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Abstract
Fluorescence nanoscopy allows to non-invasively resolve three-dimensional cellular struc-
tures beyond the diffraction limit [41]. One of these high resolution imaging techniques is
stimulated emission depletion (STED) microscopy [44]. However, the practically achiev-
able resolution of a STED microscope is often limited by photobleaching [39]. One
method to overcome this limitation is tomographic STED (tomoSTED) microscopy [60].
In tomoSTED microscopy, excited fluorophores in the sample plane are depleted by 1D
STED patterns, which lead to an effective narrowing of the fluorescence-allowed area in
a single direction. As the effective 1D STED-PSFs exhibit both a higher resolution in
the respective direction as well as a higher signal as compared to conventional STED,
the STED laser power as well as the exposure time can be reduced, leading to a lower
light dose. A highly resolved image in two dimensions is reconstructed from multiple
images, each exhibiting a different orientation of the 1D STED-PSF. The number of re-
quired pattern orientations depends in this context on the ratio of the resolutions in the
depleted and non-depleted direction. Since the resolution per pattern orientation is only
increased along a single direction, imaging along the other direction is still diffraction-
limited. Therefore, the resolution along this direction can be increased by utilizing the
concept of image scanning microscopy (ISM) and the number of required pattern ori-
entations can be accordingly reduced. This leads to a lower overall acquisition time
and translates directly into a lower light dose. Within this thesis, the combination of
tomoSTED and ISM was investigated for the first time, both in theory and experiment.
Furthermore, it was investigated whether the tomoSTED principle can be extended from
2D to 3D.
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1. Motivation and Objectives
Fluorescence microscopy has become the most widely used imaging technique in bio-
logical science [31, 32, 64]. It enables to image the three-dimensional internal structure
of cells or organisms [30]. In addition, biological samples cannot only be studied, but
also observed non-invasively, as the method is based on light [41, 78]. This allows to
investigate cells or organisms in vivo as well as in their native environments [30]. A
further advantage of fluorescence microscopy is the visualization of cellular components
with high specificity [31, 78]. Through molecular labelling, cell components can be made
visible in a targeted manner [31, 78]. By using multiple colours, different components
within cells or organisms can be identified and imaged simultaneously [64, 78].

However, the ability of a fluorescence microscope to distinguish individual objects with
same colour is fundamentally limited by the wavelength of the used light [1, 30]. If two
objects are too close, their images cannot be discerned and thus they can no longer be
identified as individual objects. Hence, they cannot be resolved [39, 42, 78] and detailed
information about their spatial organization is not obtainable. For visible light, the
minimum distance at which two objects can be resolved is approximately 200 nm in the
lateral and about 450 nm in the axial direction [41]. To be able to investigate cellular
components such as proteins, nucleic acids or lipids at the subcellular level [41, 79], high-
resolution fluorescence microscopy techniques have been developed which circumvent this
diffraction limit [42]. One of these fluorescence nanoscopy techniques is stimulated emis-
sion depletion (STED) microscopy [44, 53].

In STED microscopy [33], the fluorescent area in the sample plane is narrowed by a
targeted deactivation of excited molecules. To this end, the sample’s fluorophores are
typically illuminated with a doughnut-shaped STED focus shortly after their excitation
by a focused excitation beam. For sufficiently high focal STED intensities, the STED
light efficiently deactivates the excited fluorophores via the process of stimulated emis-
sion. Due to the doughnut-shape of the STED focus, only the molecules located in
its centre remain in the excited state and are able to emit fluorescence. In this way,
the fluorescent area is spatially confined in two dimensions, which is synonymous with
a resolution improvement. The confinement is inversely proportional to the applied
STED-intensity (∝ 1/

