)
bot eine  praktische Umsetzung, ndmlich den Wert ©Q=0.11 als
Schwellenwert fiir die Klassifizierung von SIM-Daten als optimal oder
suboptimal, d.h. Daten mit 0>.11 enthalten Frequenzen, die stark genug
sind, um einen signifikanten Auflosungsgewinn zu liefern, wihrend Daten
mit (0<0.11 dies nicht tun. Experimentelle Bedingungen wie
Laserleistung, Belichtungszeit und Musterperiode beeinflussen den Wert
von @, daher haben wir 0=0,11 als Richtlinie verwendet, um diese
experimentellen Parameter einzustellen und optimale Qualitdtsdaten zu
erhalten. Diese Anwendung wird anhand von Daten demonstriert, die in
verschiedenen kommerziellen SIM-Setups gesammelt wurden, um ihre
Machbarkeit im Feld zu beweisen (Abb.5.6-5.11). Daher ist das
Hauptergebnis von Kapitel 5 die Einfilhrung von O als quantitative
Bewertungsmetrik, die eine Datenmanagement-Entscheidung in SIM
unterstiitzt, wie z.B. eine Rekonstruktion weiter zu fiihren, eine
Neuerfassung zu versuchen oder einfach die Speicherung/Loschung der
Daten entsprechend ihrer Klassifizierung (optimal/suboptimal).

Wie bereits zu Beginn erwahnt, erfordert SIM spezielle Einstellungen und
einen Verarbeitungsalgorithmus, um Bilder mit hoher Aufldésung zu
erzeugen. Diese Doktorarbeit trdgt zu diesen beiden Voraussetzungen mit
folgenden Aspekten bei: 1) In seiner linearen Version besitzt ein
strukturiertes Beleuchtungsmikroskop einen 2-fache Auflosungsgewinn.
Hier haben wir mit Hilfe unseres kundenspezifischen Mikroskops die
Moglichkeit demonstriert, besagten Gewinn auf 2,4 zu erweitern was
durch die Trennung der Beleuchtungs- und Detektionspfade erreicht
wurde. 2) Ein rekonstruiertes SIM-Bild ist aufgrund des mathematischen
Prozesses, den es durchlduft, anféllig fiir Artefakte. Hier analysierten wir
die Ursachen der Artefakte und identifizierten sie als Riickgang rdumlicher
Informationen im rekonstruierten Spektrum. Basierend auf diesen
Schlussfolgerungen etablierten wir eine Abfolge zur Bildverarbeitung , um
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Artefakt-reduzierte Bilder liefern zu konnen. 3) Die Entwicklung und
praktische Umsetzung eines quantitativen Index zur Bewertung der
Qualitdit von SIM-Daten in Hinblick auf ihren relevanten
Informationsgehalt (Q-factor) markiert den letzten Beitrag der Thesis. Die
Gesamtbeitrige dieser Arbeit sind in den Bereichen SIM-Setup, SIM-
Bildrekonstruktion und SIM-Datenauswertung angegliedert.

Vi
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1 Introduction

1.1 Historical outline

Optical microscopy has reached an apex of development built largely on
the advancements made during the second half of the 19" century and
along the entire 20™ century* 3. Building a custom microscope that can be
adapted to the experimental needs and produce high quality images is
possible thanks to the manufacturing of quasi aberration-free optics,
production of faster and more sensitive photon detection devices and the
ease of use delivered by the digital control of various microscope
components.  The current diversity of lenses, filters, light sources,
fluorescent tags, cameras, motorized elements and sample mounting
methods allow the flexible design of a microscope around a particular
sample and experiment of interest rather than adapting a sample to the
constraints of a rigid system.

The first microscopes built in the late 1600s by Robert Hooke and Antoni
van Leeuwenhoek used candles and oil lamps to illuminate the sample**,
the light transmitted through the sample would then generate the contrast
that formed the image of the magnified object. Although transmittance
microscopy still works very well for observing heterogeneous or
semi-transparent samples like tissues, it hardly generates sufficient detail to
distinguish specific proteins or organelles in cells. The progress on the
understanding of light-matter interactions, the invention of the laser and
the discovery of fluorescent proteins and dyes lead to the development of
new contrast mechanisms which involve linear and non-linear interactions
between the illumination light and the sample. As response to the
interaction the sample emits light, whose detection provides the contrast to
form the image. Depending on the physical phenomena involved in the



Chapter 1

interaction, the emitted light also provides structural and spatial
information about the sample, for instance: fluorescence microscopy
combined with fluorescent tagging facilitates the localization of very
specific proteins and biomolecules within the cells™, second harmonic
generation provides information on the orientation of spatially ordered
biomolecules like collagen fibers'’'®, Férster resonance energy transfer
microscopy serves to infer (un)folding of proteins and fluorescence-
lifetime microscopy can determine interactions between molecules™®%,
These examples are part of the long list of microscopy methods at the
current disposal of researchers but along with these a variety of
illumination and detection modalities are also available. Their purpose is
to improve image quality by reducing unwanted signals, such as
background or out-of-focus light. The standard modality, the wide field,
illuminates the whole sample volume and detects the light emitted within
and out of the focal volume of the detection lens, therefore producing
images with a notable blur. The reduction of out-of-focus light is done by
modifications in either the illumination or detection paths as achieved by
the total internal reflection®, confocal® and light-sheet modalities®* %, the
three of them representing an improvement over the wide field mode in
terms of image contrast and axial resolution.

When designing an imaging experiment with optical microscopy it is
important to consider the compromise of three parameters: spatial
resolution, temporal resolution (acquisition speed) and the photodamage
that can be caused to the sample. Any microscopy method that
dramatically improves one of these parameters without considerably
worsening the other two is usually considered a step forward since a better
compromise has been achieved. A large part of the research efforts in the
last 20 years were focused on increasing the spatial resolution, to realize
this it was necessary to develop methods that could circumvent the
resolution limit established by Abbe in 1873 The limit is inherent to the
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wave nature of light and it establishes that the best achievable resolution
for an optical microscope is about 200 nm. Around the beginning of the
21*" century three main methods were developed to circumvent this limit
and bring resolutions down to 20-100 nm, the family of methods is referred
as super-resolution microscopy and is comprised by: stimulated emission
depletion (STED)*®?', structured illumination microscopy”®* (SIM) and
stochastic optical reconstruction/photoactivated localization microscopy
(STORM/PALM)**=*. The way these methods extract spatial information
beyond the classical resolution limit is by modulating the intensity of the
fluorescence emission across the field of view in either a controlled
manner, like in STED and SIM, or stochastically, like in STORM/PALM.
From a unifying standpoint the three methods represent different
implementations of the same intensity modulation principle.

In this thesis we focus on SIM microscopy, a method that requires
acquisition of multiple images per plane and a reconstruction algorithm to
fuse them into a single image with a resolution gain of two®*°. We aimed
at improving three aspects of the technique: extend its resolution gain,
reduce artifact occurrence in the reconstructed images and develop a
quantitative criterion to evaluate the quality of SIM images.

1.2 Scope and structure of this dissertation

This script reports the results of four research projects: 1) Coherent
structured illumination light-sheet based fluorescence microscopy™
(csiLSFM), 2) optimization of SIM reconstruction algorithm for periodic
artifact reduction®”, 3) quantitative criteria for raw image quality in SIM
(Q-factor) and lastly 4) the implementation of an autofocusing mode in a
digital scanned laser light-sheet fluorescence microscope (DSLM). The
first three projects are linked to each other and comprise the core of this
thesis, their results are presented in chapters 3, 4 and 5 respectively.
Previous work on the field of SIM and the theoretical background relevant
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to this dissertation is presented in chapter 2. The discussion of the results
is carried out in chapter 6. The results of the fourth project have been
relegated to the appendix as they do not relate to the SIM topic.

The graphical summary of the thesis can be found in fig.1.1; to get
acquainted with the four projects we shortly describe them in the following
paragraphs:

1)

2)

Coherent structured illumination light sheet based fluorescence
microscopy (csiLSFM): The resolution gain in a SIM set-up is
inversely proportional to the period of the illumination pattern. The
traditional implementation of SIM uses the epi-fluorescence
configuration which couples the illumination and detection paths into a
single objective, hence the smallest attainable pattern period is
restricted by the numerical aperture of the objective. This restriction
translates into a maximum resolution gain of 2%. In this project we
assemble a microscope to produce lateral resolution gains larger than
usual two-fold. Our microscope is assembled in a light sheet fashion,
i.e. with independent illumination and detection paths. Two light
sheets interfere to illuminate the sample with a 2D sinusoidal pattern.
The interference angle, which determines the pattern period, is tunable
and allows resolution gains from 2 to 2.4%.

Optimized SIM algorithm to reduce artifacts: The general workflow
of SIM is the acquisition of multiple raw images per plane followed by
a reconstruction algorithm that fuses the spatial information of all the
images into a single super-resolved image, the latter is prone to
artifacts due to the mathematical processing it underwent. The
standard way to reduce the artifacts is to dim them by empirically
tuning the spectrum of the reconstructed image with an apodization
function?**®. Opposite to this approach, we determined the sources of
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3)

4)

the artifacts and filter them out by deconvolving the raw images. This
strategy directly decreases artifact occurrence in the super-resolution
image and provides a more standardized reconstruction procedure®.

Q-factor: Every microscopy method has its limitations, SIM can
occasionally underperform and deliver no resolution gain due to a low
modulation of the illumination pattern®*. The effective modulation is
affected by the SNR, sample structure and pattern period. We defined
a parameter to calculate the effective modulation and also estimated its
range of values at which optimal raw image quality is achieved.
Hence this parameter, referred as Q-factor, delivers a quantitative
guideline to tune experimental parameters in order to achieve optimal
image quality.

Autofocusing in the DSLM for multi-layer sample mounting:
Mounting optically cleared samples for fluorescence imaging involves
multiple layers of materials with different refractive indices***!. This
causes a defocusing aberration that grows as deeper planes of the
sample are imaged because the focal plane of the detection lens shifts
as function of the imaging depth. If the step-size of the focus shift is
known it is possible to move the detection lens to compensate the
aberration and directly re-focus at each plane of a 3D stack. We
calculated this step as function of the experimental conditions, i.e.
materials’ refractive indices and numerical aperture of the lens, and
used it to implement an auto-focusing modality in the DSLM system
to obtain 3D images of cleared spheroids.
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— core
Structured illumination fluorescence
microscopy
[ I
Set-up Image . Image
reconstruction assesment
1) csilLSFM: 2) Optimized 3) Q-factor: a
SIM+light-sheet to reconstruction for quantitative
obtain 2.4 artifact reduction quality criterion
resolution gains. in SIM for SIM images.
— appendix

Digital scanned light-sheet fluorescence
MiCcroscopy
]
Imaging of cleared spheroids

|
4) Auto-focusing in the
DSLM for correcting
defocusing due to
refractive index mismatch

Fig.1.1 Graphic summary of the thesis. The main scope of the thesis is structured
illumination microscopy. The method is built upon a set-up, a reconstruction algorithm
and image quality assessment (white squares). The results presented in this thesis
contribute in each of these research lines with three projects (blue squares): 1) a new
set-up configuration, 2) a standardized image processing for artifact reduction and 3) a
quantitative image quality criterion. These three projects form the core of the script.
4) The appendix presents a side project concerning the implementation of an auto-
focusing mode for adequate imaging of cleared spheroids in the digital scanned laser
light-sheet microscope (DSLM).
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2 Background

2.1 Image formation in real space

The image in a microscope is formed when the light emitted by the sample
propagates through the detection lens and reaches a photon detection
device like a camera or a photomultiplier tube. As the light propagates
from the sample its wavefront undergoes a spreading process formally
known as diffraction. This phenomenon is the reason why a light emitting
point will not be detected as such but rather as a blob. The blob is the
correspondent image of a point and its intensity profile is called the point
spread function (PSF). Mathematically a microscope is a device that
maps, with its associated PSF, the object space (sample) into the image
space (fig.2.1a); specifically, the image O(x,y,z) of a sample is formed by
the convolution of the PSF with the spatial distribution of light emitters in
the sample, S(x",y’,z2"), (eq.1).

0(x,y,2) = f Sy, 2 )PSF(x' — x,y' —y,2' — 2) dx'dy'dZ’ 1)

If the integral notation is substituted by the convolution operator *, eq.1 is
written as:

O(x,y,z) =S * PSF. 2

Due to the convolution operation, the image formation process in real
space is interpreted as the blurring of the sample structures by the PSF
(fig.2.1b/c/d).
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2.2 The point spread function and spatial resolution
The dimensions of the PSF serve as estimation of the spatial resolution that
a microscope can achieve. The PSF of each microscope has to be
calculated by applying Maxwell’s equations to the emitted light while
considering all the optical elements that it encounters along its path. The
simplest model, known as the Born & Wolf model*, considers three
elements: 1) a detection objective of numerical aperture NA and
magnification M, 2) a sample emitting light of wavelength A, and 3) a
medium of refractive index n between the sample and the front surface of
the detection lens (fig.2.1a). Under these conditions and considering a
paraxial approximation the intensity profile of the point spread function in
the image plane (z=0) is equal to**:

2nNA \\°

PSF(x,y,0) = [IE(x,y,0)||* ®)

with p = \/x? + y2. The expression in eqg.3 is known as Airy function, it
consists of a central bright disk surrounded by multiple intensity-decaying
rings (fig.2.1c). The integral under the disk accounts for 84% of the
power*?, hence the disk dimensions represent an approximation of the PSF
own lateral dimensions. The disk’s radius p, is used as criterion of the
lateral spatial resolution (dy,) and it is given by the argument of the first
minimum of eq.3, thus™:

AemM

NI (4)

po = 0.61
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The magnification factor M vanishes in the object space (fig.2.1c),
therefore the actual lateral resolution of the microscope will be:

A
dyy = 0.61 1\;’;’1‘ (5)

The axial component of the PSF is*:

sin (LAZ Z)
2nM? e

z

2

PSF(0,0,2) (6)

Using the same resolution criterion as done with the lateral component, the
axial resolution of the microscope turns out to be:

Nem
NAZ'

d, =2 O]

The functions in eg.3 and 6 are obtained by calculating the intensity of the
emission’s electromagnetic field, this is given in an integral expression in
the Born & Wolf model*’. To save time in the calculation of the integral
and simplify the handling of the PSF, this is often approximated by a 3D
Gaussian function** with its full width half maxima (FWHM) having the
values of the lateral and axial resolutions (eq.8).

2 2

X X z?
PSF(x,y,z) x=exp |-2.77 | —5+——=+— (8)
xy dxy d,
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(a) Objectspace  PSFx object Image space
Sx’y'z) 4 A O(xyz)

Detection |Iens (NA) I

Object/Sample

| Emission
L light (A,,)

PSF Image

.
sttt

Real space

Frequency space

Fig.2.1 Image formation in real and frequency space. (a) Scheme of the elements
involved in the imaging process. Sample, detection lens, emission light and immersion
medium of refractive index n. The sample S lies in the object space (x’, y’, z’) and the
image O in the image space (X, y, z). (b) A dotted spiral used as sample to illustrate the
image formation process. (c) Two dimensional PSF calculated from eq.3, using NA=1
and an emission wavelength of 600 nm. (d) The image of the spiral is formed by the
convolution of the sample with the PSF. (e) The Fourier transform of the sample
encodes it into spatial frequencies (k,ky). (f) OTF with a cut-off frequency w,. (g) The
Fourier transform of the image is the result of multiplying the Fourier transform of the
object and the OTF.

10



Sec.2.3

2.3 Image formation in frequency space: optical transfer
function

When applying the Fourier transform to eq.2 the convolution operation is

transformed into a multiplication of the Fourier transforms of the object (5)

and the PSF (PSF):

0(ks ky k;) = S(R)PSF(K) = $(k)0TF(R) ©)

The transform of the PSF is called the optical transfer function (OTF) and
it provides a basis for another perspective of image formation, which we
will illustrate in 2D with the lateral PSF given in eq. 3. The OTF of this
function is a window that only permits the pass of certain frequency extent
(fig.2.1f); since the sample structure is coded as frequencies in S (fig.2e)
an image is a frequency limited version (0) of the original object structure
(fig.2.1g). The largest spatial frequency that the OTF is capable of
transmitting is called the cut-off frequency (w,), its value holds a
reciprocal relation with the spatial resolutions dy, and d,, thus in the case of
the lateral resolution:

NA

T 0.610,, (10)

Wo

The cut-off frequency is directly proportional to the NA of the detection
objective, under the OTF interpretation the higher the NA the more
frequencies are captured and so a more detailed image of the sample is
possible. An image is a limited resolution version of object; the limit is
imposed by the light diffraction which is mathematically reflected in the
finite size of the PSF (eq.5) or equivalently by the cut-off value w, in the
frequency space. Understanding the image formation process in terms of

11
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the OTF comes at hand in section 2.5 where the reconstruction algorithm
of SIM is treated.

2.4 SIM overview and set-up configurations

SIM is a fluorescence microscopy super-resolution method developed by
M. Gustafsson to obtain two-fold resolution gains respect to Abbe’s
limit”®?,  The method illuminates the sample with a sinusoidal pattern
created by the interference of two or three beams. The former
implementation is referred as 2D-SIM and only provides lateral resolution
gains, the latter is called 3D-SIM and it delivers both lateral and axial
gains. The method introduced by Gustafsson was implemented in an epi-
fluorescence configuration but it can be combined with other fluorescence
microscopy techniques, such as TIRF or light-sheet, to add up benefits to
the acquisition (fig.2.2).

Figs.2.2a/c show the standard set-up of 2D-and 3D-SIM respectively. In
2D-SIM two Gaussian beams (green) are focused on the back focal plane
of the detection objective and interfere at the focal plane to create an
intensity profile that presents a periodicity only on the xy plane (fig.2.2a
top right). In 3D-SIM a third beam is occupied to introduce periodicity
along the z direction (fig.2.2c plane zy). A rule of thumb in SIM is to
expect resolution gains along the directions where the pattern presents
periodicity, hence if isotropic lateral resolution gains are sought the pattern
must be rotated around the z-axis during acquisition (fig.2.3a/b/c).

Figure 2.2b shows the combination of 2D-SIM with a total internal
reflection fluorescence microscope (TIRF)®, this set-up of course carries
the advantages and drawbacks of both methods, such as images with lateral
resolution gain and very high contrast but imaging depths limited to about
200 nm above the coverslip. Another very recent development, called
lattice light-sheet fluorescence microscopy (LLSFM), implements 3D-SIM

12
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in a light-sheet configuration (fig.2.2d). This is achieved by the
interference of multiple Bessel beams that create a three dimensional
pattern confined in a light-sheet of about 1 pm thick*. The light-sheet
illumination dramatically reduces the photodamage®’ while the structured
illumination provides the resolution gain. Though the gain is not isotropic
because unlike epi-fluorescence SIM, pattern rotation is not possible in the
LLSFM set-up, consequently the lateral resolution gain is obtained only
along one direction (x-axis fig.2.2d).

The final resolution obtained with SIM depends on the NA of the detection
objective therefore it is important to know that the choices for TIRF and
LLSFM are constrained but not for the epi-fluorescence configuration. In
TIRF high NAs are required for the total internal reflection to occur; hence
NA > 1.45 must be used*®. In LLSFM the spatial constraints imposed by
having two perpendicular objectives makes it only possible to have a
NA=0.65 for illumination and NA=1.1 for detection. Typical attainable
SIM resolutions for the different set-ups are summarized in table 2.1.

Resolution

(nm) 2D-SIM 3D-SIM
Epi-fluorescence® TIRF*® Epi-fluorescence® LLSFM™
dy 120 90 100 150
dy 120 90 100 230
d, standard ~200 300 280

Table 2.1 Typical resolution measurements (nm) reported in different SIM set-ups.

13
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3D-SIM

Fig.2.2 Set-up configurations for 2D- and 3D-SIM. (a) Epi-fluorescence and (b)
total internal reflection fluorescence microscopy configurations for 2D-SIM. (c)
Epi-fluorescence and (d) lattice light-sheet microscope for 3D-SIM. The latter
configuration requires Bessel beams while the other three are implemented using
Gaussian beams.

14



Sec.2.5

2.5 Extraction of frequencies beyond the resolution limit
SIM gains spatial resolution by extracting information beyond the cut-off
frequency of the detection lens. To do so, it illuminates the sample with a
periodic pattern casted by the interference of two or more beams. Let I(#")
be the intensity profile of the illumination pattern in real space, according
with eq.2 the image is:

0 = (SENIF")) » PSF(F' — 1), (11)

transforming this equation into the frequency space and applying the
convolution theorem it becomes:

0(k) = (8(k) « 1(k)) oTF (ko). (12)

Since the illumination pattern is periodic T is comprised by N discrete
frequencies p, that can be expressed as a linear combination of N delta
functions. An image 0,,, acquired with the pattern phase ¢y, is:

N
6m(E) = <§(E) * Z cy exp(i@y) S(E - ﬁu)) OTF(k), (13)

with ¢, denoting the multiplying constants and z=1,2,...N. Convolving
the Dirac delta 6 with the spectrum § simply passes the argument of the
former to the latter, consequently:

N

0n(k) = (Z cuePmS(k — ﬁu)> OTF (k). (14)

u

15
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The argument of § in the last equation is what accounts for the resolution
gain in SIM. The sample spectrum has been shifted by the pattern
frequencies p,,, allowing high frequencies that were not available before to
be carried into the extent of the OTF, thus providing information beyond
the cut-off w,. The extraction of the high spatial frequencies requires
acquisition of multiple images 0,,, at different ¢, phases, a single image
does not provide enough information because the low and high frequencies
are entangled in a single spectrum; this is readily seen in eq.15 where eq.14
has been expressed in matrix notation. The linear system in eg.15 has

infinite solutions and so the spectra S‘(E — p,) cannot be determined.