√
ISTED) [33, 39] and can therefore theoretically become infinitely

small. In practice, however, the achievable resolution is mainly limited by the quality
of the doughnut’s central minimum on the one hand, and by the photostability of the
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fluorophores on the other hand [22, 39]. Thus, too high STED intensities can lead to pho-
tobleaching of the sample. So far multiple strategies have been developed to overcome
this drawback. For example, new photostable dyes were designed [108]. The use of longer
STED-pulses ranging from 150 ps to half the applied fluorophore’s lifetime [22] as well
as the employment of low repetition-rate lasers (T-Rex) or alternatively fast scanners
[20] have been suggested. Furthermore, more sample-protecting illumination schemes
have been proposed like the concept of MOST nanoscopy [17] in which the fluorophores,
not wanted to be observed, are targeted deactivated before illuminating the sample with
the excitation and STED- beam or RESCue [95], in which the sample illumination is
switched off if no fluorophores are present at the scan position or if a sufficiently high
signal-to-noise ratio has been achieved. In addition, MINFIELD [27], which limits the
scan field to the size of the doughnut valley, and DyMIN [35] as a combination of RES-
Cue and MINFIELD have been presented.

Another sample-preserving microscopy method, that was developed for STED imaging
with a reduced light dose, is tomoSTED microscopy [59, 60]. Unlike the other methods
mentioned above, tomoSTED microscopy [59, 60] uses a modification of the depletion
pattern. Contrary to the conventional doughnut shape, it employs a one dimensional
depletion pattern. With this, the fluorescent area in the sample plane is only narrowed
in one dimension and not in two dimensions as in the conventional variant. The use
of the one dimensional depletion pattern leads to a higher resolution in the respective
direction as well as to a higher recorded signal as compared to the conventional variant.
Therefore, the STED laser power as well as the exposure time can be reduced result-
ing in a lower light dose. The full high-resolution spatial information of the object in
two dimensions is obtained by rotating the depletion pattern. The final image is recon-
structed from multiple images, each recorded with a different orientation of the depletion
pattern. The number of required depletion pattern orientations depends on the ratio of
the resolutions in the depleted and not-depleted direction [59, 60]. Consequently, the
number of depletion pattern orientations could be reduced if it is possible to increase the
resolution in the not-depleted, i.e. the diffraction-limited, direction. A reduced number
of pattern orientations leads to a shorter overall acquisition time which directly trans-
lates into a lower light dose applied to the sample. Therefore, by reducing the number
of pattern orientations, a more sample-gentle imaging technique can be obtained. Image
scanning microscopy is known to improve the resolution of a confocal microscope (with
open pinhole) by a factor of

√
2 while maintaining the signal [13, 70]. Therefore, the idea

was to combine tomoSTED microscopy with image scanning microscopy to increase the
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resolution in the diffraction-limited direction. Thus, one objective of this thesis was the
combination of image scanning microscopy with tomoSTED microscopy (see section 4).

Until now, tomoSTED microscopy has only been developed for high resolution imaging
in two dimensions. In this implementation, the resolution along the optical axis remains
unaffected and is more than twice as low as compared to the resolution in the lateral
plane without the employment of a STED beam. However, most biological samples, such
as cells, are three-dimensional. Thus, the two-dimensional tomoSTED microscopy has to
be extended into a three-dimensional imaging modality. A further aim of this thesis was
therefore the development of three-dimensional tomoSTED microscopy (see section 5).
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2. Theoretical Framework

2.1. Confocal scanning fluorescence microscopy
The microscopy techniques, used within this thesis, are based on confocal scanning flu-
orescence microscopy. Therefore, the phenomenon of fluorescence is described in section
2.1.1, as well as processes competing to fluorescence. Additionally, the image formation
in confocal fluorescence microscopy is considered in section 2.1.2.

2.1.1. Basics of fluorescence

Fluorescence is the spontaneous emission of light occurring within nanoseconds after the
absorption of light [64]. Schematically, the process of fluorescence and other potential
de-excitation processes which might happen after excitation of a molecule are presented
in the Jablonski diagram in figure 2.1.