0, (K) = (crexp(ipn)  coexp(io) .. cyexp(ion)) [S(k —5,)0TF(®)
§(k — p,)OTF (k) (15)

3k~ 5)OTF(O

To generate a NxN linear system that provides a unique solution it is
standard procedure in SIM to acquire images with many phases ¢ as
frequencies p,, of the illumination pattern. The N phases are chosen in
regular steps taking as reference an initial phase ¢,:

2mm

—; m=0,12,..(N—1). (16)

Pm = Po + N

We calculate now the system of eq.15 for the particular case of 2D-SIM
(fig.2.3a). Two beams interfere with a half angle 6 to create a 2D
sinusoidal pattern that yields three frequencies:

ﬁu:1,2,3 = _ﬁo: 0, ﬁo- (17)

16
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D, lies on the k,-k, plane hence it shifts the spectrum § laterally. The norm
of the vector p,, is the reciprocal of the pattern period T, (fig.2.3c):

15l = po = 1 Znsin(9)
Poll = Do = T, ™ A

(18)

with Ay being the wavelength of the illumination beams.  The
multiplicative constants c, are:

Cu=1,2’3 = 0.5,1, 0-5, (19)

the 3x3 linear system of 2D-SIM is then:

0, 05e% 1 05e~%ol §(k - B,)0TF (k)

~ 2 . 2 . -, —

0, | =| 05e@*i™! 1 0.5e@otim! S(k)oTF(k) |- (20)
~ i 4 . 4 SN -

0, 0.5¢'@*™ 1 0.5e @t/ \§(k + p,)0TF (k)

The system’s solutions provide three frequency domains $(k), $(k — p,) and
§(k +,). The central domain $(k)0TF (k) contains the standard resolution
frequencies from which the limited resolution image can be extracted
(fig.2.3f). The domains $(k—p,)0TF(k) and $(k+p,)0TF(k) contain the
high spatial frequencies that convey the lateral resolution gain
(fig.2.3d/e/g). In 3D-SIM three beams are interfered (fig.2.2c) and five
frequencies are produced:

ﬁu:1,2,3,4,5 = _ﬁor _O-Sﬁor 0, O-Sﬁo: ﬁo- (21)

Thus, five pattern phases are required and the 5x5 linear system to solve is:

17
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| §(k +0.55,)[0TF(k + §) + OTF (k — §)] |
\ §(k + p,)OTF (k) /

The solution of this system provides a lateral and an axial resolution gain.
The former is achieved through the lateral shift of S carried by the vector
Do- The latter is achieved by extending the axial extent of the OTF with
the axial shift carried by the vector §(fig.2.2¢c/d zy and zx views):

§= (cos(6) — 1)2. (23)
A

Once the different domains S‘(E — p,) have been extracted from eq.20 or
eq.22 the information in them has to be properly fused to produce the
super-resolution image. This fusing process is what is known as the
reconstruction algorithm.

18
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E(E + ﬁul - ﬁ(l)l)

Fig.2.3 2D-SIM image acquisition and image formation. (a) Basic 2D-SIM set-up.
Two beams interfere with a half angle ¢ and form a 2D sinusoidal pattern at the focal
plane of the detection objective. The beams are rotated to acquire images in three
different orientations 0°, 60° and 120°. (b) Transversal view of the beams focused on
the back aperture of the detection objective. (c) xy projection of the interference
pattern. The pattern has a period T,. (d) Reconstructed spectrum obtained from
simulating a 2D-SIM acquisition on the spiral from fig.2.1b. (e) The blue boundaries

outline the domains S‘(E - ﬁu,-)OTF(ﬁ). The yellow one outlines the central domain

E(E)OTF containing the limited resolution information from which the (f) wide field
image can be extracted. The inverse Fourier transform of the reconstructed spectrum
yields (g) the SIM super-resolution image.
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2.6 Reconstruction of super-resolution images with SIM

The reconstruction algorithm of SIM is carried out by “stitching” all the
domains S‘(E—ﬁu)OTF(E) into a single spectrum (fig.2.3d). The basic
reconstruction steps are: 1) Shift back each domains to its native position,
2) sum all the domains and 3) apply the inverse Fourier transform to the
sum to obtain the super-resolved image in real space Osm(X,y,2). These
three steps are summarized in one equation:

N

2 exp(7 - pr) FT—l{S(E - ﬁu)OTF(E)}H, (24)

u

Osim(x,y,2) =

each domain is transformed to real space by means of the inverse Fourier
transform (FT™). The exponential factor shifts the domains back in the
same direction and amount indicated by p,,, which is an experimental
estimation of the actual frequency p,,. This estimation is carried out by
correlating the overlapping areas of the central domain and the extended
ones (fig.2.3e)**"*®,  Although the exponential factor is applied in real
space the shift does occur in Fourier space thanks to the frequency shift
property of the Fourier transform. Finally, the sum along u fuses all the
spatial information and its norm results in the super-resolution image.

In order to achieve isotropic resolution gain, SIM images have to be
acquired with three pattern orientations, 0°, 60° and 120° (fig.2.3a/b/c),
thus the linear systems in egs.20 and 22 have to be solved for each of these
orientations. To take the pattern orientation into account we additionally
index the images 0,, (eq.13) with j to indicate the orientation at which
they were acquired(ﬁmj), this also has to be extended to the pattern‘s

spatial frequencies, hence p, ;. The domains S‘(E - ﬁuj)OTF(E) from all

20
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orientations have now to be summed to reconstruct Ogm(X,y,2),
consequently eq.24 becomes:

3 N

Z exp(7 - ;) FT-Y{8(k — B, ) OTF () }|-

j=1u=1

Osim(x,y,2) = (25)

Eq. 25 represents the basic reconstruction algorithm of SIM images, further
processing steps can be added to denoise the image, emphasize high spatial
frequencies and to remove artifacts. M. Gustafsson et al. introduced the
first SIM reconstruction algorithm with an image enhancement processing,
see eq.26. To emphasize high spatial frequencies each domain is
deconvolved with a multi-image Wiener filter’®*, an apodization mask

A(I_c)) must be also used to smooth the domain’s edges and avoid ringing
artifacts.  In this algorithms each domain is independently filtered,
apodized, converted to real space, shifted back and then summed with the
others.

OSIM(-X' bz Z) = (26)

& S(k — py)OTF(K) -
ZZ exp(7 - ) F { CPuOTPE 4y )
=1u=1

YiullOTFR)|| + w?

A second method, shown in eq.27, was introduced by K. Wicker et al®**°;

in it all the domains are processed together, i.e. all domains are first shifted
back directly in Fourier space then summed and finally jointly processed
with a Wiener filter and an apodization function. An extended point
spread function is created by the OTFs. The method is designed to
reconstruct 2D- or 3D-SIM stacks in a slice-by-slice manner, therefore an
attenuation function g has to be introduced to lessen the out-of-focus
signals, thus g is shaped as an inverted Gaussian function with full width
half maximum d and attenuation power a, such that a<1 (eq.28).
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u Sk — Py + Bo)g(k + BL)OTF(k + Bl) -
O (9,2) = ||PT1 ZjuS( fuj Puj)g( ﬁp,) 2( p,)A(k) 27)
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The strategy to improve the reconstruction Osy with either eq.26 or 27, is
the empirical tuning of the apodization function shape and the parameters
w, a, d. Artifacts, which are a common issue in SIM images, are also
reduced with this parameter tuning strategy.

2.7 Resolution gain in SIM

The theoretical resolution gain (rg) is calculated by the ratio between the
highest frequency available in the spectrum of the SIM reconstruction
(Ogiv), being that (w, +p,), and the cut-off frequency of the OTF (w,)
(fig.2.3¢e):

final
w + Po
9 = —rererence” @
wO
Using eq.18:
wgeference Aem wgeference (Znsin(e)) (30)

= — +
N L NA

[

The cut-off frequency w, has been indexed with final and reference to
emphasize that the resolution gain depends on the initial image that is take
as reference and on the final processing that has been done to the image,
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for instance a deconvolution. There are three possible ways to estimate w,,
we introduced the first one in eg. 5 and 10, this is called the Rayleigh
resolution criterion. There is also Abbe’s criterion to estimate resolution of
the wide field image (eq.31) and we can use the resolution of a confocal
microscope to estimate the resolution attained after deconvolution
(eq.32)%°".

dom NA

= . — = —— 1

ey = 053740 = @0 = 7 31
Aom NA

dxy =04 NA - w, = 041, 32)

The generic way to state the theoretical resolution gain in a SIM set-up is
by using Abbe’s criterion in both numerator and denominator of eq.29. To
maximize the resolution gain the half interference angle 4 is equal to the
angular aperture of the detection objective, i.e. #=sin*(NA/n). If we
consider an average Stokes shift of 6% between the illumination and
detection wavelengths™ the resolution gain is:

Aem O-5C2nsin(6yy
Ay NA

rg=1+ =1+1.06~2. (33)

Eq.33 is why the standard resolution gain in SIM is considered as two-fold,
but to correctly estimate the effective resolution gain is necessary to use
eq.30 with the adequate cut-off frequencies. For example, it is worth
mentioning that Rayleigh’s criterion is more in accordance than Abbe’s
with the achievable resolution of a wide field microscope; if the former
criterion is used as reference and a deconvolution has been used during the
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reconstruction process, like in egs.26 or 27, it would be more adequate to
state that:

_ 061 Ao 061Q2nsinged o
"9= 04 Ty, NA <

(34)

The resolution gain in SIM is a relative measurement that as established in
eq.33 is used as a general approximation, yet if the actual resolution gain is
to be accurately estimated then eq.30 should be used.

2.8 Image artifacts

SIM images are prone to artifacts due to its mathematical reconstruction,
these artifacts are recurrent in both commercial and custom set-ups and it is
not uncommon for scientist working with SIM to encounter them (fig.2.4).
Despite this, the literature that only focuses on the origins of SIM artifacts
is very recent and limited*%*%, The handling of artifacts was always
approached as the reconstruction algorithm being a black box in which the
common strategy to improve image quality and artifact reduction was
through the empirical tuning of the parameters in eq.26 and 27. Until very
recently the role of experimental conditions such as microscope
calibration, dye brightness, spherical aberrations, intensity drops and
pattern modulation were studied as source of artifacts and
underperformance of SIM systems. Practical guidelines have been
designed to identify flaws in these conditions and allow correction
strategies to improve the reconstruction®.  Although useful, these
guidelines have no quantitative quality criterion that would allow a more
objective and immediate decision on how to proceed with raw data. The
projects presented in chapter 4 and 5 contribute to the recent studies of
SIM image evaluation by: 1) adding understanding of artifact sources®’ and
2) developing a quantitative quality criterion to identify sub-optimal raw
data quality. For now, the goal of this section is to make the reader aware
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of the existence of artifacts in SIM, though no standard classification is
available, the appearance of them is usually described as periodic , side-
lobes, honeycomb or hammer-stroke patterns. Figure 2.4 shows extracts
from published literature in which these artifacts have been documented.

Fig.2.4 Types of artifacts in SIM reconstructions. (a) Wide field and (b) SIM
reconstruction of actin filaments®®. The reconstruction contains periodic artifacts
arising from background fluorescence (white arrows).  (c) Non-optimized SIM
reconstruction of a 50 nm diameter bead presenting lobe-like artifacts. (d) Optimized
reconstruction of the same bead®. (e) Non-optimized SIM reconstruction of
mitochondria presenting grainy artifacts arising from raw data with low SNR. (f)
Optimized reconstruction of the same sample®®. Scale bar: 5 pm. (c-d) 100 nm.
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3 Coherent structured illumination
light-sheet based fluorescence
microscopy  (csiLSFM). Lateral
resolution gains larger than two in
linear SIM.

3.1 Theory

3.1.1 Three objectives configuration in SIM for large resolution
gains

Two-fold is the standard resolution gain in linear SIM (eq.33). The limit
for larger resolution gains comes in principle from the restricted
interference angle of the epi-fluorescence configuration (fig.2.3). If this
restriction is overcome larger interference angles would be possible and
thus smaller illumination pattern periods would be achieved. Smaller
periods mean larger gains since the shift of the image spectrum is also
larger (eq.29). To extend the angle 8 beyond the angular aperture of the
detection objective it is necessary to separate the illumination and detection
paths, to do so we proposed a set-up in which two objectives are used for
illumination and one for detection (fig.3.1). The output of the illumination
objectives is two interfering coherent light-sheets, whose angle of
interference can be controlled by moving the position at which each of
them enters the back aperture of its corresponding illumination objective
(fig.3.1c planes xiy; and Xpy,). By separating the illumination and
detection paths the angle 8 can be tuned to be larger than the angular
aperture of the detection objective, i.e. >sin(NA/n).
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The proposed configuration requires that the focus of the three objectives
are co-localized so the light-sheets always pass through the focus of the
detection objective independently of their interference angle (26). This
imposes spatial constraints and reduces the microscope implementation to
a certain set of objectives. Such set must have the right dimensions to fit in
an arrangement with their foci co-localized and still have a high NA to
provide a large range of angular motion to the light-sheets. The set of
objectives that fulfill these conditions is a configuration of three
Plan-Apochromat water immersion objectives (63X/NA=1.0 Zeiss) with a
separation of 130° between the illumination objectives and 115° between
each illumination and the detection objective®(fig.3.1a). We called this
set-up the coherent structured illumination light-sheet-based fluorescence
microscope (cSiLSFM).
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(a) Top view Ob, (b)
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Fig.3.1 Light-sheet+SIM with a three objective configuration. (a) Top view of the
csiLSFM. The core of the set-up consists of one illumination objective (Ob,) and two
illumination objectives (Ob,, Obs) used to interfere two light-sheets at an angle 26. The
angle « of the scanning mirrors (SM) determines this interference angle. (b) Top view
of the sample being illuminated by the two light-sheets of thickness w,. (c) Front view
of the csiLSFM, the angle g of the scanning mirrors determines the rotation angle of the
light-sheets, hence determining the orientation of the illumination pattern. The angles a
and £ control the entry points (X;2,y1,) at the back aperture of Ob; and Ob;. (d) xy
projection of the pattern illuminating the sample. (e) 25° and 156° orientations of the
illumination pattern. (f) Three different pattern periods: 633, 345 and 230 nm.
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3.1.2 Generic and effective resolution gains in the csiLSFM

The maximum resolution gain that the csiLFM could achieve occurs when
6=90°, i.e. when the illumination light-sheets counter-propagate. The
generic lateral resolution gain under the proposed experimental conditions
is 2.4 according to eq.33:

Aem M

A NA

1.333
rg=1+ 1+ (1.06) ——~24. (35)

The effective resolution gain should be according to eq.34:

0.61 Ao 0.61(2n 1.6
em 0-61( ):1.38+1.06—~3.2. (36)

"9=04 ", NA 1

Now, let us calculate the maximum lateral resolution in the csiLSFM
considering an excitation wavelength of 488 nm and emission of 520 nm.
The interference pattern of the counter-propagating light-sheets has a
period of T,=183 nm (eq.18); the radius of the OTF, accounting for a
deconvolution, is w,=0.0049 nm™ (eq.32). Hence, the maximum expected
resolution of the system should be:

1 1
dyy = = nm = 97 nm 37
Wo +Tio 0.0049 + % ( )

3.2 Control of the pattern’s period, phases and orientation
in the csiLSFM

The control of the pattern’s period and orientation is carried out by the

two-axis scanning mirrors set before the illumination objectives. The

mirrors provide tilting angles about two perpendicular axis parallel to the

back aperture planes x;y; and x,y, (fig.3.1¢c). The angle « refers to a tilt
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respect to the x; , and S respect to y; , (fig.3.1a/b). The neutral position of
the mirrors, i.e. «=0 and p=0 , is when their surfaces are parallel to the
X1.2Y1.2 planes.

The pattern’s phases are controlled by the precise motion of a single-axis
mount that moves the wavefront of one of the light-sheets along its
propagation direction (fig.3.2).

3.2.1  Control of the pattern period

The period of the illumination pattern is determined by the interference
angle 26 of the light-sheets. This angle is controlled solely by the angle «,
which along with the scanning mirror define the x; , coordinate at which
the light-sheets enter the back aperture. The angular aperture (AA) of the
objective is sin™(1/1.333)=48.6°, hence the range of interference angles
available is 33°>20<180°, which correspond to periods of 645 and 183 nm
respectively. When =0 the intersection angle is 130° as this is the angle
between the two illumination objectives. Fig. 3.1f illustrates the tunability
of the pattern period in our microscope.

3.2.2  Control of the pattern orientation

The pattern orientation is solely controlled by the angle £ (fig.3.1c), which
along with the scanning mirror define the y;, coordinate at which the
light-sheets enter the back aperture, notice that to keep the pattern period
constant in each orientation is necessary that y;=-y,.

A value of p=0 defines the 0° orientation of the pattern (fig.3.1f),
orientations of 60° and 120° are not possible in the csiLSFM because the
maximum £ is defined by the AA of the objective. Hence the other two
orientations are 48.6° and 130°. These orientations are maxima and
decrease as the angle a moves away from its O position because the
light-sheet is carried closer to the rim of the back aperture, for instance
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when the light-sheets are counter-propagating, the pattern orientations are
approximately 35° and 145°%°,

3.2.3  Control of the pattern phase

Fig.3.2a shows an optical fiber collimator mounted on a piezo
nano-positioner (NP). The NP realizes the linear translation of the
collimator to shift the wavefront of one of the light-sheets to create a phase
difference respect to the other one. To achieve the 27/3 phase steps of the
illumination pattern (eq.16) the NP translates the collimator in steps of one
third of the illumination wavelength (4;/3).

3.3  Set-up

3.3.1  Mounting of illumination and detection objectives

A sketch of the set-up components and the actual set-up can be found in
fig.3.2a and fig.3.2c respectively. Fig.3.2b contains a list with the
components’ acronyms. The central piece of the set-up, i.e. the three
objective configuration, can be seen in fig.3.2d, the objectives are partially
inserted into a chamber containing the immersion medium®. All
objectives share the same specifications: water immersion
W Plan-Apochromat, working distance of 2.1 mm and 63X/NAL.0
(421480-9900-000, Zeiss). To allow controlled positioning of the
objectives, each of them is mounted on an xy translation mount that is
attached to an optical ray that permits sliding the objective back and forth
along its long axis, hence providing three degrees of freedom to each
objective.

3.3.2  Illumination path

The illumination path consists of two arms comprised of the same
components. The path starts with the a laser source of 488 nm
wavelengths (35 LTL 835, Melles Grio) and terminates in the illumination
objectives (01,03) (fig.3a). A beam splitter (BS) divides the wavefront
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into two coherent beams. Each beam is coupled into a polarization-
preserving single-mode optical fiber (OF, kineFLEX, Qioptiq). The
collimators (FC, F220FC-543,Thorlabs) at the end of the fibers deliver the
collimated beams which are then shaped into a light-sheet by a cylindrical
lens (CL, f=75 mm, F69-699, Edmund Optics). The achromatic lens (L,
f=200 mm, G322327322, Qioptiq) and the f-theta scanning lens (f=60.5
mm, S4LFT0061, Sill optics) form a 4f-telecentric system that projects the
light-sheet into the back focal plane of the illumination objective. With
this set of lenses the width (w,) of the light-sheet was ~3um
(fig.3.1b/fig.3.32).

Control of the light-sheet pattern period and rotation is done with the
angular displacement o and £ of the scanning mirrors (SM, S-334.2SL,
Physik Instrumente) (fig.3.1a/c). The SM are mounted on a single axis
motorized stage (M-232.17 Physik Instrumente) that provides a more
flexible alignment of the light-sheets if needed. The pattern phase is
controlled with the linear displacement of the fiber collimator carried out
by the piezo nano-positioner (NP, P-725.4CD, Physik Instrumente).

3.3.3  Detection path

The detection path begins with the detection objective O,, since we mostly
used the 488 nm laser to excite our samples we set an emission filter for
green dyes (EF, FF02-525/50-25, Semrock) after the objective. A 1X tube
lens (TL, 452960, Zeiss) focuses the emission light into the camera to form
the image. We used a CMOS camera with a pixel array of 1920x1440 and
a pixel pitch of 3.63 um (CC, C11440, ORCA-Flash 2.8, Hamamatsu).

3.3.4 Sample mounting

The three objectives are partially inserted into a customized sealed
polyoxymethylene chamber with an open top for the sample entry
(fig.3.2d), the chamber is filled with an appropriate medium, e.g.
phosphate buffered saline (PBS), for biological specimens.
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The sample is mounted in a 3D environment by embedding it inside a
column of 1.5% phytagel or low-melt agarose (fig.3.2f green arrow)
protruding from the glass capillary (fig.3.2f blue arrow). The capillary is
fixed into a metallic holder (fig.3.2f/e yellow arrow) that is then attached to
the 4-axis motorized stage (custom-designed, SmarAct) (fig.3.2e). The
stage provides xyz translation of the sample and its rotation around the
holder long axis. Alternatively to the 3D embedding a classic 2D coverslip
culture can be mounted for imaging. This is achieved by gluing the
coverslip onto a rod-like attachment of the metallic holder (fig.3.2g white
arrow).

Embedding a sample into the agarose/phytagel column requires an aliquot
of gel to be melted and then kept in a shaker at a constant temperature of
about 37°, the gel and the sample are mixed for 5 minutes. After mixing,
some gel is sucked into the glass capillary with a plunger (fig.3.2f red
arrow). The capillary is kept in the fridge for some seconds so the gel
becomes stiffer. Finally the plunger is pushed a few millimeters to
partially expose the gel column to the immersion medium. In the case of
2D cultures we firstly cut the coverslip into small rectangular pieces and
then apply the standard cell culture protocols using those pieces. After
fixation and immunostaining of the cells a coverslip piece can be selected
and glued with nail polisher as shown in fig.3.2g.
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Fig.3.2 csiLSFM set-up. (a) Arrangement of the optical elements in the csiLSFM. (b)
List of the csiLSFM components. (c) Actual set-up assembled on the optical
breadboard. The sample stage and the chamber containing the three objectives are
outlined by the orange and blue squares respectively. (d) Magnification of the three
objectives inside the chamber. (e) Mounted stage, its 4-axis allow three dimensional
motion and rotation of the sample. The yellow arrow indicates the sample holder; a
magnification of this element is shown in (f). For a 3D sample mounting, the metallic
holder contains a cylindrical glass capillary (blue arrow) filled with an agarose column
(green arrow) in which the sample has been embedded. The agarose column is sucked
by the capillary plunger (red arrow). (g) For 2D mounting a coverslip (white arrow) is
glued to a rod-like adapter fixed to the main holder (yellow arrow). Scale bar: 4 mm.
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3.4 Alignment and calibration of the csiLSFM

3.4.1 Light-sheets alignment

The csiLSFM is aligned when the foci of the three objectives are
co-localized. When this occurs, the light-sheets pass through the focus of
the detection objective for any angle « and g of the scanning mirrors.
Accordingly, we implemented this principle as guideline to align the
light-sheets. Any pattern with 6<48.6 can be visualized by the camera,
and used as reference for alignment. We visualized the pattern with the
488 nm laser by substituting the emission filter (EF,fig3.2a) with a
longpass colored glass filter (Schott glass GG495). Fig.3.3a shows the
light-sheets of each illumination arm and its interference.