Figure 2.1: Jablonski diagram, modified from [64]

Usually, the potential excitation states of molecules are distinguished between electroni-
cally excited states, vibrational excited states and rotational excited states. In figure 2.1,
the potential electronic states are marked with S0, S1, S2 and T1 and the vibrational
states with numbered horizontal lines. Several rotational states are related to each vi-
brational state, but are skipped in figure 2.1. The letters S and T indicate the distinction
of the states into singlet states S and triplet states T. The ground state of common flu-
orescent molecules is a singlet state. That means that the electrons are all paired with

4



opposite spins in the molecule orbitals of the ground state. Since the excitation of an
electron happens under spin conservation, the molecule passes over in an excited singlet
state after absorption of a photon with a suitable wavelength. This transition occurs
on a fast time scale (10−15 s) and is marked in figure 2.1 with a orange arrow. Most
commonly, the excited electron then relaxes, e.g. due to collisions with other molecules,
to the lowest vibrational level of the first excited singlet state S1. These relaxation pro-
cesses are called internal conversion and vibrational relaxation and occur on a time scale
of 10−14 − 10−11 s (marked in blue). From the lowest vibrational level of S1, there are
several possibilities for returning to the ground state. The electron can be de-excited
radiationless (e.g. due to quenching, Förster-Resonance-Energy-Transfer, etc.) which
is shown in figure 2.1 by grey arrows. Alternatively, it can return to the ground state
by emitting a fluorescence photon (red arrow). Due to the previous energy loss (caused
by internal conversion and vibrational relaxation), the fluorescence photons originating
from transitions of electrons from the lowest vibrational state of the first excited sin-
glet state to the ground state, have less energy and therefore longer wavelengths than
the absorbed photons. This red-shift of the fluorescence photons is called Stokes shift.
Typically, fluorescence lifetimes are between 10−9 s and 10−7 s. In addition to these pro-
cesses, electrons being in an excited state can undergo a spin conversion which is called
intersystem crossing (purple arrow), resulting in a molecule being in an excited triplet
state. From the lowest vibrational level of the first excited triplet state, the electron
can return to the ground state under spin conversion. This phenomenon is called phos-
phorescence. Since the transition from the excited triplet state to the ground state is
quantum mechanical forbidden, the lifetime of the triplet state is much longer compared
to fluorescence lifetimes, reaching from milliseconds to hundreds of seconds [63, 82].

Fluorescence can be disturbed by multiple processes resulting in a reduction of fluores-
cence intensity. A distinction can be made between processes in which the fluorophores
are not damaged such as quenching and Förster resonance energy transfer (FRET) and
processes in which the fluorophores are irreversibly destroyed. This phenomenon is
called photobleaching. Due to interactions with molecular oxygen or other surround-
ing molecules, the molecule can be chemically modified whilst in the excited state and
therefore loses its ability to fluoresce. The disposition of a fluorophore to photobleach
depends on its molecular structure and its local environment. Therefore, some fluo-
rphores can undergo many numbers of excitation and emission cycles before they are
photo-destroyed, others do not show such a photo-stability [19] (compare [57]).
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2.1.2. Image formation in confocal scanning fluorescence
microscopy

In confocal fluorescence microscopy, fluorescent-labelled specimens are illuminated by
a point source and afterwards the incoherent emitted fluorescence is imaged on a point
detector [8, 104]. The advantage of this configuration is that light originating from out of
focus regions of the specimen is rejected by the point detector and it therefore allows to
distinguish between different focal planes. Thus, it exhibits optical sectioning. However,
only one point of the specimen is imaged at a respective time. Hence, the excitation light
has to be scanned over the specimen in order to construct a two- or three-dimensional
image, by measuring at each scan position the fluorescence intensity reaching the detec-
tor [104].

Ideally, the sample point to be illuminated and detected, would be infinitesimally small.
However, in classical optical microscopy, the point has a finite size [102] (compare
table 2.1). Due to diffraction, its size is limited by the wavelength and the aperture
angle of the illumination and collection lens [1]. Usually, the same lens is used for illu-
mination and collection, which is called epi-fluorescence microscopy.