To commence with the alignment the rotation angle f is set to 0°, then the
illumination objective of arm 1 (O;) is moved back/forth to set the
light-sheet in the center of the field of view (FOV), bordered by the yellow
lines in fig3.3. g is changed to apply a rotation, if the light-sheet passes
through the focus of the detection objective (O,) it should remain roughly
within the FOV center, if not, it shifts its position and O, should be moved
back/forth to re-center the light-sheet, once this is done f is set back to 0°.
This process is iteratively carried out until the light-sheet remains centered
for the 0° and the other orientations (fig.3.3a arm 1). Fine tune can be
done by moving O in directions x;y; with help of the translational mount.
After alignment the positions of O; and O, are fixed. To align the second
arm the only degrees of freedom left are those of the second illumination
objective (O3). This element should be translated parallel to the x,y, plane
and back/forth in an iterative manner to maintain the second light-sheet
centered at any orientation (fig.3.3a arm 2).
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Fig.3.3 Light-sheets alignment. (a) Light-sheets of each illumination arm and their
interference at three different orientations/rotations. The light-sheets are aligned when
they remain centered, i.e. within the yellow borders, at any rotation angle. The
light-sheets in arm 1 at orientation 29° and in arm2 at orientation 151° shift slightly
from the center , which indicates that the alignment is not perfect. The motorized
stages of scanning mirrors (fig.3.2c) allow alignment corrections to attain fully centered
light-sheets and pattern as shown in (b). Beads illuminated with counter-propagating
light-sheets, (c) light-sheet from objective Ob; and (d) light-sheet from objective Obs.
(e) Interference of both light-sheets. The similarity in the images from both
illumination arms indicates a good alignment of the system.

37



Chapter 3

Perfect manual alignment of both arms is hard to achieve, this can be seen
in the slight misalignment of each of the light-sheets at one orientation, in
the case of arm 1 the light-sheet shifts to the left at 117° and for the arm 2 a
shift to the right occurs at 62°, these shifts are also translated to the
interference pattern (fig.3.3a). To correct for this shifts and achieve even
finer alignments we used the one-axis motorized stage in which the
scanning lenses are mounted (fig3.2c), the final alignment can be seen in
fig.3.3b, notice that the light-sheets remain centered at any orientation and
so does the pattern. Under such alignment conditions the light-sheets will
always travel through the focus of O, independently of the selected
interference angle. Thus, an indication of good alignment is that when the
counter-propagating light-sheets are used to illuminate a sample, the
images acquired from any of the arms should completely overlap, as we
demonstrate in fig.3.3c/d/e with fluorescent beads.

3.4.2 Calibration of pattern phase

The 2n/3 phase steps of the illumination pattern are carried out by moving
the nano-positioner (NP) in steps of 1/3 of the illumination wavelength.
The value of these steps is independent of the interference angle of the
light-sheets because the shift is carried out relative to the light-sheets
wavefront. In case of a 1;;=488 nm wavelength the NP must be moved in
steps of ~163 nm, fig.3.4 illustrates the application of this step to a pattern
of 301 nm. The 2xn/3 steps should translate in this case in pattern
displacements of about 310 nm/3=103.3 nm. The profile of each pattern is
plotted in fig.3.4b, taking the first phase ¢, as reference we measure the
pattern displacement corresponding to the other two phases, ¢,+120° and
@o+240° , and get a result of 103 nm, very close to the expected 103.3 nm.
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Fig.3.4 Control of the pattern phases in the csiLSFM. (a) lllumination pattern of
310 nm period at three different phases ¢,, ¢, +120°, ¢,+240°. The 120° phase steps
are attained by shifting the illumination wavefront in steps of 4;,/3. (b) Intensity profile
of the illumination pattern. The 120° phase shifts correspond to a pattern displacement
of 103 nm.
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Fig.3.5 Angular displacement a vs interference angle 26. (a) Cross-correlations of

central (S(k)OTF) and extended domain (S(k —p,)OTF) for three different
interference angle 20: (a) =36.7° (b) #=54° and (c) =90°. The position of the sharp
peak in the correlations gives an estimate of the pattern spatial frequency p, (left corner
bottom inset). The precise values of @ are obtained from the calibration curve in figure
(d). To create this curve the scanning mirrors are set to certain angle o (horizontal axis

bottom) and plot it against its correspondent estimation of Mp,, (vertical axis left). @
The reciprocal of p,, yields the experimental estimation of the pattern period T, (vertical
axis right). ® This period is matched with the same value of the theoretical curve To(6)
(red solid line, eq.18) to finally @ extract the angle 8 (horizontal axis top). The black

squares in the curve correspond to the p,, that could be visually estimated since they are
smaller than w,.
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3.4.3 Calibration curve: scanning lenses angular displacement a vs
interference angle 26

A curve that characterizes the pattern period T, as function of the angle
displacement o can be produced by extracting the period from the image
and plotting it against the a. Extracting the period for optically detectable
frequencies, i.e. p,<w,, is a direct task since the period can be measured
from the image of the pattern. Nevertheless measuring the period of the
patterns with a spatial frequency larger than the cut-off frequency, pe>wo,
requires the calculation of the correlation between the central and extended
domains of a SIM acquisition(eq.38).

§(k) «8(k - Bo;) (38)

This correlation produces a sharp peak because of the overlap that both
domains share (fig.3.5a/b/c)*’. The peak position is an estimate 5 ; of the
actual pattern frequency p,; and the reciprocal of its norm yields the
experimental pattern period. 2D-SIM acquisitions of the beads were
carried out at angular displacements « between -15 to 15 mrads. Using the
SIM data for the first orientation, 0°, we extracted the frequency p,from
the correlation in eq.38 and plotted the curve p, (a) (fig.3.5d black dotted
curve). This approach is validated by the good match of the optically
detected pattern frequencies (black squares) with the initial points of the
curve. The reciprocal values of p;(a) yield the experimental period as
function of « (red dotted curve, T,(a)). Matching the experimental period
with its value in the theoretical curve T,(6) (eqg.18, red solid line) leads to
the argument 6 and so to the interference angle 26. The four axis plot of
fig3.5b summarizes the results of the () calibration. Two landmarks are
to be found in the plot: firstly a=0 leads to 20=128°, which is only a 2°
deviation from the angle of 130° between the illumination objectives.
Thus, corroborating a good alignment of the light-sheets. Second, the
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curve To(a) converges to ~183 nm, which is the minimum value of the
theoretical curve T,(8) and represents the minimum pattern period provided
by the csiLSFM.

3.5 Results

3.5.1 PSF and resolution measurements in the csiLSFM

We extracted the point spread function of the wide field (WF),
2D deconvolved wide field (2D DecWF) and SIM reconstruction of the
csiLSFM by imaging fluorescent beads of 40 nm in diameter
(F8759,Invitrogen,515 nm emission peak) embedded in a phytagel column
(sec.3.3.4). Three different image stacks were acquired, one with a period
of 297 nm and two with 183 nm, which correspond to generic resolution
gains of 2 and 2.4 generic respectively (eq.33,35). The pattern orientations
for the first pattern were 0°, 48°, 130°, and for the second one 0°, 33°,
150°.

30 beads were selected from the first stack (T,=297 nm) and 60 in total
from the other two (T,=183 nm). Images of the wide field and the SIM
reconstruction can be seen in fig.3.5a-d. The SIM reconstruction was
carried with our reduced artifact algorithm which will be introduce in
chapter 4. The 2D deconvolution was applied by deconvolving the raw
SIM data individually, i.e. each image at each phase and pattern
orientation, and then extracted from the central domain §(k)OTF. The
PSF used for deconvolution was calculated from eq.3. The wide field
image was also extracted from the central domain but from the non-
deconvolved data.

The lateral and axial resolutions d,, and d, were obtained by fitting the
intensity profile of each selected bead to eq.8. The fitting was done with
the Fiji plug-in metroloJ®. The experimental resolution measurements are
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summarized in tables 3.1. The result to highlight there is the resolution of
d,=87 nm achieved with the 183 nm pattern, superior to the 117 nm of the
297 nm pattern.

A second method we used to measure the resolutions was summing all the
3D intensity profiles of the beads to obtain the average bead, this
calculation was carried out with the commercial software Amira.
Figs.3.6g/h show the average bead of the wide field and SIM
reconstruction respectively, we fitted their xy, yz and xz projections to a
Gaussian curve and extract the FWHM as estimate of the resolution
(fig.3.6i/j/k). The obtained results are: for the SIM reconstructions
dy=87 nm, d,=108 and d,=898, and for the wide field d,=281 nm,
d,=297 nm and d,=898 nm. These values do not differ greatly from those
in table 3.1.

A small anisotropy of 1.045 was detected in the lateral resolutions of the
wide field measurements since as seen in table 3.1 d, is slightly large than
dy. We theorize that the source of this difference is a lensing effect in the
x-axis caused by the cylindrical shape of the phytagel column. The short
axis of the column is parallel to the x-axis of the image (fig.3.2e), hence a
small difference in refractive index between the immersion medium and
the phytagel is translated into a (de)magnification factor. Table 3.2 shows
the dy resolutions of table 3.1 after multiplying them by 1.045, this
operation yields the corrects resolution along the x-axis, obtaining now a
resolution of 122 and 91 nm for the 297 and 183 nm pattern periods
respectively.

The experimental results are comparable to the theoretical values shown in
table 3.3; where egs.5,32 and 37 were used to calculate the WF,
2D DecWF and SIM resolutions respectively.
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- WF ;
= cSILSFM

=

z(nm) 1500

Fig.3.6 PSF of the csiLSFM with the counter-propagating light-sheets. 6 pum stack
of fluorescent beads (40 nm diameter). (a/c) wide field and (b/d) SIM reconstruction of
Xy/xz maximum intensity projections. (e) Extract from the wide field (yellow arrow)
and its (f) 2D deconvolved image, the (g) SIM reconstruction allows to distinguish two
beads rather than a blob of light (green arrow). Rendering of the average PSFs of the
(h) wide field and (i) SIM. The average was calculated from 60 beads. (j/k/l) Intensity
profiles (solid line curves) of the average PSFs along its long and short axis; a Gaussian
function (dotted curves) has been fitted to estimate the FWHM along x,y and z.
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Resolution SIM SIM
(nm) WF 2D DecWF (T,=297 nm) (T,=183 nm)
dy 2889 1808 117411 87 £11
dy 301 +11 192+9 130+ 10 110+ 13
d, 922 +111 826 + 87 826 + 112 830 + 142

Table 3.1 Experimental resolution values.

Resolution SIM SIM
(nm) WF 2DDecWF (7 597nm)  (T,=183 nm)
d, 30129 188+8 122+11 91+11

Table 3.2 Corrected experimental resolution along the x-axis.

Resolution SIM SIM
(nm) WF 2DDecWF 1 o97nm)  (T,=183 nm)
d, 314 206 120 97
d, 1373 1373 1373 1373

Table 3.3 Theoretical resolution values.

3.5.2 Resolution gains in the csiLSFM

From the d, values of tables 3.2 and 3.3 we calculated the theoretical and
experimental maximum resolution gains of the csiLSFM. The gain was
calculated respect to the wide field and the deconvolved wide field. The
results are shown in table 3.4. Our resolution calculations are validated by
the similarity between the theoretical and experimental values. An
effective resolution gain of 3.3, very close to the 3.2 predicted in eq.36, has
been attained with the counter-propagating light-sheets.

Resolution WF/ 2D Dec WF/ WF/
gain 2D DecWF SIM(T,=183 nm) SIM(T,=183 nm)
Theo. Exp. Theo. Exp. Theo. Exp.
rg 1.5 1.6 21 21 3.2 3.3

Table 3.4 Theoretical and experimental maximum resolution gains along the x-axis
with the csiLSFM.
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3.5.3  SIM resolution uniformity in the csiLSFM

Another factor to explore is the isotropy/anisotropy of the SIM resolution
obtained with the csiLSFM(table 3.5). The resolutions d, and d, are
different (table 3.1) because as explained in sec.3.2.2 the pattern rotation in
the csiLSFM is limited to 48° which does not cover the 60° necessary for
an isotropic resolution gain like in the epi-fluorescence configuration. Yet
the ratio d,/dy indicates that the csiLSFM is closer to an isotropic resolution
than the other method that combines light-sheet microscopy and SIM, i.e.
the lattice light-sheet fluorescence microscope (LLSFM) (table 3.1).
Nevertheless, since the csiLSFM presents no axial resolution gain since it
is a 2D-SIM implementation, hence having a worse d,/dy ratio than the
3D-SIM methods.

Resolution  Epi-fluorescence LLSFM csiLSFM
uniformity (3D-SIM) (3D-SIM) (2D-SIM)
T,=297 nm T,=183 nm
d,/dy 1 1.5 1.1 1.2
d,/dy 3 1.9 6.8 9

Table 3.5 Resolution uniformity along different directions for various SIM set-ups.

3.5.4 Imaging of biological samples at resolution gains >2 with the
csiLSFM
Figs.3.7c and 3.8c show the SIM reconstructions of two biological
samples, a cell immune-stained against a-tubulin and wild yeast with its
endoplasmic reticulum (ER) GFP-tagged. Their resolution gain is
noticeable when compared to their corresponding wide field or the
deconvolved images. We visually estimated the gain from the SIM image
spectrum by outlining it with two concentric circles of radii w, and 2w,
(fig.3.7f/3.8f).  Information beyond 2w, can be found in both cases
a-tubulin and ER indicating a resolution larger than 2, nevertheless the
amplitude of those frequencies is larger in the former sample than in the
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latter even though both were illuminated with the same pattern period. The
cause of this is the effective modulation of the pattern, which is influenced
by the SNR and sample structure. To obtain significant resolution gains,
SIM requires optimal modulation values and during the running time of the
csiLSFM project these value had not yet been quantified so no method to
evaluate whether a SIM acquisition would result in a significant resolution
gains or not was not available. In chapter 5 we present a quantitative
criterion, called the Q-factor, to evaluate the modulation as function of the
experimental acquisition parameters, such as SNR, laser power, exposure
time, pattern period and sample structure. Since the purpose of the current
chapter is to demonstrate the large resolution gains attained with the
csiLSFM we will retake the discussion on the significant resolution gains
in chapter 5 in terms of the Q-factor. We are aware that resolution gains
> 2 entail a challenge due to the low pattern modulations, consequence of
the pattern period lying beyond the cut-off frequency, but for the time
being we showed that this is possible not only with fluorescent beads but
also with biological samples (figs.3.7c and 3.8c).
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Fig.3.7 Eukaryotic cell in the csiLSFM under 183 nm pattern period. The sample
is a human umbilical vein endothelial cell immunostained with a-tubulin/Alexa 488 and
embedded on a coverslip. (a) Wide field. (b) 2D deconvolved wide field (c) SIM
reconstruction. The respective power spectrum of the images can be found in (d), (e)
and (f). The white circle outlines the cut-off frequency (w,) of the detection objective.
In (f) a second circle with radius 2w, has been added as well as adjacent lines indicating
the illumination pattern direction (150° 30°). Scale bar:1 um.
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Fig.3.8 Yeast sample in the csiLSFM under counter-propagating light-sheets. The
sample is wild type yeast with its endoplasmic reticulum GFP-tagged and embedded in
a phytagel column. (a) Wide field. (b) 2D deconvolved wide field (c) SIM
reconstruction. The respective power spectrum of the images can be found in (d), (e)
and (f). The white circle outlines the cut-off frequency (w,) of the detection objective.
In () a second circle with radius 2w, has been added as well as adjacent lines indicating
the illumination pattern direction (150°, 30°). Scale bar:1 um.

3.6 Discussion

The main goal of our csiLSFM set-up was to demonstrate that resolution
gains larger than 2 are possible with linear SIM. We achieved so by
decoupling the illumination and detection paths based on the light-sheet
microscopy principle. The csILSFM is based on a triangular three
objective configuration that allows pattern periods out of the standard
resolution of the detection objective. By counter-propagating two light-
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sheets we casted an illumination pattern of 183 nm with a 488 nm
wavelength laser (fig.3.5a). This period led to a generic resolution gain of
2.4 (eq.35) and an effective resolution gain of 3.3 times respect to the wide
field resolution (table 3.4). The maximum attainable resolution of in the
csiLSFM was experimentally measured and resulted in 91 nm (table 3.2).
These experimental results were validated when compared to the
theoretical values (tables 3.1-3.4). The 91 nm resolution is outstanding
considering that the detection objective was water immersion with an
NA=1. Such sub-100 nm resolutions are only reported in TIRF-SIM
microscopes which require NAs>1.45"%5%¢ " The high resolution gain in
the csiLSFM can be appreciated in the pair of beads of figs.3.6e/f/g.

A demonstration of resolution gains larger than two in biological samples
with the csiLSFM was shown in sec.3.5.4, though the success of attaining
such gains depends highly on the sample structure. We empirically noticed
that discrete biological structures, like the a-tubulin of fig.3.7c, are more
likely to yield good SIM reconstructions than packed ones. The reason for
this is that the sample structure affects the effective pattern modulation,
discrete structures allow the display of a high modulation but packed
structures undermine it. A low pattern modulation difficults the extraction
of high spatial frequencies, therefore optimal modulations are required to
produce significant resolution gains. Deriving those optimal conditions is
the topic of chapter 5, there we will develop a metric to assess the
feasibility of attaining large gains in SIM and resume the discussion of
resolution gains>2 in the csiLSFM.

Combining light-sheet microscopy and SIM for super-resolution is a
relatively new approximation which has in the lattice light-sheet
fluorescence microscope its most functional and representative
set-up®©°"%8 " vet there is always space for improvement and the

configuration of the csiLSFM offers lateral resolutions closer to isotropy
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than the LLSFM (table 3.5). This is thanks to the two illumination
objectives of our set-up that provide a flexible control of the pattern
rotation, which is a feature lacking in the LLSFM. Of course, being a
2D-SIM implementation our set-up does not offer an axial resolution gain
but its design can serve as basis for future structured
illumination+light-sheet microscopes that aim at isotropic resolutions. In
fact a three objective configuration similar to the csiLSFM has already
been suggested for isotropic super-resolutions in the LLSFM®.
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4 Pre-reconstruction filtering strategy
to reduce periodic artifacts in super
resolution images

4.1 Spectra analysis of artifacts

In this section we carry the spectral analysis of two kinds of artifacts in
SIM reconstructions: 1) periodic artifacts arising from out-of-focus
fluorescence and 2) side-lobe artifacts owed to a drop of information in the
reconstruction spectrum. The analysis served to design a filtering strategy
to reduce these artifacts in a direct manner®’, without requiring the
empirical parameter tuning strategy that is usually implemented.

4.1.1 Intensity modulated out-of-focus fluorescence as source of
periodic artifacts
We illustrate the problem in fig.4.1a, the wide field image on the left
column indicates with a yellow arrow the out-of-focus signal of a
fluorescent beads sample. The SIM reconstruction in the center was
carried with eq.25, i.e. without any optimization processing. The
reconstructed image brings a resolution gain which can be noticed in the
two beads marked by the blue arrow, they are not distinguishable in the
wide field but they are in the SIM reconstruction. Despite the increase in
resolution this image presents periodic artifacts that occur in the areas
where out-of-focus signal is present in the wide field. The same can be
noticed on fig.4.1b notice that the left side (yellow arrow) of the beads
presents out-of-focus signal but not the right one. This is correspondingly
translated into periodic artifacts on the left side but not to the right side of
the SIM reconstruction. Finally the same effect is seen in the mitochondria
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images of fig.4.1c, the SIM reconstruction provides higher resolution but
the image quality is strongly reduced by the periodic artifacts.

So what causes these artifacts and why do they arise in the reconstruction?.
In fig.4.2a we show a simulated sample as pairs of beads arranged in a two
columns, the in-focus sample was produced by convolving the beads with a
PSF of NA=1 and 2.,=515 nm (eq.3). To represent the out-of-focus signal
we created a second image by shifting the beads to the right and convolved
them with the PSF corresponding to NA=1 and a wavelength three times
larger than the 515 nm (eq.3). We simulated a 2D-SIM acquisition on the
beads by illuminating the in-focus image with a modulation of M=0.4 and
the out-of-focus image with two different pattern conditions: no
modulation (M=0) and a modulation of M=0.5. Phases and orientations
were the same for the in-focus and out-of-focus images, hence due to the
linearity of the convolution and of eq. 25 the reconstruction is formed by
two components, the in-focus (IF) spectrum plus the out-of-focus (OF)
spectrum:

N

Z exp(7 - B) FTY{(8" (k — ) + §F (k — ﬁu))OTF(E)}H, (39)

u

Osim(x,y,2) =

The non-modulated out-of-focus signal (M=0) does not bring artifacts to
the reconstruction (fig.4.2a) but the periodic artifacts arise in the case of
M=0.5. The spectrum of coarse features in an image, e.g. the out-of-focus
fluorescence, is only formed by the low frequencies found in the center of
the OTF. The spectrum of the reconstruction in fig.4f shows prominent
amplitude peaks in the center of the extended domains (blue arrows),
which correspond to the shifted SOF frequencies. Because the frequency
content of SOF is only comprised by low frequencies its span is not large
enough to generate a continuous spectrum of the OF features, thus
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generating isolated information domains that produce the periodic artifacts.
As it is well known in spectral analysis, periodic features in real space
correspond to discrete points in the frequency space. Although in this case

the S‘OF(E—ﬁu) domains are not points they are discrete regions of
information that cannot be connected to each other, this situation is
depicted in fig.4.2g/h.

The OF signal does not form discrete islets in the case M=0 (fig.4.2.e),
because with M=0 the domains $°F (k — 7,,) does not even exist except for
the central one, i.e. $OF(k), hence no artifacts are originated.
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WEF SIM SIM (Deconvolved raw data)

Fig.4.1 Periodic artifacts in SIM reconstructions. (a/b) Fluorescent beads. (c)
Immunostained mitochondria in  Hep G2 cell. Left: wide field. Center: SIM
reconstruction without any optimization (eq.25). Right: SIM reconstruction using the
2D deconvolved raw data.  Out-of-focus background is converted into periodic
artifacts by the SIM reconstruction, if this background signal is reduced before
reconstruction the artifacts are also diminished (yellow arrows). Scale bar: 1 pm.
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WF SIM (M=0)

SIM (M=0.5)

.-

(9) WF spectrum High (h) SIM spectrum

OTF frequencies

Low Reconstruction
frequencies

Information gap

Fig.4.2 Simulating periodic artifacts in SIM. (a) Wide field composed by in-focus
and out-of-focus signals (yellow arrow). The in-focus component is always illuminated
under a pattern modulation of M=0.4 and the out-of-focus component has two
conditions M=0/0.5. (b) SIM reconstruction with a non-modulated out-of-focus signal
(M=0). (c) SIM reconstruction with modulated out-of-focus signal (M=0.5). (d) Power
spectrum of the wide field. (e/f) Power spectrum of the SIM reconstructions in both
modulation conditions (M=0/0.5). The modulated out-of-focus fluorescence is shifted
by the reconstruction process, thus forming discrete frequency domains (blue arrows)
that transform into periodic artifacts in real space. (g) Sketch of the frequency content
in the OTF, out-of-focus signals correspond to low frequencies concentrated in the
center of the OTF (red domain). (h) In the SIM reconstruction this low frequency
domains form information gaps that originate the periodic artifacts.

57



Chapter 4

WF SIM SIM (Deconvolved raw data)

(9) WF spectrum h) SIM spectrum

LQ Reconstruction
with resolution gain > 2
Amplitude drop

Fig.4.3 Origins of lobe-like artifacts in SIM reconstructions. Fluorescent beads. (a)
Wide field. (b) SIM reconstruction without any optimization (eq.25) displaying lobe-
like artifacts around the beads (yellow arrow). (c) SIM reconstruction using the 2D
deconvolved wide field images. And their corresponding power spectra (d/e/f). Low
pattern modulations or large resolution gains (rg>2) create drops in the amplitude of
mid-range frequencies (blue arrow in (e)). This drops are the origin of lobe-like
artifacts but they can be eliminated by using the deconvolved data to reconstruct the
image. (g) Sketch of the OTF. (h) SIM reconstructions with large gains decrease the
overlap between extended and central domains, thus hindering the amplitude of mid-
range frequencies. Scale bar: 1 um.
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4.1.2 Spatial frequency amplitude drops as source of lobe-like
artifacts.

Fluorescent beads have been imaged with the csiLSFM using the
counter-propagating light-sheets, the reconstruction carried with eq.25
yields an image with the beads surrounded by a flower-like pattern or lobes
(figd.3b). The spectrum of this reconstruction shows a clear amplitude
drop in a rim just around the cut-off frequency(fig.4e blue arrow). The
information drop occurs because by aiming at large resolution gains the
extended domains S(k — 5, )OTF are shifted further away from the center
of the spectrum, hence reducing its overlap with the central domain
(fig.2.3e). The mid-range frequencies of the SIM reconstruction spectrum
suffer particularly from this decreased overlap because the OTF inherently
assigns more weight to the frequencies in its center than to those in the rim
of the cut-off value. This produces noticeable amplitude drops in the
spectrum (fig.4.3e) that translate into lobes in the real space. The cause of
the lobe-like artifacts is not to be confused with the cause of the periodic
artifacts (fig.4.2g/h), in the latter information gaps are formed while in the
former the amplitude of the information drops (fig.4.3g/h).

Analyzing the side-lobe artifacts with beads as we just did, allows to have
a representation of how the PSF is aberrated by the artifacts. In an image
of a biological structure the side-lobes associated to each emitter
accumulate and form “echo” or “ghost” structures. TIRF-SIM
reconstructions are prone to this kind of artifacts because the pattern
periods used in it are just in the resolution limit of the objective**°, hence
providing low modulations that translate into weaker extended domains.
This produces the same effect of reducing the overlap between the central
and extended domains, fig.4.4 provides an example of this with an
a-tubulin sample. The image set was downloaded from an online
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repository and corresponds to a TIRF-SIM acquisition with an emission
wavelength of 525 nm®. The reconstruction, done with eq.25, contains
several “ghost” bundles that do not appear in the wide field (fig.4.4b
yellow arrows). If the spectrum of the reconstruction (fig.4.4c) is analyzed
one will find that the cause of the “ghost” structures are the information
drops characteristic of the side-lobe artifacts.

WF SIM SIM (Deconvolved raw data)

Fig.4.4 Lobe-like artifacts in biological samples. Immunostained o-tubulin. (a)
Wide field. (b) SIM reconstruction without optimization. (c) SIM reconstructions
using the 2D deconvolved data. Their corresponding spectra appear in (d/e/f). The
lobe-like artifacts accumulate in a complex structure to form “ghost images” (yellow
arrows), in the case of image (b) there are bundles that are not originally in the wide
field (yellow arrows). The spectra of (b) displays the amplitude drops (blue arrow)
characteristic of the lob-like artifacts. This is not the case for the optimized
reconstruction in (c). Scale bar: 1 pum.
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4.2 Deconvolution of the SIM raw data as strategy to

improve the reconstruction

Based on the spectral analysis of SIM artifacts we just carried out, we
proposed a new reconstruction strategy to deal directly with artifact
reduction®’. The strategy consists of deconvolving the raw image data set
of the SIM acquisition, then use the deconvolved data to solve eq.20/22
and apply eq.25 for obtaining the reconstruction Ogy. By raw SIM data
set we refer to the images O;;(7*) acquired at phase i and pattern orientation
J.

The 3D deconvolution of a stack of images acquired with patterned
illumination presents a challenge that might require a spatially variant PSF.
In order to keep our reconstruction pipeline robust we adhere to the use of
a 2D deconvolution which only requires the calculation of the detection
objective lateral PSF given (eq.3). The deconvolution of 0;;(#) can be
applied to 2D-SIM sets, i.e. i=3 and j=3, or to 3D-SIM sets (i=5, j=3). The
deconvolution method we selected was the Richardson-Lucy (R-L)
algorithm because compared to the Wiener filter that is usually applied in
SIM, it does not require parameter tuning. R-L deconvolution is an
iterative Bayesian method that accounts for the Poisson noise in the camera
and requires few iterations to reduce out-of-focus signal and enhance high
frequencies®™®. The algorithm is available in both commercial and open
source software like fiji®®, we used the MATLAB implementation of this
algorithm. The general inputs for this method are the PSF, which we
calculated from eq. 3, and number of iterations, which we estimated less
than 20 as an optimal value®, in practice we always applied the R-L
deconvolution with 10 iterations®**’.

This new pre-reconstruction deconvolution strategy that we propose brings
direct image quality enhancement by addressing the artifacts sources
before the data undergoes the reconstruction process.
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4.2.1 Reduction of periodic artifacts

The deconvolution of the raw data reduces the amplitude of the low spatial
frequencies associated to the out-of-focus background, thus reducing the
periodic artifacts because the out-of-focus signal has been filtered out. The
third column of figs.4.1a/b/c shows the increased quality of the SIM
reconstruction thanks to the pre-reconstruction deconvolution. The
periodic artifacts around the beads are barely visible now and the
mitochondria sample presents more recognizable features since the
periodic artifacts are not imprinted on top of the reconstruction.

4.2.2  Reduction of lobe-like artifacts

During the decovolution process the frequencies at the edge of the cut-off
value are boosted so their amplitude is increased. This helps to enlarge the
overlap between the extended and central domains eliminating the
lobe-like artifacts.  The beads reconstructions in figs.4.3c clearly
demonstrate this, the flower-like patterns around the beads do not appear
anymore and the spectrum (fig.4.3f) looks more regular now that all the
domains overlap. Similarly occurs for the a-tubulin bundles of fig.4.4, the
“ghost” structures appearing in fig.4.4b do not show up in the
reconstruction using our approach at fig.4.4c (yellow arrows). The
improvement is also seen in the reconstruction spectrum in fig4.4f as it
presents a more regular profile without the amplitude drops seen in the
spectrum of fig.4.4e.

4.2.3  Enhancing the extraction of the pattern frequency

As we explained in section 3.4.3 the cross-correlation between the central
extended domains shows a sharp peak whose position gives an estimate of
the spatial frequency of the illumination pattern (eq.38, fig.3.5a/b/c).
Extracting the peak is not always straightforward and weighted cross-
correlations are suggested to enhance the result of the correlation®. In our
reconstruction strategy the cross-correlation is directly enhanced because
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the overlap of the domains has been enlarged. Fig.4.5 illustrates this with
the a-tubulin data set of fig.4.4, there the cross-correlation for the third
pattern orientation has been calculated to extract p, and —p,,. Figs.4.5a/b
show the result of the correlation using the unprocessed raw data, the area
where the peaks is expected is indicated by a blue arrow and enlarged in
the figure inset displayed at the right bottom corner; no clear peaks are
detected. Figs.4.5¢/d show the same correlation but using the deconvolved
raw data, in this case the peaks are clearly visible facilitating the estimate
of the spatial frequencies p, and —p,,.
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Fig. 4.5 Deconvolution of SIM raw data enhances the extraction of the pattern
frequency. Cross correlation between the central and (a) right shifted extended
domain, (b) left shifted extended domain, (c) right shifted extended domain from the
deconvolved SIM data and (d) left shifted extended domain deconvolved SIM data.
The blue arrow indicates the area where the estimate of p, is expected, a magnification
of the area is shown in the insets at the bottom left corner.
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4.3 Deconvolution of the SIM reconstruction for further
Improvement

4.3.1 2D Post-reconstruction deconvolution

A deconvolution can be applied to the reconstruction Og,y in order to
emphasize high frequencies and maximize resolution gain. This is
equivalent to the deconvolution applied on multi-view image fusion to
enhance the contrast of the reconstructed image®. Since Richardson-Lucy
deconvolution is an iterative method this second deconvolution step can be
seen as the continuation of the one performed on the raw images but with
an extended PSF. Based on eq.25 this extended PSF is given by:

PSFsu(x,y,2) = , (40)

3 N
Z Z exp(7 - ;) FT-Y{OTF (k)}
j=1u=1

i.e. the OTF of the detection objective is displaced according to the spatial
frequencies p, ; to form the footprint of the extended point spread function
(PSFgiv). We used PSFg to deconvolve the reconstruction Og;y with the
R-L algorithm, in order to not pass the 20 iterations we restricted this
second deconvolution step to 5 to 10 iterations.

The performance of the post-reconstruction deconvolution is demonstrated
in fig.4.6. The reconstruction of the mitochondria sample in fig.4.1c (third
column) is shown in fig.4.6a next to its deconvolved version (fig.4.6b), this
latter image displays a higher contrast than the former. The intensity
profile of the PSFg, for this data set can be seen in fig.4.6e, the
deconvolution with this function has emphasized certain frequencies of the
reconstruction, this can be seen when comparing the spectra of both images
(fig.46¢/d). The region of the emphasized frequencies can be identified in
fig.4.6f where the circular average of both spectra has been plotted. There
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we have marked with two horizontal arrows the region in which the
frequencies of the deconvolved reconstruction (red line) are above the one
without deconvolution (black line).

4.3.2 3D Post-reconstruction of 2D-SIM images

Although the pre-reconstruction deconvolution is only applied in a 2D
fashion due to the lack of a PSF for patterned illumination, the
post-reconstruction deconvolution can be applied in a 3D manner as the
function is given by PSFs;y. We used the Gaussian approximation of eq.8
as 3D PSF and calculated its Fourier transform to obtain the OTF that
eq.40 requires.

Fig.4.7 shows the deconvolved reconstructions of yeast mitochondria
acquired with the csiLSFM. Fig.4.7a and 4.7b shows the 2D and 3D
deconvolved reconstructions respectively. Even though the 3D
deconvolution does not increment the axial resolution dramatically it does
offer a better contrast than the 2D deconvolved image. As validation of
our SIM reconstruction strategy the images in fig.4.7a/b can be compared
to the one in fig.4.7c, this reconstruction was carried out by another
algorithm called BlindSIM®®'. In the next section we will compare our
reconstruction strategy to other methods in order to have an assessment of
their artifact reduction capabilities.

66



Sec.4.3

(f) = Pre deconvolved
— = Pre & 2Dpost deconvolved
= S
= ky = (k2 + k2)"/?
S w,
- |
+ 1
wv 1
a 1
3
ap
o 1
= 1
1
1
0 5 10
k (Hm™)

Fig.4.6 Post-reconstruction deconvolution further enhances contrast. Mitochondria
sample. (a) SIM reconstruction using the 2D deconvolved SIM data. (b) Same SIM
reconstruction but deconvolved with the extended PSF shown in (e). (c) and (d) are the
power spectra of (a) and (b) respectively. (f) Circular average of the logarithm of the
power spectrum, the black solid line corresponds to the spectrum in (c) and red solid
line to the spectrum in (d). Scale bar: 1 pm.
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Xy-maximum projection xz-slice Xz-maximum projection

Fig.4.7 Application of 3D post-reconstruction deconvolution in 3D stacks. 2D-SIM
slice-by-slice reconstructions of GFP-tagged mitochondria in yeast (5 um stack). (a)
SIM reconstruction with 2D post-reconstruction deconvolution. (b) SIM reconstruction
with 3D post reconstruction deconvolution. (c) SIM reconstruction with the Blind-SIM
algorithm. Left column: xy maximum projection. The blue dashed line indicates the
position of the xz slice in the central column. Right column: xz maximum intensity
projection. Scale bar: 1 pum.
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4.4 RL-SIM vs other reconstruction algorithms

The goal of any SIM reconstruction algorithm is to provide an image with
resolution gain and no artifacts that hinder its quality, in one way or
another the main reconstruction strategies in the literature provide these
results but their processing approaches vary. In this section we compare
general features of our reconstruction method, the RL-SIM, against those
used in two commonly applied reconstruction algorithms, the BlindSIM
and fairSIM.

The processing steps of the RL-SIM are summarized in fig.4.13b, the
codes of the MATLAB implementation of this reconstruction are provided
at the end of this thesis (pp.135-142). The features of our reconstruction is
that it is strategically designed to reduce artifacts by addressing the artifact
sources before reconstruction. The approach is direct and it needs no
parameter tuning so it provides a standard and objective reconstruction
procedure. BlindSIM uses a maximum a posteriori likelihood approach, in
which a reconstruction is provided as a probabilistic estimation of the most
suitable PSF and pattern intensity profile®®’. This algorithm offers good
results and its main advantage is that it does not require a perfect
sinusoidal pattern since it accounts for local pattern deformations®, the
drawback of BIlindSIM is that is computationally very costly. For
example, a 3D-SIM data set with an image size of 200x200x13 pixels takes
330 minutes to be reconstructed; the reconstruction time can be decreased
to 25 minutes if a GPU is used to increase calculation speed (8 processors
of 3.40 GHz/RAM: 32 GB)®". For comparison we tested the speed of our
pre-reconstruction 2D deconvolution approach with a 3D-SIM data set of
256x256x13 pixels, the reconstruction took only 1.3 minutes (4 cores/2.53
GHz/RAM: 24 GB). Thus, BlindSIM can offer excellent image quality but
it is very time consuming even for relatively small image sizes. A single
plane of the stack presented in fig.4.7 is shown in fig.4.8, there the
BlindSIM reconstruction can be compared to the result obtained by RL-
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SIM (fig.4.8b/c). There are no significant differences between the two
images and the main structural features in both are basically the same,
though BIlindSIM seems to eliminate better the residual background
fluorescence in the center of the image.

(a) 3D DecWF (b) BlindSIM

(

Fig.4.8 Comparison of different SIM reconstructions methods. Single plane of the
stack in fig.4.7. (a) 3D deconvolved wide field. (b) Blind-SIM reconstruction. (c)
RL-SIM reconstruction. (d) fairSIM reconstructions with parameters: w=0.499, a=0,
d=0 pm™, Apo cut-off=2aw,, (€) w=0.499, a=0.990, d=1.5 um™, Apo cut-off=2w,, (f)
w=0.0.499, a=0.990, d=1.5 um™, Apo cut-off=2.5w,. The function of each parameter
can be found in eq.27 and 28 for the function of each parameter. Scale bar: 1 um.

A second common reconstruction algorithm is the one used in eqs.27/28; a
fiji implementation of this method is found in the fairSIM plug-in®®. The
strategy of this reconstruction approach is to eliminate artifacts by
adjusting the reconstruction spectrum with an attenuation function (eq.28),

70



Sec.4.4

a Wiener filter and an apodization function A(E). The fairSIM plug-in
offers parameters to tune this functions, a and d define the strength and
FWHM of the attenuation function respectively, see eq.28. w is the
Wiener filter parameter and is related to the SNR of the images (eq.27).

The apodization function A(I_c)) follows the footprint of the extended OTF,
decaying linearly from 1 in the center of the reconstruction spectrum to 0
at certain cut-off value, this cut-off value is given as multiple of the
detection cut-off frequency (w,) and can be tuned in the plug-in®*. The
main drawback of this method is that there are no general optimal values
for the tunable parameters and they have to be empirically adjusted for
each data set. Since the quality of the reconstruction is visually evaluated
this approach can turn into a trial and error approach in which multiple
attempts are required before obtaining a satisfactory result. Figs.4.8 shows
three fairSIM reconstructions to be compared with those obtained by
BlindSIM and RL-SIM. fairSIM 1 (fig.4.8d) presents visible artifacts
since no attenuation function was applied, fairSIM 2 (fig.4.8e) and fairSIM
3 (fig.4.8f) seem to provide good results but the elimination of background
signal is not as optimal as in the BlindSIM or RL-SIM images. Moreover
a change in some parameters can lead to a change in the resolution gain®,
in this particular case fairSIM 2 has lower resolution than fairSIM 3
because the apodization cut-off (2w,) of the former is smaller than the
latter (2.5w,). This is an obvious result, but it illustrates that the final
outcome of the reconstruction is subjective when using a tunable parameter
reconstruction strategy. Fig.4.9 provides another example of RL-SIM
reconstruction vs the fairSIM approach.

Overall we can state that the RL-SIM is a balanced SIM reconstruction
method as it is faster than BlindSIM while offering similar results (fig.4.8),
additionally the RL-SIM does not require any parameter tuning hence it
provides a standard and objective reconstruction procedure. The limitation
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of RL-SIM arises when implementing it in images with low signal-to-noise
ratios (SNR).

(c) fairSIM 1

(d) fairSImM 2

('c\""

L

.‘:‘_q'“\\
Y 20

Fig.4.9 Direct reconstructions in the RL-SIM vs empirical optimization in
fairSIM. Mitochondria sample of fig.4.1c. (a) 2D deconvolved wide field. (b)
RL-SIM reconstruction. fairSIM reconstructions with parameters: (¢) w=0.499, a=0,
d=0 pm™, Apo cut-off=2w,, (d) w=0.499, a=0, d=0 um™, Apo cut-off=2.5w,, (e)
w=0.499, a=0.990, d=1.5 um™*, Apo cut-off=2.5w,, (f) w=0.25, a=0.990, d=1 pm™,
Apo cut-off=2w,. Scale bar: 1 pm.
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45 RL-SIM in commercial set-ups and in the csiLSFM

45.1 RL-SIM in the 3D-SIM Elyra (Zeiss)

The reconstruction steps of SIM images in commercial set-ups are usually
not accessible to the user, this is compensated by offering an interface with
a set of tunable parameters to improve the reconstruction in case the
provided results are not optimal. The drawback of this strategy is that it
requires the same trial and error approach of other reconstruction
algorithms. In contrast our reconstruction method offers a direct and
immediate result without the need of any empirical tuning. In many
instances we found out that our reconstruction provided better results than
those carried by the commercial system. Fig.4.10 and 4.11 are evidence of
that, there we compared the reconstructions provided by the 3D-SIM Elyra
system from Zeiss against our reconstruction. Fig.4.10a shows the
reconstruction of a-tubulin molecules automatically provided by Elyra,
4.10b shows our reconstruction. Even though we only applied the first
deconvolution step for this data set, the image quality of our reconstruction
is noticeably better than the Elyra’s, which presents plenty of artifacts (see
fig.4.10c/d).

In fig.4.11 is the same case, our reconstruction (fig4.11b) offers an
artifact-free image of actin fibers while the Elyra reconstruction displays
some artifacts (fig.4.11a). From the spectrum of this reconstruction the
origin of the artifacts seem to be the amplitude drops characteristic of the
lobe-like artifacts (fig.4.11c), on the other hand the spectrum of our
reconstruction does not present this drops (fig.4.11d).
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Fig.4.10 RL-SIM in commercial set-ups I. Reconstructions of single plane of
a-tubulin/Alexa488 sample. Data set acquired with 3D-SIM in the Elyra Zeiss
microscope. (a) Automatic reconstruction provided by the Elyra system. (b) RL-SIM
reconstruction. (c/d) Magnification of the same region in (blue square/red square).
Acquisition conditions: NA=1.4 oil immersion/Exc=488 nm/ Em=525 nm. T,= 182.3
nm. Scale bar: 2 um.
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Fig.4.11 RL-SIM in commercial set-ups Il. Reconstructions of single plane of
actin/Alexa488 sample. Data set acquired with 3D-SIM in the Elyra Zeiss microscope.
(a) Automatic reconstruction provided by the Elyra system. (b) RL-SIM
reconstruction. (c/d) Spectra of the reconstructions in (a/b). The blue line is a plot of
spectrum profile at k,=0. The spectrum in (c) displays amplitude dips that can be
observed in the blue line at the points marked by the blue arrows. This creates the
artifacts that hinder the contrast in the Elyra reconstruction. The blue profile in (d) does
not present such amplitude drops so the RL-SIM reconstruction looks artifact-free.
Acquisition conditions: NA=1.4 oil immersion/Exc=488 nm/ Em=525 nm. T,= 221
nm. Scale bar: 1 pym.
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Fig.4.12 RL-SIM and fairSIM in the csiLSFM. (a) SIM reconstruction of E. coli
sample with fairSIM; w=0.498, a=0.9995, d=1.5 um'l, Apo cut-off=2.5w,, (b) and
RL-SIM. (c) SIM reconstruction of ER in yeast with fairSIM; w=0.1, a=0.990,
d=1.2 pm™, Apo cut-off=2.5w,, (d) and RL-SIM. (e) SIM reconstruction of a-tubulin
in HUVE cell with fairSIM; w=0.499, a=0.990, d=1.5 um'l, Apo cut-off=2.5w,, (f) and
RL-SIM. Acquisition conditions: NA=1.0 water immersion/Exc=488 nm/ Em=515 nm.
To= 244/187/208 nm. Scale bar: 1 um.
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45.2 The role of RL-SIM in the csiLSFM

The patterns produced in the csiLSFM are beyond the cut-off frequency of
the detection objective, hence when images are acquired under this
conditions two complications arise: the estimation of the pattern spatial
frequency p, and the lobe-like artifacts. Trying to overcome these two
issues with the standard reconstruction procedures (eq.26 and 27) led to
unsuccessful results. The RL-SIM reconstruction was designed from the
need to overcome these issues directly and many of the csiLSFM images
could not have been reconstructed without its application. Fig.4.12 shows
the reconstructions of two data sets acquired with the csiLSFM, yeast and
E.coli, the left column presents the best result we could obtain with the
fairSIM plug-in, the right column shows our reconstructions.