In a good approximation, the imaging of an epi-fluorescence microscope can be con-
sidered to be linear and shift invariant. This means that the image of the object is the
same as the sum of images from parts of the object (linearity) and the imaging properties
remain unchanged over the whole field of view (shift invariance). Mathematically, this
can be described via a convolution (see figure 2.2 (b)). For this, the object is considered
as consisting of many points, where each point has a size far beyond the diffraction limit.
Then, the total image is the sum of the images of each such points and can be calculated
according to [11, 85]:

I(x, y, z) =
+∞�
−∞

O(x− x′, y − y′, z − z′) PSF(x′, y′, z′) dx′ dy′ dz′. (1)

Here, I represents the final image, O the object and PSF the point spread function. The
PSF is the image of a point-like object and therefore describes the transformation of
object points through the microscope as illustrated in figure 2.2 (a) [11, 85].
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Figure 2.2: Illustration of the imaging of objects through a microscope, adapted from [85] (a)
The image of a point-object is called point spread function (PSF) and characterises the trans-
formation of object points through the microscope. Thus, any other object can be described
by a convolution of the object with the PSF (b).

Equation (1) can also be expressed via the convolution operator [11]:

I(x, y, z) = O(x, y, z) ∗ PSF(x, y, z). (2)

The PSF of a confocal fluorescence microscope can be described by the product of the
illumination PSF and the detection PSF [106]:

PSFtotal(x, y, z) = PSFexc(x, y, z) · PSFdet(x, y, z). (3)

The fluorophores have to be excited and afterwards the emitted fluorescence has to be
detected in order to create an image of the specimen. Thus, the effective PSF is propor-
tional to the probability of exciting a fluorophore and detecting its photons [37].

Furthermore, since the PSF presents the image of a point-like object, it also gives a
direct measure about the resolution of the optical system. Resolution can be defined at
the optical system’s ability to distinguish objects. If two objects are spaced too closely,
they can no longer be identified as individual objects in the image and thus cannot be
resolved. The resolution can either be quantified in real space or in Fourier space. In
real space, the full width at half maximum (FWHM) of the PSF is usually used to char-
acterise the resolution. Alternatively, the object can be mathematically described by
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a superposition of spatial frequencies with different strengths. During imaging, these
spatial frequencies are transferred via the optical system into the image. The efficiency
of this transfer is described by the Fourier transform of the PSF, the optical transfer
function (OTF). The highest frequency of the object which can be transferred to the
image represents the resolution of the optical system in Fourier space [39, 105].

So far only the ideal case of a point-like detection was considered which can be practically
realized for example by placing a pinhole in front of a detector. For the ideal case of an
infinitely small pinhole and the same excitation and emission wavelength, the resolution
in terms of FWHM in lateral and in axial direction can be approximately improved by a
factor of

√
2 compared to a wide-field fluorescence microscope with uniform illumination

and detection [105]. The resolution of the confocal microscope with open pinhole corre-
sponds to the resolution of a wide-field fluorescence microscope. Therefore, by increasing
the size of the pinhole, the resolution of the confocal microscope converges from the reso-
lution of the ideal case to the resolution of a confocal microscope with open pinhole [105].

The effect of the confocal pinhole can be included in the detection PSF in equation (3),
to describe the PSF of a confocal microscope with a finite-sized pinhole. For this pur-
pose, the detection PSF (PSFdet’) can be expressed by the convolution of the detection
PSF for the case of an infinitely small pinhole (PSFdet) with the aperture function of the
pinhole [105]:

PSFdet’(x, y, z) = PSFdet(x, y, z) ∗D(x, y). (4)

For the case of the same excitation and emission wavelength, the lateral and axial FWHM
of a confocal microscope with infinitesimally small as well as with open pinhole can be
described by the formulas presented in table 2.1 [103, 105].

FWHM confocal (open pinhole) confocal (closed pinhole)
lateral 0.51 λ

NA 0.37 λ
NA

axial1 0.89 λ

n−
√
n2−NA2

0.64 λ

n−
√
n2−NA2

Table 2.1: Overview over the FWHMs of a confocal microscope with open and closed pinhole
[105].

1For small aperture angles [103], the axial FWHM for a open pinhole (o.p.) and for a
closed pinhole (c.p.) can be additionally approximated by

FWHMaxial, o.p. ≈ 1.77 nλ

NA2 ; FWHMaxial, c.p. ≈ 1.28 nλ

NA2 . (5)
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2.2. STED microscopy
Within this thesis, STED microscopy was employed to enhance the resolution of a con-
focal fluorescence scanning microscope (see section 2.1). Therefore, a brief overview of
STED microscopy is given below.