4.6 Discussion

In this chapter we presented a SIM reconstruction strategy to reduce
periodic and lobe-like artifacts that are common in SIM. The strategy
consists on the 2D deconvolution of the 2D/3D-SIM raw data set to reduce
out-of-focus background and increase the extent of the OTF, both features
are critical to reduce reconstruction artifacts (sec.4.2). Our reconstruction
approach was designed after performing the spectral analysis of images
with both types of artifacts (sec.4.1). The analysis showed that periodic
artifacts arise from modulated background signals and the lobe-like
artifacts from an irregular spectrum caused by weak extended domains
(low pattern modulations) or high resolution gains (rg>2)*".

Besides the pre-reconstruction deconvolution applied to the SIM raw data
we also demonstrated that a second deconvolution can be applied to the
reconstruction to emphasize the high frequencies and improve contrast
(sec.4.3). The diagram in fig.4.13 shows the steps of the typical
reconstruction methods and ours, the RL-SIM. While typical
reconstruction implementations use a parameter tuning approach to address
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periodic artifacts®***® " ours directly delivers an artifact-reduced image,

thus providing a standardized and user-independent procedure for
reconstruction.

Concerning the limitations of our method, we found two: 1) The method
cannot be applied to data sets with low SNR because the Richardson-Lucy
deconvolution is not suited for dominant Gaussian noise. As potential
outlook, the same pre-reconstruction strategy proposed here could be
investigated using modifications of the Richardson-Lucy algorithm
adapted to deal with low SNR™% 2) The method will not perform
optimally under extreme out-of-focus signal because the pre-reconstruction
deconvolution is applied in a 2D manner, therefore this will not be
completely eliminated and periodic artifacts will still occur.

The key step in our approach to reduce artifacts is the deconvolution of the
raw data, this might be seen as a simple change in the reconstruction
strategy but according to our spectral analysis it is a logic step to
implement. The effectivity of this step was tested in a commercial
microscope, the 3D-SIM Elyra from Zeiss, there we were able to deliver
better reconstruction quality than the one provided by the set-up software
(fig.4.10 and fig.4.11). Our method demonstrated to deliver good
reconstructions with data sets of both commercial and custom set-ups
(fig.4.4/4.6/4.10/4.11), in the case of the images acquired with the
csiLSFM, the RL-SIM was essential to provide the reconstructions since
the typical method (eq.27) was not able to correctly extract the frequency
p, of the small pattern periods used in the csiLSFM (fig.4.12)%%",
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(@)

Common SIM
reconstruction

(b) [

RL-SIM reconstruction

Raw images 0y, are 2D
deconvolved with the PSF of
detection objective (eq.3)

Extraction of S(k + p,;) for
2D-/3D-SIM (egs.20/22)

[

Extraction of pattern phase
(¢,) and spatial frequency (p,)
(weighted correlations)[29,36]

I

Assembly of domains
S(k % B,;) to obtain the
super-resolution image OSIM
(egs.26 or 27)

Parameter tuning of
apodization function, Wiener
filter, and attenuation
function.

]

Extraction of pattern phase
(p,) and spatial frequency (p,)
(eq.38)[35]

Assembly of domains
S(k + ) to obtain the
super-resolution image Ogy
(eqs.25)

Deconvolution of the Oy,
reconstruction with an
extended PSF to emphasize
the high spatial frequencies
(eq.40)

Fig.4.13 Flow chart of typical SIM and RL-SIM reconstruction.
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5 Q-factor: a quantitative criterion for
assessing raw image quality in SIM

51 Theory

5.1.1 Pattern modulation affects the resolution gain

SIM generates resolution gains because the spatial frequency of the pattern
(P,) shifts the spectrum of the object into the support of OTF (sec.2.5),
hence conveying access to high frequencies that were not previously
available. These frequencies are what comprised the extended domains
S(E — py;) and their amplitude is determined by the intensity changes
provided by the pattern modulation, this is made clear when explicitly
solving the linear systems of eq.20 and 22; for simplicity let us take the
2D-SIM case (eq.20), for the extended domains the solution is:

S(F o) = 05|45 (03, () = 0,(R)) £ €5 (0, (R) — 0 (R)) .
£ (0,(8) - 04 (8))| (a1)

and for the central domain:

3(F) = 052 [(0)(F) + 03 () (5" — ™ 5) + 0y (R) (75" = 3")| @2

While the central domain is a linear combination of the spectra of the raw
images 5,,”- the extended domains are a linear combination of their

differences O,,;(k) — Op-;(k), m#m". This means that the amplitude of
the information in S(E + ﬁoj) is defined by how large are the intensity
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differences induced by the pattern at each of its m phases, thus the role of
the pattern modulation is to define the weight of the new spatial
information and consequently the attainable resolution gain. To
demonstrate the latter statement we simulated a 2D-SIM acquisition on the
beads of fig.5.1a and measure the resolution at modulation values from
M=0 to M=1 in steps of 0.1 (fig.5.1d). The details of the simulation can be
found in sec.5.3.1 for now it suffices to know that the WF resolution is 314
nm and that pattern period was chosen to be 257.5 nm in order to provide a
maximum resolution gain of 2 (eq.33), hence the expected SIM resolution
is ~150 nm. In order to not affect the resolution of the SIM reconstructions
no processing, filtering or apodization were applied to the images, thus
reconstructions were carried simply with eq.25.

The sample in fig.5.1a consists of pairs of beads arranged in rows, the
separation of the beads in the top row is 100 nm and this distance increases
by 25 nm at each row, this overlay serves as a ruler to measure resolution.
The WF image of the beads and the SIM reconstructions for M=0, 0.1 and
1 are shown in fig.5.1a., the plots in fig.5.1b show the intensity profile in
the SIM reconstructions of the beads separated by 150 nm (third row),
resolving them means achieving the 2-fold resolution gain. According to
the Rayleigh resolution criterion, two structures are resolved when the
intensity of the two peaks is 26% larger than the valley between them
(fig.5.1b)*". In terms of contrast this value translates to 0.12:

C= Ipeak - Ivalley _ (1-26 - 1)Ivalley _
Ipeak + Imin (1-26 + 1)Ivalley

0.12. (43)

It is clear from the profiles in fig.5.1b that not all modulation values will
produce the required contrast value to consider the beads as resolved. In
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fig.5.1c we plotted the contrast C for all the pairs of beads against their
separation distance, the horizontal dashed red line marks the Rayleigh
contrast criterion (C=0.12). According to these curves the 150 nm
resolution line is only resolved for M>0.5 (orange curve), any modulation
lower than that will convey a resolution gain respect to the WF data (black
dots) but it will not achieve the entire 2-fold gain. This demonstrates that
the pattern modulation in SIM requires a minimum value in order to
produce significant resolution gains.

The motivation of this chapter is to find this minimum modulation value
for different noise levels and use it as assessment criterion for the quality
of the SIM raw data, in the simulations of fig.5.1 no noise was considered
and furthermore we controlled the pattern modulation M. Hence our goal
is to develop a metric not to measure M but rather to measure the effective
modulation displayed in the raw data. The differences 0,,;(k) — O, ; (k)
are an indirect measurement of this because they are affected, as we will
demonstrate in sec.5.2, by the brightness of the fluorophore, the SNR and
the structure of the sample. Our baseline to measure the effective
modulation will be the variance of the Gaussian noise, under the logic that
the differences 0.,;(k) — 0.+ (k) have to be above the variance level in
order to produce relevant information.
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Fig. 5.1 Effects of pattern modulation in the resolution gain of SIM images. (a)
Simulated sample consisting of pairs of beads separated by distances from 100 to 400
nm, its wide field (WF) and SIM reconstructions under three different pattern
modulations, M=0.01, 0.1 and 1. No Gaussian noise was applied to the images. (b)
Intensity profiles of the WF and SIM reconstructions of the beads separated by 150 nm.
(c) Contrast vs beads separation distance at different modulation values. The horizontal
red dashed line marks the contrast required by the Rayleigh’s resolution criteria to
consider two objects as resolved. The vertical red dashed line indicates the distance of
150 nm which is the maximum attainable resolution if a two-fold resolution gain is
achieved. (d) Color code for the curves in (b) and (c).
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Fig. 5.2 Noise amplification in SIM reconstructions. (a) WF and SIM
reconstructions of the sample under illumination patterns of M=0, 0.1 and 1. Gaussian
noise of variance 0.1% was added to the SIM raw images. (b) The intensity profiles of
the beads separated by 150 nm exhibit the amplification of Gaussian noise in the SIM
reconstructions respect to the WF, while the WF curve (black solid line) presents a
smooth profile the reconstructions display a more noisy intensity variation. (c) Circular
average of the logarithmic power spectra of the WF and the SIM reconstructions. The
double headed red arrow shows the vertical separation between the spectra in the
regions associated only to noise, this demonstrates the noise amplification in the SIM
images.
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5.1.2  SIM reconstruction process amplifies the noise variance
Before using the noise variance as baseline to measure the effective
modulation we investigated how this is transformed under the SIM
reconstruction. We applied to the sample of fig.5.1a Gaussian noise of
zero mean at three noise variance (¢?) conditions: 0.01, 0.05, and 0.1%.
Such variance values led to WF images with signal-to-noise ratios (SNR)
of 60, 20 and 10 respectively (fig.5.3b). The noise was applied to the SIM
raw images (Or;) and then the reconstruction was carried out. The WF and
the reconstructions for M=0, 0.1 and 1 can be seen in fig.5.2a (6°=0.1%).
A visual comparison between the WF image and the reconstruction with
M=0 hints to a noise amplification in the latter, since M=0 adds no
resolution gain it is expected to look similar as the WF image but notice
that the Gaussian noise is higher in the reconstruction despite the fact that
both were derived from images with the same noise variance (6°=0.1%).
Fig.5.2b shows the intensity profile of the beads in the third row, the
profiles of the reconstructions with low modulation (M=0, 0.1) seem
clearly noisier than the WF data (black line). To make obvious the noise
amplification due to the reconstruction we have plotted in fig.5.2c the
circular average of the logarithmic power spectrum of the images in
fig.5.2a; these curves show that the noise of the SIM reconstructions is
always above that of the wide field (red double headed arrow).

To quantify the noise amplification we account for Gaussian noise in
egs.41 and 42 and calculate the ratio between their noise variances. Since
Gaussian noise is additive we add the noise spectrum (N) to egs.41 and 42,
thus the noisy domains (S™V) are expressed as the sum of the signal and
noise terms, for the extended domains we have that:

GHINI _ gt L
M =5 4 N (44)
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and for the central domain:

"'O[N] _ o o~
57 =57 + Ny (45)

To simplify notation in these last equations we have labeled with + the
signal and noise spectra of the extended domains, i.e. S‘J’—L = S‘(E + Boj)-

Similarly for the central domain but with the symbol o, §¢ = S‘(E) From
eqs.41 and 42 the spectra Nj-i and IVJ‘-’ are composed by the individual noise
of the images’ spectra 6mj, ie.:
. Aoy o L, 73y S,

= 05 [0S (W () — oy () £ 25 (o) () — Wiy () .

* (1"\72]-(%) - 1”\71}-(}’))] (46)
and
NP = 0.5 [(Wo;(K) + Ny (K)) (ezs_"i - e‘z?"i) + Ny (k) (e_%i - e%i)]' “7)

The spectra of Gaussian noise is linked to the noise variance by the
following relation™:

Ny - N;‘U- =0%8mn. (48)

Considering that the noise variance is the same for all spectra ij, we use
this last relation to calculate the norm of IV;—“ and ITI]‘? (eqs.46/47) and obtain
the ratio of their variances:
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2
~+ 4=
N; N ||Nj || 1602

— - 49
N;-N; |ITI]0||2 w07 " “

hence the variance of the noise in the extended domains is four times larger
than the variance of the wide field.

5.1.3 Q-factor: defining a metric of effective pattern modulation in
SIM

In sec.5.1.1 we showed that the pattern modulation determines the
amplitudes of the extended domains that produce the resolution gain in
SIM. The SNR of these domains measure then the relevance of the
information content in them, simply because this quantity will yield the
strength of the newly acquired spatial frequencies over the noise. To
estimate the SNR of the extended domains we divided the image spectrum
in two areas, one containing the signal (2) and the other containing only
noise (v, fig.5.3a). These areas are divided by a radius p such that:

p= /k,% + k% | OTF(ky, ky) = 0.05 - max(OTF). (50)

The SNR of is given then by the ratio between the average spectrum norm
in the regions 2 and v:
_ {87k <p)lD

<t
M@= ol

(51)

and the same for the central domain:
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{57 (k < Pl

SNR(S?) = <||3§’(E . p)”).

(52)

In fig.5.3b/c the SNR of the extended and central domains of the beads
(fig.5.1a) are plotted against the pattern modulation M. The three lines in
each plot correspond to the variance conditions: 0.01 (blue), 0.05 (red) and
0.1% (green). The SNR of central domain remains a constant (fig.5.3b)
while the SNR of the extended domain behaves linearly respect to the
modulation (fig.5.3c), the slope of these lines decreases with an increasing
noise variance, meaning that high noise levels hinder the effectiveness of
increasing the amplitude of the frequencies in the extended domains. The
SNR as calculated in eq.51 does not provide information about the
resolution gain achieved in the SIM reconstruction, its values are unbound
and they depend on the noise variance, thus an optimal SNR would have to
be defined at each noise level when evaluating SIM images. Moreover the
SNR of the extended domains alone does not provide the weight of these
domains respect to the central one. Therefore in order to use the SNR of
the extended domains as a standard metric for SIM image quality we
rescale its values respect to the SNR of the central domain, additionally the
noise amplitude is taken as lower bound to limit its range from 0 to 1:

5 E <l - dISF & = o))
TS <l +ISE G £55 2 o))

(83)
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We define the Q-factor of a set of SIM images 5,,”- as the average of all
jS. For 2D-SIM six extended domains are obtained for three pattern
orientations, accordingly:

3
1 .
Q =EZ(Q,- Q7). (54)
}:

A practical calculation of egs.53 and 54 can be found in the MATLAB
codes section of this thesis, more specifically in the function named
twoSIMrec.m in the code lines 59-69 and 105.

In terms of the SIM acquisition Q can be interpreted as an indirect measure
of the effective pattern modulation displayed in the raw images 5,,”-.
From an information perspective Q measures the content of relevant spatial
information in Sf for instance, since by definition the range of Q is the
interval [0,1], a value of Q=0 means that no new information can be
extracted to provide a resolution gain because the extended domains are
only comprised by noise or entangled with it. If relevant high spatial
frequencies are to be produced with SIM then high values of Q must be
procured. We calculated Q from the noiseless data set (fig.5.1) at its
different modulation values M=0-1. A curve of the beads’ contrast at three
resolution lines, 300, 200 and 150 nm (fig.5.1a), is plotted as function of Q
in fig.5.3c. These three resolution values were chosen because they
represent hallmarks of the resolution gain, if resolved they represent a
lateral resolution gain (rg) of 0, 1.5 and 2. The curve associated to rg=0 is
used as control since the resolution of the wide field is around 314 nm,
rg=2 is the standard gain expected from SIM and rg=1.5 we consider it as
an adequate lower bound for significant resolution gains since such gain is
hardly achieved by any image processing or linear fluorescence
microscopy method. The curves in fig.5.3c show an ascending trend,
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hence higher contrasts are related to increasing Qs, the minimum Q
required for resolving the beads is obtained by applying the Rayleigh
resolution criteria in the same manner we did in fig.5.1c, namely, finding
the argument of C(Q) such that C=0.12. To find this value for each of the
curves we firstly obtained C(Q) by fitting the corresponding data to a
logistic function, (sec.5.3.2), the fitted curves correspond to the black solid
lines (fig.5.3c). The arguments that yield C=0.12 for the three lines are 0,
0.11 and 0.33, we indexed these arguments as Q4 to associate them with
the resolution gain that each of the curves measure, hence Q=0, Q;5=0.11
and Q,=0.33. The result Qu=0 obtained from the control curve expresses
the fact that no modulation is required to access the spatial frequencies that
are intrinsically given by the detection objective. The values Q;5=0.11 and
Q,=0.33 represent an estimate of the minimum values that a SIM data set
should present to achieve a resolution gain of 1.5 and 2 respectively, when
the illumination pattern is tuned to attain a maximum gain of 2. Either Q5
or Q,, depending on how stringent one wishes to be, mark the threshold
that divides optimal from sub-optimal data. The existence of these values
is equivalent to the result of the minimum modulation required to attain a
resolution gain (sec.5.1.1). The question now is if the same values can be
used to evaluate data acquired under different SNR conditions. We plotted
in figs.5.4a/b/c the C(Q) curves of the three resolution lines (300, 200 and
150 nm) of the data sets with the three different noise variances, 0.01
(blue), 0.05 (red) and 0.1% (green) and compared them to the fitted curve
of the noiseless data set (black). The trajectories of the colored curves
initially run parallel to that of the noiseless data and diverge from it as Q
increases, this occurs because the largest available contrast is limited by
the noise variance. If we take into account the error bars of the colored
curves, their proximity to the contrast values given by the black curve
around Q5 and Q, should allow the use of Q;5=0.11 and Q,=0.33 as
adequate estimates for dividing optimal and sub-optimal SIM data under
different SNR conditions. The insets in figs.5.4b and 5.4g illustrate the
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SIM reconstructions of the beads, any SIM data set with Q>Q,, carries
enough information to produce reconstructions with a resolution gain rg or
larger while a set with Q<Qq does not.
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Fig. 5.3 Q-factor as measurement of resolution gain attainability in SIM. (a)
Scheme of the extraction of the signal and noise average amplitude from the central and
extended domains. The cut-off frequency of the OTF outlined by the white circle. The
regions 2 and v correspond to the areas within and out of the OTF respectively. (b)
SNR of the central domain and (c) SNR of the extended domain against pattern
modulation. SNR was calculated from the simulated sample in fig.5.1 under three
different noise variances, 0.01 (blue), 0.05 (red) and 0.1% (green). (d) Contrast vs Q
curves for the beads separated at 300, 200 and 150 nm. The latter curves were obtained
using the noiseless data set. The minimum Q values required to obtain resolution gains
of 0, 1.5 and 2 are accordingly marked on the horizontal axis at 0, 0.11 and 0.33. The
solid lines are the curves fitted with eq.58 to the data points (o,*,0).

93



Chapter 5

(a)1 (b)
0.6
O 0.4
0.2
Q=0
i
0 0.2 0.4 06
0

07=0.01% 0.3f(c)

- 07=0.05% m

- 0'3:0 1 9 o

0 01 02 03 04 05 06

Fig. 5.4 Q-factor under different SNR values. Contrast vs Q curves calculated from
the noiseless (black) and noisy data sets, ¢*=0.01, 0.05 and 0.1% (blue, red, green).
The curves are plotted for the for the beads separated by (a) 300 nm, (b) 200 nm and (c)
150 nm. The rectangular insets in (b) and (c) show the WF and three SIM
reconstructions of the corresponding beads pair (6°=0.05%). One reconstruction is
carried with a sub-optimal data set, i.e. Q < Qq, and the other two with optimal Qs (Q

> Qrg)-
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5.2 Results

5.2.1 Implementation of Q in 2D-SIM and 3D-SIM data

In 2D-SIM the extended domains obtained per orientation are S(k + f,;)
and S‘(E - ﬁoj) (9.17). In the case of 3D-SIM four extended domains per
orientation are extracted from the raw data: $(k + 0.55,;), S(k — 0.58,,),

S§(k + B;) and $(k — B,;) (eq.21), the first two are related to a 1.5 lateral
resolution gain. The last two are equivalent to the domains obtained in 2D-
SIM, in the sense that they carry the frequencies needed for a 2-fold lateral
resolution gain, therefore we use only those two domains to calculate Q in
3D-SIM data through egs.53 and 54. If a 3D stack is acquired Q can be
calculated for each plane, yet to have an estimate of the maximum Q that
can occur in the stack it is only necessary to make the calculation for the
central plane since it usually contains more in-focus features. If Q is
calculated from the first or last planes, where the signal is mostly out-of-
focus, Q will be very close to zero because the pattern has been blurred
(fig.5.11).

Calculating Q does not require prior knowledge of the reconstruction
parameters, i.e. pattern’s phases, periods and orientations, it only requires
the raw images as input. Hence, Q provides a pre-reconstruction criterion
of the raw data quality on which a decision can be based to adequately
proceed with sub-optimal data. In the following sections we demonstrate
practical implementations on how to evaluate sub-optimal data through Q
and how to use it as guideline to optimize the acquisition parameters, such
as pattern period, exposure time and laser power to increase the data
quality. The assessment strategy is carried out by considering the value
Q15=0.11 as the borderline between optimal and sub-optimal data quality.
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5.2.2 Q as guideline to optimize pattern modulation

Fig.5.5a shows two SIM reconstructions of a DAPI stained nucleus. The
raw images were acquired with a pattern period of 183 nm (left) and 222
nm (right), they correspond to an expected resolution gain of 1.9 and 1.7
respectively. The laser power for both acquisitions was maintained
constant to achieve similar SNR in both data sets. A visual inspection of
the reconstructions will immediately conclude that the image on the right
panel displays a better contrast than the one on the left. This is
inconsistent if we evaluate the images based on their expected resolution
gains, but it is completely congruent if we compare the Q values of the
data sets. While the image with expected rg of 1.9 has a Q of 0.08, the one
with rg=1.7 presents a Q of 0.12. The raw images of the former
reconstruction are sub-optimal according to the threshold value of
Q15=0.11, thus no significant resolution gain can be expected. The
sub-optimal acquisition is due to the low modulation of the 183 nm pattern
period in comparison with the 222 nm pattern, fig.5.5¢ shows the intensity
profile of lines perpendicular to the illumination pattern in an excerpt of
the raw images (fig.5.5b), the peaks and valleys of the 222 nm pattern (red)
are clearly more noticeable than those of the 183 nm pattern (blue). By
increasing the pattern period from 183 nm to 222 nm we have increased
the pattern modulation and so strengthen the high spatial frequencies
contained in the data sets to produce a better reconstruction. This
illustrates the impracticality of aiming at high resolution gains without
fulfilling the minimum modulation conditions, although increasing the
pattern period has decreased the expected maximum resolution gain, the
increase in modulation has also enhanced the amplitudes of the extended
domains leading to an effective resolution improvement. To demonstrate
the resolution gain of these reconstructions we compared the intensity
profile of a feature in the WF against its profile in the two reconstructions
(fig.5.5a, left corner insets). The profile of the structure in the WF (green
curve) shows two peaks that present higher contrast in the reconstruction
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with Q=0.12 (white line) while in the case of the sub-optimal
reconstruction the peaks have lost their profile (yellow line, Q=0.08). The
latter curve is very noisy due to the little strength of the high spatial
frequencies and the amplification of the noise variance, both effects
combine to produce a reconstruction that does not attain a significant
resolution gain and deteriorates the original information with amplified
noise.

The analyzed nucleus images have a moderate SNR of 8; images with
higher SNR do not guarantee resolution improvement if the pattern
modulation is extremely low®. A high quality reconstruction requires also
high pattern modulations. An instance of this is illustrated with the
mitochondria data set in fig.5.5d, the figure shows the WF (left panel) and
two SIM reconstructions, corresponding to acquisitions with low (central
panel) and high pattern modulations (right panel). The raw images have a
high SNR of 21; the low modulation acquisition was achieved by
deliberately illuminating the sample with a pattern period of 173 nm,
which 0.66 times smaller than the resolution of the detection objective
(sec.5.3.3). Accordingly, the data set has a low Q value of 0.03 and the
reconstruction presents periodic artifacts due to a complete lack of
mid-range frequencies (sec.4.1.2), effect that becomes evident in the power
spectrum of the reconstruction (inset in fig.5.5d/center, white arrows). The
low Q factor is a reflection of that frequency shortage but it is possible to
provide the extended domains S‘(I_E —PDo;) With a larger weight by
increasing the pattern modulation in a second acquisition, e.g. the data set
acquired with a period of 221 nm (fig.5.5d/right). This data has now a Q
value of 0.17 which overcomes the Q.5 threshold, thus the data set is
considered optimal for obtaining a significant resolution gain; a higher Q
also means that the amplitudes of the high spatial frequencies are now
larger, hence the power spectrum of this reconstruction displays a
continuous profile (inset top right corner) which in return eliminates the
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periodic artifacts arising from an irregular spectrum, like the one in the
reconstruction acquired with the 173 nm pattern.

In conclusion, comparing the Q value of a SIM image set with the
threshold values Qis provides a numerical guideline to diagnose
sub-optimal data due to low pattern modulation. Shifting sub-optimal data
to an optimal status can be done by re-acquisition of the data with an
increased pattern modulation, this can be easily achieved in practice by
changing the illumination grid to increase the pattern period; alternatively
illumination modes that enhance the modulation of the pattern can be
implemented, such as the line scan in linear SIM or patterned
activation/excitation in non-linear SIM™"®.
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Fig.5.5 Optimization of pattern modulation by adjusting pattern period. (a) SIM reconstructions of a cell
nucleus stained with DAPI. Raw data was acquired under two different pattern periods, 183 nm (left panel) and
222 nm (right panel), the expected maximum resolution gains are 1.9 and 1.7 respectively. The average SNR of
the WF image and the Q value of the SIM data set is shown in reconstructions. The WF of the region within the
white box has been magnified in the central panel. A feature of that region has been selected and its intensity
profile plotted for its WF image (green) and SIM reconstructions (yellow, white), the curves are compared
against each other in the bottom left corner. (b) Raw images of the white box area under the sinusoidal
illumination pattern, the first phase of each pattern orientation is shown. Orientation angles are 74°, 14° and
134°. (c) Intensity profiles of the illumination patterns at the lines indicated in figure (b), pattern period of 183
nm in blue and 222 nm in red. (d) Images of mitochondria stained with MitoTracker, Left: wide field, Center:
SIM reconstruction (173 nm pattern period), Right: SIM reconstruction (221 nm pattern period). The power
spectrum of each reconstruction is shown in the top left corner of the image. (e) Magnifications of the white
outlined box in (d). Scale bar: 2 pm.
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5.2.3 Q as guideline to optimize laser power and exposure time

As shown in the previous section, a low modulation can be corrected by
increasing the pattern period. Likewise, laser power and exposure time can
be tuned to increase SNR using Q as guideline. Fig.5.6b shows the WF
image of actin filaments, its corresponding SIM reconstructions with data
sets acquired at different laser powers and exposure times are presented in
fig.5.6a. Three different exposure times, 10, 50 and 100 ms, and two
illumination powers, 20 and 40%, were used. The overlay of figs.5.6a is
used in fig.5.6¢ to make a color map of the Q values of each data set, the
color association is red for Q < Qys, yellow for Q=Q s and green for Q >
Qi1s5. The Q values in the color map help to identify optimal acquisition
conditions, for instance, in the actin sample only one pair of acquisition
conditions produced optimal data, namely 40% of laser power and 100 ms
of exposure time, which yielded a Q of 0.13 (fig.5.6¢). Another example
of this optimization is illustrated in the mitochondria sample of fig.5.7b.
Fig.5.7a shows the SIM reconstructions of this sample at three exposure
times (1, 5 and 10 ms) and three laser powers (10, 20 and 40%). The color
map of the Q values indicates that any power > 20% and exposure time >
5 ms will provide Qs larger than Qq s, acquisition of images using the lower
bounds 20% and 5 ms will jointly minimize power and exposure time
while keeping the raw data optimal (fig.5.5c). Minimizing power and/or
exposure time is important in live imaging to maintain sample integrity and
obtain fast acquisition speeds, Q helps to minimize those parameters while
tracking if the information content in the raw data is still sufficient to yield
a resolution gain.

It is clear that to acquire multiple data sets under different power and
exposure conditions requires several acquisitions that might produce
photodamage, to avoid this the optimization strategy can be implemented
only on a small area of the whole field of view. Besides, the
standardization of fluorescent labeling protocols within a lab means that a
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sample could be used to obtain the minimum required conditions of power
and exposure time through Q and later apply these same parameters for the
following samples.

One last thing to draw attention to in the reconstructions of fig.5.6a is that
they represent a remarkable visualization of the role of Q5 as the threshold
between sub-optimal and optimal data, certainly only after the data sets
obtain a Q=0.11 the reconstructions commenced to display a resolution
gain respect to the WF whereas the sets with lower Qs did not accomplish
this (figs.5.6a/c).

(a) 10 ms 50 ms 10 ms (b)

Exposure time
10 ms 50ms 100 ms

—~
()
~

g 2
8 &
o

g
w0l <
S

o0<0.11 I 0>0.11
0=0.11

Fig. 5.6 Optimization of laser power and exposure time in actin sample. (a) SIM
reconstructions of an actin sample under laser powers of 20 and 40% and exposure
times of 10, 50 and 100 ms. The excitation wavelength is 488 nm and the pattern
period is 183 nm. (b) Wide field. (c) Color map of the Q values of the data sets used in
(@), colors indicate sub-optimal (red), fair (yellow) and optimal data sets (green). Scale
bar: 2 um.
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Exposure time
1ms 5ms 10ms
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Laser Power
20% 10%

40%
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Fig. 5.7 Optimization of laser power and exposure time in mitochondria sample.
(a) Reconstructions of the mitochondria sample under laser powers of 10, 20 and 40%
and exposure times of 1, 5 and 10 ms. The excitation wavelength is 560 nm and the
pattern period is 221 nm. (b) Wide field. (c) Color map of the Q values of the data sets
used in (a), colors indicate sub-optimal (red), fair (yellow) and optimal data sets
(green). Scale bar: 2 um.

5.2.4  Assessing fluorophore brightness suitability for SIM

As we demonstrated in the previous two sections laser power, exposure
time and pattern period are acquisition parameters that can be tuned to
increase the value of Q. These are set-up related parameters that affect the
extraction of spatial information with SIM. There are also sample related
parameters like the fluorophore brightness or the packing density of the
observed structure that play a role in the withdrawal of high spatial
frequencies from the raw data. For instance, if the brightness delivered by
the fluorophore is not high enough due to a low quantum yield, the
responsiveness of the sample to the tuning of acquisition parameters is
extremely hindered. Such case is shown in fig.5.8, a DAPI stained nucleus
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has been reconstructed with an image set at 10% laser power (fig.5.8c/left)
and another at 40% (fig.5.8c/right), the gain in the SNR of the raw data is
not significant, going from SNR=2 to SNR=3. The dye in this case has a
low quantum yield, hence producing low SNRs. Increasing the pattern
period from 183 to 222 nm (fig.5.8c/f) to improve the modulation does not
carry a major improvement because the modulation is limited by the low
SNR. This is reflected in the low Q values of the images, the maximum Q
obtained for this sample was Q=0.08 (fig.5.8f right), which does not
overcomes the threshold Qs and consequently no resolution gain can be
expected. Additionally, due to the low SNR the noise amplification in the
reconstructions becomes very noticeable, fig.5.8b shows the surface plot of
the region within the red box (fig.5.8a WF), the same plot of any of the
SIM reconstructions (fig.5.8d/e/g/h) is very spiky in comparison to the
smooth profile of the wide field (fig.5.8b). The studied case illustrates the
application of the Q factor to diagnose problems in the raw data due to a
low brightness of the fluorophore, in such samples tuning of illumination
pattern, laser power or exposure time will not turn gainful in increasing the
quality of the raw data and it would indicate that an enhanced fluorophore
should be applied in a reacquisition.

5.25  Assessing suitability of sample structure for SIM

The structure of a sample can affect the effective pattern modulation
displayed in the raw images. For instance, given a pattern period, a
discrete structure will inherently displayed a higher pattern modulation
than a “continuous” one, because in the former the point spread functions
across the image will have less overlap than in the latter. To depict these
conditions we imaged with the csiLSFM (chapter 3) the Lamin A structure
of a HeLa cell sprinkled with 100 nm fluorescent beads. Lamina A is a
fibrous structure while beads represent a discrete fluorescent unit
(figs.5.9a/b). We illuminated the sample with a pattern of 200 nm in
period, i.e. 0.6 times smaller than the Rayleigh resolution limit, hence the
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modulation is expected to be sub-optimal. Fig.5.9a shows the WF and the
SIM raw data of the three phases of the first pattern orientation, ¢,, ¢; and
@2, the low modulation of the pattern is certainly reflected in the low Q
value of the data (Q=0.02). A red rectangle in the WF image encloses a
region with a bead close to the cell, the magnifications of this region in
fig.5.9b demonstrate that the bead blinks when the phase of the pattern is
shifted (white arrow), whereas the intensity modulation in the Lamin A is
barely perceptible. Fig.5.9c shows the intensity profiles of the images
along the white dashed line (fig.5.9b WF), a visible intensity bump owed
to the bead blinking occurs in phase ¢; (red curve) but the profile
corresponding to the Lamin A area remains basically the same in any of
the phases, so even if the pattern produces a low intensity modulation in
the cell structure it is able to produce a high modulation of the bead
because it fits in between the dark and bright fringes of the pattern. This
demonstrates that the effective pattern modulation displayed in the raw
images does not only depend on the inherent modulation of the
illumination pattern but also on the size and packing density of the imaged
structure. In the data set of fig.5.9a the reconstruction attempts were
unfruitful due to the low information contained in the images (Q=0.02).
Successful reconstructions were attained in discrete structures at even
smaller patterns, like the fluorescent beads and a—tubulin of fig.5.9d and
fig.5.9e. Both samples were illuminated under a pattern of 183 nm and yet
good SIM reconstructions were obtained. The success of these
reconstructions is due to the discrete spatial distribution of the samples that
enhance the modulation displayed by pattern, this is evident in the large Q
values of both samples (Q=0.33 and Q=0.16).

Packed structured and patterns with periods below the resolution limit of
the objective lens are usually not compatible because of the low
modulation displayed in the images. Such fine patterns are not only
applied in the csiLSFM but also in TIRF-SIM or non-linear SIM, assessing
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if a fluorescently labeled structure is adequate for any of these SIM
modalities can be also done through the calculation of Q.
183 nm(rg=1.9)

(a) WF (c) P:10% P:40%
SNR=2/0=0.05 SNR=3/0=0.06

222 nm(rg=1.7)
P:10% P:40%

Fig. 5.8 Q-factor to assess the suitability of fluorophore brightness for SIM. (a)
Wide field of a cell nucleus. (c/f) SIM reconstructions under a pattern period of
183/222 nm and two illumination powers, 10 and 40 %. The SNR and Q of the data
sets appear in the images. The fluorophore has little responsiveness to changes of
modulation or laser power and so it is reflected in the modest increase of the Q factor.
Also the small change of SNR with increasing laser powers hints to a low quantum
yield of the fluorophore. (b/d/e/g/h) Surface plots of the rectangular area outlined in
the WF and the SIM reconstructions. The spiky profile of the surface plots
corresponding to the reconstructions exhibit the noise amplification respect to the WF.
Scale bar: 2 um.
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Fig. 5.9 Q-factor to assess the suitability of sample structure for SIM. (a) WF of
Lamin A in a cell illuminated with a pattern period 1.3 times smaller than the resolution
of the detection objective. The SIM raw images taken for the first pattern orientation at
phases ¢,, p1 and ¢, are also shown. (b) Magnifications of a 100 nm fluorescent bead
near the cell. The position of the bead is indicated by a white arrow. (c) Intensity
profile of the raw images along the white dashed line in (b, WF) at phases ¢,, ¢1 and ..
(d) WF and SIM reconstruction of fluorescent beads and (e) a-tubulin. Scale bar:
2 pum/(d) 500 nm.
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5.2.6 Testing Q to evaluate SIM raw images acquired with
commercial set-ups

We tested the Q-factor with images acquired in three SIM commercial

set-ups, Elyra (Zeiss), OMX (Delta Vision) and N-SIM (Nikon). The

reconstructions appearing in figs.5.5 to 5.8 were acquired with the Elyra

system, therefore the application of Q in this system is already

demonstrated there.

The Nikon microscope provides an interesting experiment to test the
underperformance of sub-optimal SIM data. This system is equipped with
a confocal and SIM acquisition, fig.5.10a shows the confocal image of
actin bundles and three SIM reconstructions at three different exposure
times (10, 50 and 100 ms), the SNR and Q of each data set is displayed
above each image. Only the reconstructions with optimal data
(Q=0.18/Q=0.23, fig.5.10c/d) reveal structures of the sample in more detail
than that conveyed by the confocal image. On the other hand, notice that
the reconstruction with sub-optimal data (Q=0.07,fig.5.10b) does not
exhibit a significant gain in contrast nor resolution respect to the confocal
image. This example shows that SIM data acquired with inadequate
parameters leads to underperformance of SIM. Thus to demand that SIM
outperforms standard diffraction limited microscopes one has to assure that
optimal data sets have been acquired.

Finally, in fig.5.11 we illustrate with the OMX system how to evaluate
with Q a 3D stack. In this case it is only necessary to calculate the Q factor
in a middle plane since this assures that the highest pattern modulation will
be probed. Calculation of Q in planes that contain plenty of out-of-focus
features will not vyield representative results of the best acquisition
conditions since Q decays in these planes due to the low pattern
modulation.
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Confocal SIM
(SNR=6) (SNR=3/Q=0.07)

Fig.5.10 Underperformance of SIM set-ups owed to sub-optimal data. (a) Confocal
image with a pixel dwell time of 100 ms. (b/c/d) SIM reconstructions acquired with
exposure times of 10, 50 and 100ms. Only the data sets with an optimal Q, i.e. Q>0.1,
display a resolution gain respect to the confocal image. The sub-optimal data (Q=0.07)
does not show this improvement. Scale bar: 1 pm.
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0=0.09

3D-Stack

0=0.26

Fig.5.11 Q in 3D stacks. The pattern modulation in the outer planes of an image stack
is low because they contain plenty of out-of-focus features. Consequently the value of
Q in this planes is very low. To evaluate the quality of the pattern in a stack it suffices
with the calculation of Q in a middle plane. Scale bar: 5 um.

109



Chapter 5

5.3 Materials and methods

5.3.1 2D-SIM simulations on beads

We created a synthetic 2D sample consisting of 13 pairs of beads arranged
in rows (fig.5.1a). Each bead has a size of 3x3 pixels. The centers of the
first pair of beads are separated by 4 pixels, this distance increases 1 pixel
at each row up to a separation of 16 pixels in the last one. The pixel size
was set to 25 nm, thus the minimum and maximum separations are 100 and
400 nm. We simulated 2D-SIM illumination on this sample, under the
following conditions: Ae,=515 nm emission, wavelength, this wavelength
was chosen since it is close to the emission of fluorophores excited with
488 nm. A detection objective with NA=1 and 257.5 nm period of
illumination pattern (T,). This period was calculated to provide the SIM
reconstructions with a maximum resolution gain of 2 (eq.33). The wide
field resolution is 0.614.,/NA=309 nm. The three standard pattern
orientations for SIM were applied: 0°, 60° and 120°. The intensity profile
of the 2D sinusoidal pattern with phase m and orientation j is given below
in eq.55, the pattern phases ¢, were defined as given by eq.16, lastly the
pattern modulation (M) is given by the ratio of the constants B and A

(eq.56).
Lnj(#) = A+ Bcos(f  Poj + Om). (55)

B
= — < A. 56
M A,B_A (56)

We performed the simulations with modulation values from 0 to 1 in steps
of 0.1 (M). Hence obtaining 11 data sets of the same sample with different
modulations. Besides the noiseless data set used for fig.5.1 we also created
sets with three different noise variance conditions (fig.5.2/5.3). The
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applied noise was Gaussian with zero mean and variances of o°= 0.01,
0.05, and 0.1%. Such variance values lead to images with SNRs of 60, 20
and 10 respectively (fig.5.3b).

5.3.2  Curve fitting

Intensity profiles 1(x) of the pairs of beads were fitted to a sum of two
Gaussian curves using non-linear regression and six fitting parameters ay,
ay, by, by, d; and d; (eq.57). The contrast (C) used in figs.5.1c, 5.3c and 5.4
was calculated with eq.43 applied to the fitted curve 1(x).

I(x) = a; exp (— G ;2bl)2> + a, exp (— G ;52)2) (57)
1 2

The points in the C vs Q curves in figs.5.3c and 5.4 were fitted to the
logistic function in eq.58 using non-linear regression and four fitting
parameters a;, a,, & and .

aq
cQ) = + a,.
P T (58)

The parameter values for the fitted C(Q) curves plotted in figs.5.3 and 5.4
are shown in tables 5.1-5.3. For each of the resolution lines 300, 200 and
150 nm the corresponding values Qo, Q15 and Q, have been highlighted in
the grey cell. This value is calculated from the inverse function Q(C)
evaluated at C=0.12 (sec.5.1.3).
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vari’:r?clze(oﬂ) % 2 p o Q(C=0.12)
Noiseless 1.46 -0.54 0.02 0.08 0
0.01 4,55 -3.66 -0.15 0.10 0
0.05 7.23 -6.37 -0.17 0.08 0
0.1 6.30 -5.45 -0.17 0.08 0

Table 5.1 Values of the fitted parameters in function C(Q) for the 300 nm resolution
line.

Noise

variance (¢%) 4 2 p “ Q(C=0.12)
Noiseless 0.92 -0.17 0.22 0.14 0.11
0.01 1.10 -0.45 0.07 0.16 0.08
0.05 1.30 -0.65 0.00 0.17 0.06
0.1 1.38 -0.72 -0.02 0.17 0.06

Table 5.2 Values of the fitted parameters in function C(Q) for the 200 nm resolution
line.

vari’:r?(lzze(az) & a B a Q(C=0.12)
Noiseless 0.30 -0.02 0.33 0.10 0.33
0.01 0.25 -0.03 0.23 0.09 0.27
0.05 0.26 -0.03 0.20 0.09 0.23
0.1 0.28 -0.03 0.24 0.10 0.25

Table 5.3 Values of the fitted parameters in function C(Q) for the 150 nm resolution
line.

5.3.3 Samples

Bovine Pulmonary Artery Endothelial Cells (BPAE): Prepared slide with
BPAE cells stained with MitoTracker RED CMXRos, Alexa Fluor 488
Phalloidin and DAPI. Invitrogen Fluo Cells Probe F36924 (figs.5.5 to
5.8).
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Hela Kyoto cells: Immuno-stained with Anti-Lamin A & Alexa Fluor 488
(fig.5.9a).

100 nm fluorescent beads: (505/515) (blue) Invitrogen TetraSpeck
(fig.5.9d).

Human umbilical vein endothelial cell (HUVEC): Immuno-stained with
a-tubulin & Alexa Fluor 488 (fig.4e).

5.3.4  Microscopes

3D-SIM microscopy: The data sets for the reconstructions in figs.5.5 to 5.8
were acquired with the Zeiss Elyra PS. 1. The excitation lines were 405
nm (50 mW), 488 nm (100 mW) and 561 nm (100 mW). The detection
objective was a Plan-Apochromat NA 1.4 63X Oil immersion. N-SIM
from Nikon was used for the confocal and SIM acquisition in fig.5.10, the
detection objective was NA 1.49 100X oil immersion. The data for
fig.5.11 was acquired with an OMX system (DeltaVision). The detection
objective was a NA 1.49 100X oil immersion. Both acquisitions N-SIM
and OMX were carried with a 488 nm excitation line.

2D-SIM microscopy: Data for figs.5.9 was acquired with the csiLSFM
using an excitation line of 488 nm. Illumination and detection objectives
were three Plan-Apochromat NA 1.0 63X Water immersion (chapter 3).

5.3.5 SIM image reconstruction

The 2D- and 3D-SIM reconstructions were carried using only eq.25. No
filtering, deconvolution or enhancement was applied to the raw images nor
to the reconstructions except for the images acquired with the csiLSFM
which required a deconvolution prior to reconstruction to avoid artifacts
(figs.5.9d/e).
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Fig.5.12 Scheme of Q as feedback for acquisition of optimal SIM data sets.