STED microscopy can be viewed as a special case of the reversible saturable optical
fluorescence transitions (RESOLFT) microscopy family. The basic idea of these tech-
niques is to saturate a reversible molecular transition with a spatially shaped intensity
distribution featuring a zero intensity point, line or plane to obtain a sub-diffraction
sized image spot [45, 51].

RESOLFT microscopy works with molecules having two distinct states A and B, as
for example ground and excited states or conformational and isomeric states [39] (see
figure 2.3). Referring state A as bright state and state B as dark state, the microscope
image is obtained by collecting the signals from the molecules in state A [41].

Figure 2.3: RESOLFT microscopy requires molecules exhibiting two distinct state, a bright
state A and a dark state B. The transition from sate A to state B has to be optically inducible
at a transition rate kAB, whereas the rate depends on the transition cross section σ and the
light intensity IAB. The rate of the transverse transition (kBA) should be negligible, adapted
from [46].

Considering a scanning microscope as displayed in section 2.1, the image is formed by
scanning the sample with a focused excitation beam. The focused excitation beam
transfers samples molecules in state A and the emitted signal by these molecules can be
measured. In conventional microscopy, focusing leads to a spot whose size is limited by
diffraction. This excitation spot excites all molecules that are located within the spatial
extent of this spot (see figure 2.4 for the special case of STED microscopy). Furthermore,
all molecules excited to state A emit a signal almost simultaneously and are therefore
indistinguishable[41]. Therefore, the spatial separation of molecules (the resolving ca-
pability) within the microscope image depends on the spatial extent of molecules being
at the same time in state A [41]. If it is possible to confine the area of molecules in
state A, the spatial separability of them would be increased [41]. RESOLFT microscopy
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enhances the distinguishability of sample molecules and therefore the resolution by op-
tically transferring all molecules in state A to the state B except for a sub-diffraction
sized area [41].

To optically shift the population of state A into state B, the molecular transition between
state A and state B has to be optically inducible at a wavelength λAB. The wavelength
λAB is usually chosen in such a way that the molecular cross section for the reversed
process (transition of state B into state A) is as small as possible (σBA � σAB). The rate
of this transition can be described by σABIAB, where σAB presents the molecular cross
section and IAB the focal intensity. Assuming a pulsed irradiation with a rectangular
pulse of pulse duration τ as well as a negligible re-excitation by the beam pulse at λAB,
the population of state A can be quantified by equation (6) [21, 54, 102]. Here, NA and
N0 describe the number of molecules in state A after and before the beam pulse at λAB.

NA = N0 · exp
(
−σABτ

IAB
~ω

)
(6)

If the intensity IAB is chosen large enough, the population saturates into state B. Usually,
a saturation intensity is defined, describing the intensity at which half of the molecules
are in state B:

IAB,sat = ln 2 · ~ω
σAB · τ

. (7)

To confine the area of molecules in state A, the intensity IAB is additionally spatially
shaped, so that it features at least a single local zero intensity point [40]. Most commonly,
a local intensity of zero is generated at the centre of the focal point, referred to as
~r = ~0 [33, 40]:

IAB(~r) = Imax
AB · f(~r) ,with f(~r = ~0) = 0 (8)

For Imax
AB � IAB, sat, only molecules in close proximity to the centre of the focal point

can be found in state A which depends on the steepness and the spatial shaping of the
intensity distribution f(~r). Therefore, the area of molecules in state A can become theo-
retically infinitely small.

In STED microscopy, fluorescent molecules are used and states A and B represent the
first excited singlet state (S1) and the ground sate (S0) (see figure 2.1). Via stimulated
emission, the fluorescence is inhibited and molecules in the excited state only remain in
close proximity to the zero intensity point, line or plane of the spatially shaped STED
(depletion) beam (see figure 2.4) [42, 46, 50].
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Figure 2.4: Principle of STED microscopy using the example of two filaments marked with
fluorophores (grey filled circles), adapted from [43, 67]. An excitation beam excites all fluo-
rophores that are located within its spatial extent (orange filled circles). A spatially shaped
depletion beam is then focused on the sample to confine the area of excited molecules. This
typically doughnut-shaped STED beam leads to a depletion of excited fluorophores, indicated
by circles filled in dark red. In this way, only fluorophores located in close proximity to the
centre of the doughnut-shaped beam remain excited and can subsequently fluoresce.