5.4 Discussion

In SIM the period of the illumination pattern determines the maximum
attainable resolution gain (sec.2.7), in this chapter we showed through
simulations that that this maximum gain is only achieved if the pattern
modulation overcomes certain minimum value, only then a significant
resolution gain respect to Abbe’s limit can be expected (sec.5.1.1). The
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amplitude of the high spatial frequencies in the extended domains are
directly dependent on the modulation, hence to produce relevant
information during the acquisition of the raw data one must guarantee that
the intensity changes due to the pattern modulation are higher than those of
the noise variance. Based on this, we have introduced the normalized
metric Q to indirectly measure the intensity modulation from the raw data
(sec.5.1.3). Q yields the strength of the high spatial frequencies respect to
the variance of the Gaussian noise. We estimated that a SIM data set
requires Q >0.11 to generate significant resolution gains, more specifically
when using a pattern period from which a maximum resolution gain of 2 is
expected, Q=0.11 will convey a resolution gain of 1.5 while a value of
Q=0.33 will deliver the full 2-fold resolution gain. The value Q=0 implies
that no relevant information was extracted from the SIM acquisition
because the modulation produced was entangled with the noise.

The values Q=0.11 and 0.33 represent a rough estimate and more rigorous
estimations could be carried with a probabilistic analysis but they are
certainly not arbitrary because although the spectra of an image depends on
the sample, its frequencies are distributed according to the OTF profile”’.
By considering Q=0.11 as the boundary between sub-optimal and optimal
SIM data we developed three practical applications using this value as
guideline: 1) Detection of sub-optimal data, i.e. any data set with Q<0.11
does not contain enough new spatial frequencies to increase the resolution,
therefore the data is deemed as sub-optimal (fig.5.5). 2) As benchmark for
optimization, e.g. in case fast acquisition or reduced photo-damage is
required during acquisition, minimization of exposure time or laser power
can be carried out taking Q=0.11 as lower bound (fig.5.6/5.7). 3) As
general acquisition feedback, e.g. tuning acquisition parameters by aiming
at higher Qs to improve the data quality in a reacquisition; fig.5.12
illustrates a scheme of such application.
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In the SIM reconstructions presented in this chapter we avoided the
filtering and enhancement of the reconstructed spectrum. While the
majority of publications treating the SIM reconstruction algorithm discuss
the quality of the final image in terms of these processing steps, Q allows
centering the discussion in terms of the quality of the raw data, quality that
is measured in terms of information content. To extend the link between Q
and information we refer to the papers by Mendlovic’® and Lipson’ which
analyze the resolution gain in terms of the Shannon entropy. If resolution
is gained then the entropy of the image must decrease because new spatial
information has been obtained, but in return the fall in entropy must be
compensated by an increase somewhere else in the system. Indeed the
SIM acquisition process implies an increase in the total entropy because
more photons are used to extract the information, i.e. acquisition of
multiple images per plane requires more photons than the acquisition of a
single wide field image. In this context Q measures how effectively the
acquisition process was transformed into relevant spatial information. We
believe that it is important to assess that the high spatial information is
present in the raw images before even applying any correction or filtering
to it, only then can be guaranteed that the resolution gain comes from the
spatial frequencies extracted from the pristine data rather than from the
image processing steps. This said, we clarify that the calculation of Q and
filtering of the SIM reconstruction are not incompatible, Q is an
assessment metric that provides insight of the raw data before attempting a
reconstruction with it, for instance if a data set yields a Q very close to 0
we know that producing a resolution gain from it will be very unlikely,
independently of the filters that are applied to it. On the other hand data
sets with high Qs do not require any processing to yield a significant
resolution gain but if needed the images can be filtered or deconvolved to
get rid of background related artifacts.
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The interest on developing guidelines and assessment strategies to evaluate
super-resolution microscopy methods lies in the underperformance that
these occasionally present. Such underperformance can be discouraging
but it mostly arises from not knowing the limitations or fulfilling the
minimum experimental conditions required from the method itself.
Guidelines can be designed by establishing these limitations and evaluation
metrics can further provide a quantitative approach to support a strategic
decision on how to proceed with image acquisition or processing. In the
particular case of SIM practical guidelines are very recent®3%8 the
Q-factor contributes to them by conveying a quantitative quality criteria.
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Chapter 6

6 Conclusion

In this dissertation three projects were carried out under the scope of
structured illumination microscopy: 1) The design and construction of a
structured illumination microscope that produces lateral resolution gains of
3.3 respect to the wide field (csiLSFM, table 3.4). 2) The establishment of
a SIM reconstruction processes designed to reduce periodic artifacts
(RL-SIM, fig.4.13). 3) The development of a quantitative metric to
evaluate whether a SIM data set contains enough information to produce a
resolution gain or not (Q-factor). Besides the general results we just
mentioned, each of the projects contributes to the field of SIM in the
following aspects:

a) The most sophisticated set-up that combines light-sheet with
structured illumination is the lattice light-sheet microscope®, this
set-up suffers from anisotropic resolution gains due to the lack of
control over the pattern rotations. Under this context, the design
of the csiLSFM contributes to achieving resolution gains closer to
isotropy thanks to the flexible control of the light-sheets that our
set-up offers (table 3.5)%°.

b) Contrary to the typical reconstruction approaches, the RL-SIM*’
does not require empirical tuning of functions to reduce
artifacts®®*®, hence it provides a standardized pipeline for
2D/3D-SIM reconstruction.  The design of the RL-SIM
reconstruction was done after doing a spectral analysis of SIM
artifacts. Section 4.1 of this thesis presents such analysis and
unveils the origin of periodic and lobe-like artifacts, they arsie
from discontinuous frequency domains and irregular spectrum
respectively. To our knowledge such analysis and explicit
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establishment of the artifacts’ origin had not been done in
literature before.

c) Evaluating the performance of structured illumination microscopy
is a current field of interest, the literature for this subject is as
recent as 2015%°°*%%2  This literature provides practical
guidelines, covering topics like system calibration, sample
mounting, corrections of intensity drops or sample drift,
documenting types of artifacts that might be encountered in SIM
and resolution assessment. The Q-factor contributes to this SIM
evaluation tools with a quantitative metric that establishes a
threshold value to rate a data set as optimal (Q>0.11) or
sub-optimal (Q>0.11). This allows the use of Q as guideline to
improve the data quality by tuning parameters like exposure time,
laser power and pattern period (sec.5.2).

Although the projects presented here deliver standalone results their
development was linked. The csiLSFM, involved casting patterns that are
1.4 times smaller than the resolution limit of the detection objective, thus
acquisition of images with this set-up occurred beyond the capabilities of
the detection lens. This made difficult to extract information for a
super-resolution gain and evaluate when the acquired data set was good
enough to produce high quality images. The role of the RL-SIM
reconstruction was to facilitate the extraction and processing of a csiLSFM
data set but not before confirming its suitability through the Q-factor.
Such framework allowed us to dismiss dubious data and focus only on the
processing of optimal data sets; this framework represents a future
perspective of what an efficient structured illumination microscope could
aim for, meaning that the set-up should provide live feedback to assist in
the acquisition and to determine the quality of the recorded data (fig.5.12).
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Appendix

7 Correction of defocus aberration iIn
the DSLM due to refractive index
mismatch in cleared spheroids

7.1 Motivation

Certain samples in the digital scanned laser light-sheet microscope
(DSLM®) require a very specific mounting; in the case of cleared
spheroids this involves multiple material layers with different refractive
indices (fig.Ala). The spheroid needs to be introduced in a glass capillary
of refractive index n, which contains a clearing solution (e.g. BABB (ny)).
Additionally, the detection objective requires an immersion medium (ns)).
In a single layer mounting the focal plane of the detection objective is at a
fixed distance from the front lens, refered as nominal focus position (NFP).
In the case of multiple layers mounting, the refractive index mismatch
leads to a shift of the focal plane as function of the imaging depth (2), if
this shift is not compensated the acquired images will be defocused
(fig.Alb). To bring the image back to focus the detection objective must
be moved to set the illuminated plane in the actual focus position (AFP)
(fig.Alc).

To implement an automated re-focusing mode in the DSLM we calculated
the AFP as function of the imaging depth and the refractive indices of the
mounting layers. The function AFP(z;n;, n,, n3) was programmed in the
detection objective motorized mount to achieve 3D stacks of cleared
spheroids with focused images at each acquired plane.
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(a) y Illumination
—_— objective
z
x (n;) Clearing solutione——e Emission Tube
‘ filter .o Camera
(n,) Capillary walls «——e

(n3) Immersion medium «——e

T

Spheroid

Detection
objective

v
i Emission

i Light-sheet light

«—— AFP(z) ——

Fig.A 1 Defocused aberration in DSLM for cleared spheroids. (a) Cleared spheroid
mounted in the DSLM. The mounting involves three clearing solution, glass capillary
and immersion medium. The refractive index mismatch between these materials leads
to a defocusing aberration that originates in the shift of the actual focus position as
function of the imaging depth. (b) An out-of-focus plane within the spheroid. (c) The
same plane but with the detection objective shifted along z to correct for the focus shift,
i.e. this plane lies in the AFP of the detection lens. Scale bar: 50 pm.
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(a) i (b) Nomenclature table
Y, l a|(:|'|1 )ary Immersion AFP  Actual focus position
L}z ‘1 () NFP  Nominal focus position
Light sheet — t, ! n, Nominal refractive index of the
immersion medium of detection
Clearing Emission objet?tive
solution a, Nominal angular aperture of the
(n,) detection objective lens
t, distance of first plane to inner wall of
L a; capillary
t; Thickness of material /
a, (z component of light path in material )
a, o, tx!l (v component of light path in material /)
t” o; Angle relative to the z-axis of the light
1 ray in medium i
. tg
p n; Refractive index of material i
1
P
Spheroid Detection lens

(front surface)

Fig.A2 Optical path of the emission light in the DSLM. (a) Top view (zx) of the
main rays of the emission light traveling throught the different material layers before
reaching the front surface of the detection lens. The blue solid line represents the actual
path, i.e. accounting for refraction at each interface. The red dashed line represents the
virtual path, i.e. as if no refractive index mismatch occurred. (b) Nomenclature of
parameters involved in the mathematical model.

7.2 Theory

Fig.A2a shows the sketch of the main emission rays traveling through the
different material layers. We considered a virtual path corresponding to
non-refracted rays (dashed red lines), i.e. no index mismatch, and the

123



Appendix

actual path accounting for the refraction at each interface (blue solid line).
The list of parameters involved in the geometrical optics model are listed
in fig.A2b.

The largest angle of emitted rays that the detection objective can detect is
given by its nominal angular aperture a,, the focusing condition for the
refracted rays is then that its entry angle a3 to the lens is equal to the angle
0o. The geometric condition for the refracted rays to fall within the
focused cone of light is to equal the optical path lengths along the y axis of
the virtual and actual rays, i.e.:

sina
“NFP=p=t] +t) +tl, (A1)

cos a,
where t' is proportional to the materials thicknesses t;:

| sing;
i =

% A2
cosa; " (A2)

The angle a, is given by the definition of NA, a; and «, are calculated from
Snell‘s law, hence:

~ (NA _ /m3NA _ /m3NA
a, = az = arcsin (—) ;@ = arcsin (— —) ; @y = arcsin (— —), (A3)
n n ny, N,

0 ny Ny 2 o
with n, being the refractive index of the detection objective nominal
immersion medium. According to the geometry of fig.A2a:

and

t2() = to + jAz. (A5)
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j is the plane number, j=0,1,2,...(N-1) and Az is the axial pitch of the
image stack comprised by N planes. Finally, using egs.A2 to A5 in eq.Al,
we obtain the AFP:

n, CoSa,

n, cosa,

) . ns cosa ns cosa ns cosa
aFp() = jaz (1-2 2228 4o )+ 6
() = jaz n, cosa, 2 o

)+ NEP. (A6)

This last equation shows that the actual focus position holds a linear
relation with the imaging depth jAz, hence to correct for defocusing the
detection objective must be moved in constant steps at each acquired plane
j. The correction factor m is given by the slope of eq.A6:

_ _ TE cosa
m= (1 n cosal>' (A7)
and the correction step of the detection objective is:
mAz (A8)

7.3 Set-up and sample mount

The detailed functioning and configuration of the DSLM can be found in
multiple references. We show in fig.A3 different perspectives of the
chamber and the orthogonal arrangement of the illumination and detection
objectives (fig.A3a/b/c). The illumination objective is air immersion with
NA=0.16/5X. The illumination wavelength is a 370 nm laser used to
excited DAPI.  The detection objective is water immersion with
NA=0.5/20X. This objective is mounted on a nanopositioner with 400 pm
of travel range (P-725 PIFOC) (fig.A3b). In the detection path we have a
390 nm longpass emission filter (F47-390, AHF Analysentechnik), a tube
lens and a CMOS camera (DMK23UX174, imaging source). The chamber
is filled with the immersion medium of the detection objective, we tried
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two: water which is the nominal one (n;=1.333) and thiodiethanol (TDE
Ins=1.52)*.

For the sample mounting we first dehydrated the DAPI stained fixed
spheroid with ethanol. The dehydration was carried out by keeping the
spheroids in ethanol solutions with ascending concentrations: 30, 50, 70,
90, 96 and 100%. The spheroid was maintained in each solution at room
temperature for two minutes. After dehydration we proceeded with the
optical clearing of the spheroid by immersing it in an embryo dish filled
with approximately 200 pl of Benzyl Alcohol/Benzyl Benzoate (BABB,
n;=1.56)**®. The spheroid remains in BABB for 5 minutes and then is
gently extracted along with few microliters of BABB solution (~5 pl). The
pipette’s content is injected in a squared glass capillary of dimensions:
2.5cm in length, inner walls of 1.10x1.10 mm and outer walls of
1.35x1.35 mm (fig.A3f). One end of the capillary is sealed with a Teflon
pin and the other with a metallic pin that is inserted in the sample holder.
Lastly, the chamber is filled with the selected immersion medium, either
water or TDE, and the sample is ready for imaging.

Fig.A3d show the front view of the capillary mounted in the microscope,
the spheroid is being illuminated with the light-sheet, the fluorescence can
be seen with the bare eye (figs.A3e, red square).
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(@) TOp iew Camera (b) Side ¥ieW
Tube lens i
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objective
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(c) Front view o
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Fig.A3 DSLM set-up and sample mounting. Set-up configuration seen from (a) Top
view, (b) side view and (c) front view. The nanopositioner in which the detection
objective is mounted is the main element to achieve the automated re-focusing of each
plane, side view. (d) Front view, the glass capillary containing the spheroid is seen in
front of the detection lens (dashed box). (e) Magnification of (d). (f) Sketch of the
elements involved in the spheroid mounting.
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(a) Water |mmersed (113-1 333)
—AFPW = (0. 1428)/Az +199.9075 um

200§ R? =0.99
0 25 50 75 100 125 150 175
JjAz(um)
(b) TDE |mmersed (n3—1 52)

—AFPTDE = (0.0333)jAz + 297.6287um

R%? =0.97

0 25 50 75 100 125 150
JjBz(um)

Fig.A4 AFP vs imaging depth plots. Each point represents an imaging depth relative
to the first plane (j=0) and the AFP recorded as the displacement of the detection
objective. The points were acquired by visually determining the best in-focus image,
two immersion medium were used: (a) Water and (b) TDE. The black lines are the

fitted lines to the points.
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7.4 Results

7.4.1 Experimental confirmation of equation A6 by manual re-
focusing

To experimentally confirm the linearity of eq.A6 we acquired images of a
cleared spheroid at an inter-plane distance of Az=10 um. The detection
objective was moved along the z-axis to re-focus the image at each plane,
the focused image was determined by visual inspection. The in-focus
position of the detection objective was recorded as a relative AFP and
plotted against the imaging depth (jAz). This acquisition process was
repeated three times to obtain average results, the plots for water and TDE
as immersion media (n3) are shown in fig.Ada/b. The fitted lines give a
slope of 0.1428 + 0.0036 and 0.0333+ 0.0014 for water and TDE
respectively. These values are very close to those that can be obtained
from eq.A7:

Mwater = 0.1718; mppg = 0.0299, (A9)

thus the model established by eq.A6 is validated.

7.4.2  Automated re-focused acquisition

The nanopositioner mount was programmed to move with a constant step
size mAz at each acquired plane. Although the theoretical values of m are
of the same order of the experimental ones (eq.A9), they are not exactly
the same, hence to have an immediate experimental estimate of m, we use
the linearity of eq.A6 and calculate it using only two reference points, an
initial in-focus plane at a position z, and a finale one at z;. The positions of
the detection objective that set these planes in-focus are recorded as AFP,
and AFP; (fig.A5), accordingly the experimental correction factor m is
given by:
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_ AFP; — AFP,

m= (A10)

Zf_ZO

Figs.A6/A7 show the xz maximum projection of a spheroid acquired
without the defocusing correction, i.e. detection objective fixed, and with
the automated re-focusing using the correction step m. The images in
fig.A6 were acquired with water as immersion medium and in fig.A7 with
TDE. The inter-plane distance for both acquisitions was Az=1.29 um and
the experimental m were Myqe=0.1631 um and mype=0.0297 um
(eq.A10). The improvement brought by the re-focusing in fig.A6 is
obvious as the ratio between the BABB and water refractive indices is
large, about 1.2. In the case of BABB and TDE this is only 1.02, thus the
improvement in fig.A7 is not so evident across the entire stack,
nevertheless the re-focusing correction is required in the last planes of the
stack as shown by the magnifications in the orange squares (fig.A7).
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Initial reference plane final plane corrected final plane

Zf Zf

AFP, AFP, AFR

Defocus correction

Fig.A5 Experimental estimation of correction factor m. A first plane is imaged at an
imaging depth z,, the plane is in focus thus the detection objective focal plane is at
AFP,. The sample is moved to illuminate a plane at a greater depth (z), since the
detection objective is still in AFP, the image appears defocused, to get a sharp image
the detection objective has to be moved so its focus at this depth coincides with AFP;.
The two points (z,,AFP,) and (z;,AFP;) are used to calculate the correction factor m as
shown in eq. A10. Scale bar: 25 pm.
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Fig.A6 Automated re-focus correction vs non-corrected stacks (water immersion).
Left column (top): xz projection of a cleared spheroid, the detection objective was not
programmed to move during acquisition so not defocus correction was applied. The
white dashed line indicates the first plane that is out-of-focus according to eq.A12
(23 pm). (center): magnification of the last planes of the stack. (bottom): xy view
of the plane marked by the dashed red line. Right column (top): xz projection with the
re-focused acquisition.  (center): magnification. (bottom): xy view. Scale bar:
50 pm.
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Fig.A7 Automated re-focus correction vs non-corrected stacks (TDE immersion).
Left column (top): xz projection of a cleared spheroid, the detection objective was not
programmed to move during acquisition so not defocus correction was applied. The
white dashed line indicates the first plane that is out-of-focus according to eq.A12
(387 um).  (center): magnification of the last planes of the stack. (bottom): xy view
of the plane marked by the dashed red line. Right column (top): xz projection with the
re-focused acquisition.  (center): magnification. (bottom): xy view. Scale bar:
50 pm.
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Fig.A8 Experimental calculation of the DOF. (Water/TDE) (a) Multiple images of a
central plane (0) acquired at different displacements of the detection objective (-10,-
5,+#5,+10). (b) Circular average of the images’ logarithmic power spectrum (solid
lines) and its fitted curve, an exponential decay (circles). (c) The decay constant is
extracted from the fit and plotted against the detection objective displacement.
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7.4.3 Defocusing condition. When is the re-focusing necessary?
Using an immersion medium like TDE which has a refractive index closer
to that of BABB reduces the defocusing aberration and it makes the
correction relevant only at large imaging depths (fig.A7). We define a
quantitative criterion to determine at which plane the correction becomes
necessary. The criterion is logically defined considering the following, the
a plane in the stack is defocused when the accumulated shift of the AFP is
larger than the depth of field (DOF) of the detection objective, i.e.:
DOF

The term 2 in the denominator supposes that the best in-focus condition is
in the center of the DOF. According to eq.Al1 the first plane j* which will
be out-of-focus occurs at an imaging depth of:

jAz = ——— (A12)
m

To estimate the DOF of the detection objective we focused on a small
region of a central plane and moved only the detection objective back and
forth in steps of 5 um to acquire images at each step (fig.A8a/d). Then we
calculated the circular average of their logarithmic power spectrum and fit
it to an exponential decay function ~exp(-x/z) (fig.A8b/e). The plots in
fig.A8c/f show the relative decay constant (z/tmax) VS the detection
objective displacement. The constant r decreases as the detection objective
moves away from the central in-focus position (0), which vyields the
maximum value s We consider the size of the DOF as the length
between the points at which 7, has lost 10% of its value, hence the DOF
of the detection objective in water is 7.5 pm and in TDE 23 pm.
Substituting these values in eq.A12 and using the factors m of figs.A6 and

135



Appendix

A7, we conclude that the focus correction is required after an imaging
depth of 23 and 387 pum for water and TDE respectively. These planes
have been marked with a white dashed line in the xz projections of figs.A6
and A7.

The criterion given in eq.A12 can have another standpoint, namely it can
be applied to estimate the sample sizes that do not need the refocusing
correction, for instance if we take the theoretical value m for TDE (eq.9)
into eq.Al12 the result is 384 um , then we can generally say that samples
much smaller than 384 um along the z direction do not need the focus
correction since any plane of the stack will be within the DOF.
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RL-SIM in MATLAB

RL-SIM MATLAB implementation

The following lines contain 6 MATLAB functions that comprise the

implementation of the RL-SIM reconstruction pipeline for 2D-SIM data

sets; it can also be adapted to 3D-SIM data by using the corresponding

linear system of equations (eq.22). The general work flow of the pipeline

occurs as described by the diagram in fig.4.13.  All functions are

commented and explained, comments in MATLAB follow after the

percentage symbol “%’. The syntax to start a code is

function[Outputs]=name(Inputs). At the beginning of each function there

are three sections, “Documentation”, “Inputs” and “Outputs”, the first one

gives a general description of the function, second and third explain the

required inputs and outputs. The functions of RL-SIM are:

1) twoSIMrec.m: core function of the pipeline.

2) PointSF.m: creates a theoretical 2D PSF of the detection objective.

3) PreDecon.m: applies the pre-reconstruction deconvolution and
transforms the data into the Fourier space.

4) correlations.m: calculates the pattern spatial frequency through
correlations.

5) PostDec.m: applies the post-reconstruction deconvolution.

6) reconstruction_data.m: produces a.txt file with the reconstruction info,
including the Q-factor to evaluate the quality of the input data.

twoSIMrec.m

function [DeconSIM,SIM,WF,Ktrans all,ExtPSF,SNR,avgSNR, ...
SNR_SIM,avgSNR_SIM,Qfactor]=...
twoSIMrec (path,NA, lambda, ps, rg, Sx, Sy, n, state)

$----Documentation----
$This code reconstructs a superresolution image from a 2D-SIM acquisition
$comprised by a set of 9 2D-SIM images (tif format). The images are named

%0001i,0261 and 154i for the 1st, 2nd and 3d pattern directions
$respectively i is an index indicating the phase of the pattern. i=1,2,3.