To obtain a spatially shaped STED beam leading to an isotropic (lateral) resolution
enhancement in two dimensions, usually, a helical phase mask is applied [24, 51]. The
respective phase distribution p̃ of the helical phase mask is illustrated in equation (9)
and graphically in figure 2.5 (a) in section 2.3.

p̃(r, φ) = φ (9)

Employing this phase mask to the STED beam leads to a phase shift of π between two
mirror symmetrical points. Therefore, when focusing the light, the x-components and
the y-components of the electric field cancel each other out on the optical axis. Contribu-
tions from z-components of the electric field can be avoided by using circularly polarised
light matching the rotation direction of the phase mask. Hence, the combination of a
helical phase mask in conjunction with the respective circular polarised light leads to
destructive interference on the optical axis. Overall, this results in a ring-shaped- or
doughnut-shaped intensity distribution with zero intensity in the centre [24].

To efficiently enhance the resolution in three dimensions, an incoherent combination
of several phase masks is needed [50]. The steepness of the intensity distribution along
the spatial directions (x, y, and z) behaves complementary. Therefore, it is not possible to
find a phase mask leading to a spatially uniform, narrow intensity distribution. A more
detailed discussion on the steepness is provided in the appendix in section A. Therefore,
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the helical phase mask is typically combined with an axial phase mask [34, 50, 78, 83].
The axial phase mask leads to an optimum resolution enhancement in z-direction and is
presented in equation (10) [50, 51].

p̃(r, φ) =

π for r ≤ r0

0 elsewhere
(10)

In equation (10), r0 describes the radius of an inner circle which is slightly smaller than
√

2
2 for an objective aperture with radius one. The minimum volume in three-dimensions
can be obtained by distributing 30% of the STED light into the axial pattern and 70%
into the helical phase mask [50].

To quantify the resolution of a STED microscope, its PSF can be regarded. The PSF
of a STED microscope (PSFeff) can be described as a multiplication of an effective ex-
citation PSF (PSFeff,exc) with the detection PSF of the confocal microscope (see section
2.1) [33, 36]:

PSFeff(x, y, z) = PSFexc(x, y, z) · η(x, y, z)︸ ︷︷ ︸
PSFeff,exc

·PSFdet(x, y, z). (11)

In equation (11), PSFexc represents the excitation PSF of the underlying confocal mi-
croscope and η the suppression factor. The suppression factor reflects the fraction of
fluorescence remaining after having employed the STED beam to the sample which can
be defined by means of equation (6) and equation (8). Thus, for temporally separated
excitation and STED light, a uniform fluorophores’ distribution as well as in proximity
to the focal point, the suppression factor can be described by [33]:

η(~r) = Nfl|STED (~r)
N0

= exp (− ln 2ζf(~r)) . (12)

Here, a saturation factor ζ is defined as the ratio of the maximum STED intensity to
the saturation STED intensity [60]:

ζ = Imax
STED
IsatSTED

. (13)

For typically applied phase masks, the spatial shaping of the STED beam intensity
distribution close to the focal point can be approximated by a parabola [33, 60]. Thus,

12



the function f(~r) in equation (8) can be expressed by

f(~r) = 4ar2. (14)

In equation (14), a denotes the pattern steepness which depends on the applied phase
mask [33]. In the following, a2D is employed for the doughnut-shaped intensity distribu-
tion, az for the axial depletion pattern and a1D for a one-dimensional depletion pattern.
By means of this parabolic approximation as well as assuming Gaussian functions for the
excitation and detection PSF in equation (11)2, an effective PSF is obtained which is as
well gaussian-shaped [33, 60]. The FWHM of this effective PSF (FWHMSTED) depends
on the saturation factor ζ and therefore on the STED laser intensity used as well as on
the pattern steepness a, the spatial shaping of the STED intensity distribution along a
certain direction [33, 60]:

FWHMSTED = FWHMconf√
1 + FWHM2

confaζ
. (15)

For high enough STED laser intensities, the width of the effective PSF converges to the
expression [33]:

FWHMSTED = 1√
aζ
. (16)

As illustrated in equation (16), the width of the effective PSF becomes independent of
the confocal PSF’s width. It only depends on the STED laser intensity as well as on the
pattern steepness. Therefore, the width in STED microscopy can theoretically become
unlimited small corresponding to an unlimited good resolution.

2As illustrated in section 2.1, the detection PSF can be described by the detection PSF for an infinite-
simally small pinhole convolved with the confocal pinhole.
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2.3. Two-dimensional tomographic STED microscopy
The aims of this thesis were to improve the performance of two-dimensional tomographic
STED (2D tomoSTED) by combining it with image scanning microscopy and to develop
it into a three-dimensional imaging technique. Therefore, the concept of 2D tomoSTED
is described below.

2D tomoSTED has been demonstrated in [59, 60] as sample-gentle imaging technique
enabling imaging with a light dose reduced by a factor of four compared to the con-
ventional two-dimensional (2D) STED microscopy while maintaining the same image
quality. Same image quality means the same resolution in all spatial directions as well
as an equal signal strength of the high frequencies.

TomoSTED is based on the idea to use a one dimensional depletion pattern (1D depletion
pattern) instead of the doughnut-shaped depletion pattern (2D depletion pattern) used
in conventional 2D STED to confine the fluorescent area within the focal plane [60]. The
employment of the 1D depletion pattern leads to an effective PSF whose resolution is
enhanced only along one direction [60]. 1D depletion patterns can be generated by spa-
tially shaping the phase of the STED beam with a 0-π phase step [50, 51, 54, 59, 60, 97].
For a resolution increase in x-direction, the 1D phase mask is displayed in equation (17)
and illustrated in figure 2.5 (a)3.

p̃(r, φ) =

π for φ ≤ π
2 ∨ φ ≥

3π
2

0 elsewhere
(17)

In addition to the 1D phase mask, light linearly polarised perpendicular to the direction
of the phase step has to be employed [97]. With this, the focused STED beam interferes
destructively along a line within the focal region [54, 59, 97] leading to a 1D depletion
pattern. The 1D depletion pattern for a resolution enhancement in x-direction is illus-
trated in figure 2.5 (a).

3The 1D phase mask for the resolution increase along the y-direction is additionally illustrated in
figure 5.5 in section 5.1.3
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Figure 2.5: Comparison of (a) the 1D phase mask and the resulting 1D depletion pattern
with (b) the helical phase mask and the corresponding 2D depletion pattern.

Compared to the 2D depletion pattern used in 2D STED (see figure 2.5 (b)), the 1D
depletion pattern exhibits higher intensity maximums for the same overall STED in-
tensity. Furthermore, in the high resolution direction of the 1D depletion pattern, the
maxima for both methods are located at the same distance from the focal point. A higher
maximum intensity located at the same distance indicates a more efficient fluorescence
depletion as illustrated in equation (8) in section 2.2. A more efficient fluorescence in-
hibition corresponds to a higher resolution enhancement. Analogously, the STED laser
intensity could be reduced for the 1D case to achieve the same resolution as in 2D STED.

To investigate whether the same resolution as 2D STED can be achieved by using the
1D depletion pattern with a lower STED laser intensity, the effective PSF is considered.
As described in section 2.2, the width along the high resolution axis depends on the ap-
plied laser intensity as well as on the steepness of the spatial shaping along this direction
(see section 2.2)[33]. For a sufficiently high laser power and the approximation of the
depletion pattern by a parabola in the considered direction, the FWHM of the effective
PSF scales inverse with the depletion pattern steepness a as well as inverse with the
employed STED laser power (see equation (16)) [33]. Thus, by means of equation (16),
a ratio r of the effective PSFs FWHM for an individual tomoSTED PSF to the width of
the 2D STED can be defined as

r = FWHMSTED, 1D

FWHMSTED, 2D
=
√
a2Dζ2D√
a1Dζ1D

. (18)