$path (string)=file path of the folder containing 000i,0261i and 1541

$NA=Numerical aperture of the detection objective
%$lambda=emission wavelengths in nm
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$ps=image pixel size in nm

$rg=expected resolution gain

%$Sx=image dimensions along x in pixels

%$Sy=image dimensions along y in pixels

$n=number of elements in which the interval [0,2pi] is divided
%state (string)='on' or 'off' switches the pre-deconvolution on/off
$----Outputs----------

%$DeconSIM=SIM reconstruction with postdec

%$SIM=SIM reconstruction (predec/no predec) depends on the state input
$WF=Wide field image (dec/no dec) depends on the state input
$Ktrans_all=Estimated pattern frequency

$ExtPSF=Extended point spread function

%$SNR=SNR of the raw images

%avgSNR=Mean of SNR

%Qratio=Qfactor

format="tif';% Image format
[PSF]=PointSF (NA, lambda/ps, Sx, Sy) ;
[FTimages]=preDecon (path, Sx, Sy, format, PSF, state) ;
est=max ([Sx Sy]l);
Rad=(((est*NA)/(0.55* (lambda/ps))) * (rg-1));
x=1:1:8x;y=1:1:Sy;
[X,Y]=meshgrid(x,y);X=repmat (x, [Sy 1]);Y=repmat(y', [l Sx]);
$----Allocation Matrices---
A=zeros (Sy, Sx,n) ;B=zeros (Sy, Sx,n) ;C=zeros (Sy, Sx,n) ;
Ktrans_all=zeros(2,2,3);K _all=zeros(2,2,3);
angle=linspace (0,2*pi,n);
Pixelshift all=zeros(2,2,3);
HRcomponents=zeros (Sy, Sx, 3) ; Standardcomp=zeros (Sy, Sx, 3) ;
%$----Linear system solution---
u=(0.5%2) * (2* (exp (-21i*pi/3) —exp (2i*pi/3) )+ (exp (4i*pi/3) —exp (-4i*pi/3)))
phi=repmat (reshape (linspace (0,2*pi,n), [1 1 n]), [Sy Sx]);
for j=1:3%pattern orientation j
A=((0.5/u) *exp (li*phi)) .*repmat ( (((exp (4i*pi/3)-exp (2i*pi/3))*...
FTimages (:,:,3,1))+((l-exp(4i*pi/3))*FTimages (:,:,3,2))+
((exp (2i*pi/3)-1)*FTimages(:,:,3,3))),[1 1 n]);%Left shifted domain

B=(0.5"2/u) * (((exp (-2i*pi/3)-exp (2i*pi/3))* (FTimages (:,:,3,1)+
FTimages (:,:,3,3)))+((exp(4i*pi/3)-exp (-4i*pi/3)
*FTimages(:,:,3,2)));%Central domain

-((0.5/u) *exp (-1i*phi)) .*repmat ( (((exp (-41i*pi/3)-exp (-21*pi/3))*

FTimages(:,:,3,1))+((l-exp(-4i*pi/3)) *FTimages(:,:,3,2))+

((exp (-2i*pi/3)-1)*FTimages(:,:,3,3))),[1 1 n]);%Right shifted domain
%$----Pattern spatial frequency retrieval---
m=randi ([1 n],1);
[K,Pixelshift,Ktrans]=correlations(A(:,:,m),B,C(:,:,m),J,Rad);
$----Q-factor calculation----
OTF=mat2gray (abs (fftshift (fft2 (PSF))));Signal=0TF>0.05;Noise=0TF<=0.05;
Sl=Signal.*abs(A(:,:,m));S2=Signal.*abs (B);S3=Signal.*abs(C(:,:,m));
N:Noise.*(abs( ));

S1(sl==0)=[];52(s )=[1:83(83==0)=[];N(N==0)=[];
Nl:Noise.*abs( (: m)) ;N3=Noise. *abs( (:,:,m));

N1 (N1==0)=[];N3(N )=01;

SNR (j) = (mean(SZ)/mean(N)),

SNR_SIM(j)=mean (S 2) /mean2 ([N1(:) N3(:)]);
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QOmat (:,J)=[mean (S1)-mean (N1) ;mean (S3)-mean(N3)]./...
[mean (S2) +mean (N1) ;mean (S2) +mean (N3) ] ;
70 clear S1 S2 S3
Ktrans_all(:,:,j)=Ktrans;K_all(:,:,])=K;
Pixelshift all(:,:,Jj)=Pixelshift;K all(j)=

$----Pattern phase and extended domains retrieval---
ImA=( (1fft2(A))) .* (repmat (exp (1i* ((X- (round ((Sx+1)/2) *(Ktrans(2,1))+
75 (Y- (round((Sy+1)/2)))* (Ktrans(1,1)))),[1 1 nl));
ImB=repmat ((ifft2(B)), [1 1 n]);figure(120);
ImC=((if£ft2(C))).* (repmat (exp (1i* ( (X~ (round ((Sx+1) /2 *(Ktrans(2,2))+
(Y- (round ((Sy+1)/2)))* (Ktrans(1,2)))),[1 1 nl))

[CC]l=norm_corr (mat2gray (abs (ImA+ImB+ImC) ) ,mat2gray (abs (ImB))) ;
80 [PHI,ind]=max (CC);clear PHI

phi all(j)= angle(lnd)

HRcomponents (:,:,J)=(ImA(:,:,ind)+ImC(:,:,ind));
Standardcomp(:,:,j)=ImB(:,:,ind);

%$----Plot window----

85 figure (1) ;subplot(3,3,3*%3);plot (linspace (0,2*pi,n),CC);
axis ([0 2*pi min(CC)-0.001 max(CC)+0.001])
figure (2) ;subplot (4,4,73);

imagesc(log2 (abs ((fft2 (Standardcomp (:, :,j) +tHRcomponents (:,:,3))))+1));
axis image;axis off

90 end
$----Super-resolution image assembly-----

WF=abs (sum (Standardcomp, 3) /3)
WF=uintl6 (mat2gray (abs (WF)) *65535) ;
SIM=sum (HRcomponents, 3) + (sum (Standardcomp, 3) /3)
95 SIM=uintl6 (mat2gray (abs (SIM))*65535);

[ExtPSF]=PostDec (Sx,Sy,Ktrans_all, PSF) ;
DeconSIM=deconvlucy (padarray (double (SIM), [10 10], 'symmetric'),ExtPSF,5);
DeconSIM=DeconSIM(11:10+Sy,11:10+Sx) ;
DeconSIM=uintl6 (mat2gray (abs (DeconSIM)) *65535) ;

100 figure(2);subplot (4,4,4);
centerx=round ( (Sx+1)/2);centery=round ((Sy+1)/2)
imagesc (imresize (ExtPSF (centery-5:centery+5,centerx-5:centerx+5),2));
axis image;

%$----Assesment factors of SIM images----

105 Qfactor=mean2 (Qmat) ;
avgSNR_SIM=mean (SNR_SIM) ;
avgSNR=mean (SNR) ;
Acg=[NA, ps, lambda, rgl;
figure(2) ;subplot(4,4,[5 6 9 10 13 14]);

110 imagesc (mat2gray (log2 (abs (fftshift (fft2 (DeconSIM)))+1)));
axis image;axis off
figure (2) ;subplot(4,4,[7 8 11 12 15 16])

imagesc(matZgray(logZ(abs(fftshlft(fftZ( F)))+1)));
axis image;axis off;
115 $----saving reconstruction data and reconstructions----

SWEF and SIM images are saved in a folder called Reconstructions
%contained in the directory given by path.The name of the images bear
%a label with the applied operations,i.e. the pre- or post-deconvolution
mkdir (path, 'Reconstructions');

120 if strcmp(state,'on')
prefix='PreDec_';
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elseif strcmp(state,'off')

prefix="'";

end

imwrite (WF, strcat (path, '\Reconstructions', '\',prefix, 'WF','.tif"), "'tif");

imwrite (SIM, strcat (path, '\Reconstructions', '\"',prefix, 'SIM','.tif"),"'tif");

imwrite (DeconSIM, strcat (path, '\Reconstructions', '\"',prefix, ...
'PostDec_SIM','.tif'),'tif');

imwrite (uintl6 (mat2gray (abs (imresize (SIM,2))) *65535),strcat (path, ...
'\Reconstructions','\',prefix, 'SIM 2X',"'.tif"), 'tif");

imwrite (uintl6 (mat2gray (abs (imresize (DeconSIM, 2)))*65535),strcat (path, ...
'"\Reconstructions','\',prefix, 'PostDec SIM 2X','.tif'"),'tif');

%$----Data transfer----

%Acquisition and reconstruction data is transferred to a .txt file

reconstruction data(path,Ktrans all,Pixelshift all,K all,phi all,...
Acqg, SNR, avgSNR, avgSNR_SIM, Qmat,Qfactor,prefix);

toc

end

PointSF.m

function [PSFxy]=PointSF (NA,lambda,Sx,Sy)

%$----Documentation----

%This functions calculates the point spread function given the imaging
%acquisition conditions

$NA=Numerical aperture of detection objective
%$M=0Objective magnification

%$lambda=emission wavelength in pixels
$Sx=image dimensions along x in pixels
$Sy=image dimensions along y in pixels

$PSFxy=2-variable function representing the intensity profile of the
%detection objective point spread function

lambda=lambda;

x=1:1:Sx;y=1:1:Sy;

X=repmat (x, Sy, 1) ;Y¥=repmat (y',1,Sx);

R=(NA/ (lambda) ) * (sqrt ((X-((Sx/2)+1)) ."2+ (Y= ((Sy/2)+1)) ."2));
PSFxy= (abs (2*bessel] (1, 2*pi*R) ./ (2*pi*R))) ."2;

PSFxy (isnan (PSFxy))=1;

norm=trapz (trapz (PSFxy,1));

PSFxy=PSFxy/norm;

end

PreDecon.m

function [FTimages]=preDecon (path,Sx,Sy, format, PSF,state)
%----Documentation----
%$This function applies the pre-deconvolution (if activated)

%$to the SIM image data set.It also Fourier transforms the data set so it
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%can be used in the reconstruction process.

%$The inputs are taken from the main code (twoSIMrec.m)

$format (string)=tif

%$FTimages=A matrix containing the Fourier transform of the 9 2D-SIM images.
%the images are/aren't pre-deconvolved if state='on/off'

FTimages=zeros (Sy,Sx,3,3);
fa=zeros (1, 3);fb=zeros(1,3);fc=zeros(1,3);
mkdir (path, 'DeconviWF_series')

3-—---Intensity normalization----
for i=1:3

A=imread (strcat (path, '\000', num2str(i)), format) ;fa (i)=mean2 (3);
B=imread (strcat (path, '\026"',num2str(i)), format);fb (i)=mean2 (B) ;

C=imread (strcat (path, '\154',num2str(i)), format); fc(i)=mean2 (C);
end

FACTOR=mean([fa fb fc]);

for i=1:3

clear A B C
A=imread (strcat (path, '\000', num2str

C=imread (strcat (path, "\154',num2str

>--—--Pre-deconvolution (state='on')---
if strcmp(state,'on')

, format) ;

(1)), format) ;A=
B=imread (strcat (path, '\026"',num2str(i)), format) ;B=
(1))

(FACTOR/fa (1)) *
(FACTOR/fb (1)) *

:(FACTOR/fc(l))*C,

A=padarray (A, [10 10], 'symmetric') ;B=padarray (B, [10 10], 'symmetric'

C=padarray(C, [10 10], 'symmetric');

Adec=deconvlucy (A, PSF,10,uintl6 (mean2 (A) /2) (O 01)
Bdec=deconvlucy (B, PSF,10,uintl6 (mean2 (B)/2)* (0.01)
Cdec=deconvlucy (C,PSF,10,uintl6 (mean2 (C)/2)*(0.01)
Adec=Adec (11:Sy+10,11:Sx+10) ;Bdec= Bdec(ll.Sy+10,ll.Sx+lO);

Cdec=Cdec (11:Sy+10,11:Sx+10) ;
FTimages (:,:,1,1i)=fftshift (fft2
FTimages (:, :

imwrite(uintl6(65535*mat2gray(Adec)),strcat(path

"\DeconWF ','000',num2str(i),"'.tif"), " 'tif")
imwrite (uintl6 (65535*mat2gray (
'\DeconWF ', '026"',num2str (i Ltif'), 'tif")
imwrite (uintl6 (65535*mat2gray (
(1

'\DeconWF ', '154',num2str Ltif'), 'tif")
elseif strcmp(state,'off')
FTimages (:,:,1,i)=fftshift (fft2 (imresize(A,1)));
FTimages (: ,2,1)=fftshift (fft2 (imresize(B,1)));

FTimages (:,:,3,1i)=fftshift (fft2 (imresize(C,1)));
end
end
end

correlations.m

(imresize (Adec, 1))
,2,1)=fftshift (fft2 (imresize (Bdec,1))

)i
: )i
FTimages (:,:,3,1)=fftshift (fft2 (imresize (Cdec,1)));
'

)),strcat (path,

Bdec
)
Cdec)),strcat(path,
)

7

'\DeconvWF series'

'\DeconvWF series'

function [K,Pixelshift,Ktrans]=correlations(A,B,C,counter,Rad)

;
\DeconvWF series'
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o

3----Documentation----

%$This code estimates the pattern frequency required to reconstruct the
$super-resolution image. The estimation is carried out through the
$correlations of domains A and C with the central domain B

%A/B/C=Left/Central/Right domain
%counter=index j, i.e. pattern direction
%$Rad=Exclusion radius (pixels)to estimate the pattern frequency

%$Pixelshift=Position of the correlation peaks (Pixels)
%Ktrans=Pixelshift but respect to the center of the image
%K=Norm of Ktrans, i.e. estimate of the pattern frequency
%--—--START--—————————~

Sx=size (A,2);Sy=size(A,1);

[est,pos]=max ([Sx Syl);

ImA=(1ifft2 (7)) ;ImB=(1fft2 (B));ImC=(ifft2(C));
x=1:1:8x;y=1:1:Sy;X=repmat (x, [Sy 1]);Y=repmat(y', [1 Sx]);
Xcent=round ( (Sx+1)/2) ; Ycent=round ((Sy+1)/2) ;
%$----Correction of image size anisotropy----

if pos==1

rx=1:1:5Sx;ry=1:1:5x;

Rx=repmat (rx, [Sx 1]);Ry=repmat (ry', [1 Sx]);
RXcent=round ( (Sx+1) /2) ;RYcent=round ( (Sx+1) /2) ;

elseif pos==2

rx=1:1:Sy;ry=1:1:Sy;

Rx=repmat (rx, [Sy 1]);Ry=repmat (ry',[1 Sy]);
RXcent=round ((Sy+1)/2);RYcent=round((Sy+1l)/2);

end

$----Correlation A*B----

R=sqrt ( (Rx-RXcent) ."2+ (Ry-RYcent) ."2);

ROI= R>=0.9*Rad & R<=1l.1*Rad;

ROI=imresize (ROI, [Sy Sx]);

factor=2;%Interpolation factor to increase the resolution of the estimation
Left=imresize (ROI, factor) .*fftshift (££t2 (ImB.*ImA,Sy*factor,Sx*factor));
a=max (max (abs (Left)));Leftl=abs (Left);Left=abs (Left);

figure (1) ;subplot (3,3, (3*counter) -2) ; imagesc (mat2gray (abs (Left)));

axis image;

Leftl(Leftl<a)=0;[rl,cl]=find(Leftl);

%$----Correlation C*B----

Right=imresize (ROI, factor) .*fftshift (fft2 (ImB.*ImC, Sy*factor, Sx*factor));
b=max (max (abs (Right))) ;Rightl=abs (Right) ;Right=abs (Right) ;

figure (1) ;subplot (3,3, (3*counter)-1) ; imagesc (mat2gray ( (abs (Right)))) ;
axis image;

Rightl (Rightl<b)=0; [rr,cr]=find(Rightl);

%$----Pixelshift contains the coordinates of the correlation peaks----
Pixelshift=[rl rr;cl cr];

Sxalt=Sx*factor;Syalt=Sy*factor;

centx=round ( (Sxalt+1) /2) ;centy=round( (Syalt+1)/2)

Centalt=[centy centy;centx centx];

Lpix=repmat ([Syalt;Sxalt], [l 2]);

%$----Ktrans calculation----

Ktrans=(-2*pi)* ((Pixelshift-Centalt)./Lpix);
%$----K calculation----

K=sqrt (sum((Ktrans(:,1).%2)));
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end

PostDec.m

function [ExtPSF] =PostDec (Sx,Sy,Ktrans_all, PSF)

%----Documentation----
%This function calculates the extended PSF of a SIM acquisition
%$----Inputs-----------
5 ¢The inputs are taken from the main code (twoSIMrec.m).
$----Outputs----------
$ExtPSF=2D Intensity profile of the extended point spread function
%--—--START--——-—-———--—-
x=1:1:8x;y=1:1:8y; [X,Y]=meshgrid(x,y) ;X=repmat (x, [Sy 1]);Y=repmat(y"', [1
10 Sx]);
PSFB=imresize (PSF,1);
for j=1:3
PSFA=PSFB.* (exp (11i* ( (X~ (round( (Sx+1)/2) )))*(Ktrans_all(2,1,73))+
(Yf(round((Sy+l)/2 ))*(Ktrans_all(1,1,3)))));
15 PSFC=PSFB. * (exp (1i* ((X- (round ( (Sx+1)/2)))* (Ktrans_all(2,2,3))+
(Y—(round((Sy+1)/2 )))*(Ktrans_all(1,2,3)))));
SIM PSF(:,:,j)=PSFA+ (PSFB/3)+PSFC;
end
ExtPSF=mat2gray (abs (sum(SIM PSF,3)));
20 end
reconstruction data.m
function [] =reconstruction_data (path,Ktrans_all,Pixelshift all,K all,
phi_all,Acq, SNR,avgSNR,avgSNR_SIM,Qmat,Qfactor,prefix)
%$----Documentation----
%This code opens a file called reconstruction data.txt in which the
5 9reconstruction and acquisition information is written and formatted
$column wise.
$----Inputs-----------
%A1l the inputs for this function are taken from the main code
% (twoSIMrec.m) .Thus no manual input is required.
10 $----Outputs-----—--—---
%A text file saved in the directory given by path.The file displays
%$for each pattern orientation, its orientation angle in degrees,
%the Pixelshift,Ktrans all as well as its norm K, the pattern phase phi in
$radians and the pattern period in nm.
15 $--—-START---——————-—-
fileID=fopen (strcat (path, '\',prefix, 'reconstruction data.txt'),'w');
for j=1:3
fprintf (fileID, '%29s \r\n',strcat('---',num2str(j),
'. pattern orientation---'));fprintf (fileID, '%$15s\r\n',"'");
20 fprintf (filelID, '$18s"', 'Orientation angle=");fprintf (filelD,
'%7.4f deg\r\n',atand(Ktrans all(l,1,3j)/Ktrans all(2,1,3)));
fprintf (fileID, '$15s\r\n',"");fprintf (filelID, '$17s\r\n"',
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'**Peak Position**');fprintf(filelID,'|%71
$7iI\r\n',Pixelshift all(:,:,3)"');
fprintf (£fileID, '$15s\r\n',"'"); fprintf (fileID, '$17s\r\n"',
VRxkxAXK shift*****"); fprintf (fileID, '[%7.4f
$7.4f|\r\n',Ktrans_all(:,:,3)");
fprintf (£fileID, '$15s\r\n',"'");fprintf (fileID, '$30s\r\n"',
'***K norm and initial phase***');
fprintf (filelID, '%$2s', 'K="); fprintf (fileID, '$7.4f\r\n',K all(j));
fprintf (filelID, '$2s', 'phi="); fprintf (filelD, '%$7.4f rad\r\n ,phi_all(j));
fprintf (fileID, '$15s\r\n',"'");fprintf (fileID, '$15s\r\n"',
V*****Period******');
fprintf (filelID, '$7.4f nm\r\n', (2*pi* (Acq(2))/K all(3)));
fprintf (fileID, '$15s\z\n',"'");
fprintf (£ileID, '$30s\r\n', '———=—=———————————— - ")
end
fprintf (£fileID, '$15s\r\n',"'");fprintf (fileID, '$15s\r\n"',
l*****Quality factOrs******');
fprintf (£fileID, '$15s\r\n',"'");fprintf (fileID, '$15s\r\n"',
[!FrrrrQ-factor Matrix (Q)FFrrrrt);
.4f|\r\n',QOmat) ;

%%%%%6%%%%66%66%%%%%%%%%6%9%%
%%%%%———WARNINGS———%%%%%%%%%%
if Qratio<O0
fprintf (£fileID, '%$21s\r\n','!!!Noise is higher than modulated signal!!!"');
end
if avgSNR<=4
fprintf (£fileID, '%$25s\r\n', '! ! ISNR too low!!!");
end
%%%%%———END WARNINGS---%%%%%%
fprintf (filelID, '%4s', '<Q>=") ; fprintf (filelID, '$7.4f\r\n',Qfactor);
fprintf (fileID, '%4s', 'SNR=") ; fprintf (filelID, '|%7.4f %7.4f %7.4f|\r\n',SNR);
fprintf (fileID, '%6s', '<SNR>=") ; fprintf (fileID, '$7.4f\r\n', avgSNR) ;
(

fprintf (filelID, '$10s', '<SNR SIM>=');fprintf (filelID, '$7.4f\r\n', avgSNR SIM);

fprintf (£ileID, '$15s\r\n','"); fprintf (filelID, '$15s\r\n"'
'ixxx*Acquisition Parameters*rxAxct)

fprintf (filelID, '$6s', 'NA=");fprintf (fileID, '$7.4f \r\n',Acqg(l));

fprintf (filelID, '$6s', 'Emission=");fprintf (filelID, '$8.4f nm\r\n',Acqg(3)

fprintf (filelID, '$6s', 'Pixelsize="); fprintf (filelID, '%$8.4f nm\r\n',Acq(2

fprintf (filelID, '$26s', 'Estimated resolution gain="');

fprintf (£fileID, '$8.4f \r\n',Acqg(4));

fclose (filelID);

end

);
))
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