As shown in equation (18), the square of r equals to the ratio of the depletion pattern
steepnesses of both variants at identical STED laser power. Therefore, the same FWHM
is obtained when the laser power of tomoSTED is divided by the square of r determined

15



at an equal laser power (see equation (19)). Thus, r2 represents the factor by which the
laser power of tomoSTED can be reduced compared to the conventional 2D STED:

ζ1D = 1
r2(ζ1D = ζ2D)ζ2D. (19)

A factor r2 larger than one would therefore enable to measure with a lower laser power
and still achieve the same resolution. To determine the factor r2, effective PSFs corre-
sponding to the 1D and 2D case were simulated with a saturation factor of 120.4 The
ratio of the FWHMs, determined by Gaussian fits to line profiles drawn through the
high-resolution axis, yielded a factor r2 of about 1.85. To achieve the same resolution
improvement in an individual tomoSTED PSF as in 2D-STED along the high-resolution
axis, the laser power can therefore be reduced by a factor of about 1.85 5.

The individual tomoSTED PSFs are mainly reduced along a single spatial direction.
Thus, it is to be expected that the signal of the individual tomoSTED PSFs is higher
than that of the conventional 2D-STED when comparing the same resolution enhance-
ment (FWHMSTED, 1D = FWHMSTED, 2D = FWHMSTED). Therefore, not only the laser
power but also the exposure time could be lowered to achieve the same signal strength
in the individual tomoSTED PSFs as in the 2D-STED PSF. Hence, the signal of the
individual tomoSTED PSFs is compared with that of 2D-STED in the following.

The PSFs for both methods can be roughly approximated by Gaussian functions [33, 60].
The 2D STED PSF (PSFeff, 2D) by a Gaussian function featuring high resolution in all
directions [33]:

PSFeff, 2D = Ae
−4 ln 2

(
x2+y2

FWHM2
STED

)
. (20)

Here, A denotes the amplitude of the Gaussian function which corresponds to the am-
plitude of the underlying confocal PSF (see equation (11) in section 2.2). The individual
tomoSTED PSF exhibits a high-resolution (STED) direction and a diffraction-limited

4The effective PSFs were simulated using the ’Optical Microscopy Matlab Toolbox’ of the Department
for NanoBioPhotonics, of the Max Planck Institute for biophysical Chemistry in Göttingen. The
’Optical Microscopy Matlab Toolbox’ calculates the effective PSF based on vectorial diffraction
theory as presented in section 5.1. For the simulations, an excitation wavelength of 640 nm, an
emission wavelength of 680 nm and a STED wavelength of 775 nm were used.

5Another possibility to determine the scaling factor of the laser power is to compare the different
steepness of the two depletion patterns as shown in [60]. The steepness of the pattern can be
determined by calculating the second derivative and evaluating its value at the focal point [60].
Both methods lead to the same result in the framework of simulations.
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(confocal) direction [59, 60] and can be described by

PSFeff, 1D = Ae
−4 ln 2

(
x2

FWHM2
STED

+ y2

FWHM2
conf

)
. (21)

The signal of a two dimensional Gaussian function can be evaluated by integration:

� ∞
−∞

� ∞
−∞

e
− 1

2

(
x2
σ2
x

+ y2

σ2
y

)
dx dy = 2πσxσy = π

4 ln 2 · FWHMxFWHMy. (22)

As illustrated in equation (22), the integral is proportional to the FWHMs of the consid-
ered Gaussian functions. Therefore, the signal of the 2D effective PSF is approximately
proportional to FWHM2

STED, whereas the signal of an individual tomoSTED PSF is ap-
proximately proportional to FWHMSTED ·FWHMconf. Thus, each individual tomoSTED
PSF exhibits a signal which is higher by the factor of FWHMconf/FWHMSTED compared
to the 2D effective PSF. This factor corresponds to the factor of resolution enhancement
due to STED. Thus, in order to obtain at least the same signal strength in all spatial
directions as with the conventional 2D-STED and thus the same image quality, the ex-
posure time of the individual tomoSTED PSFs can be reduced by the signal ratio as
compared to 2D-STED.6 Hence, the exposure time for each individual tomoSTED image
can be reduced by the factor of the resolution enhancement due to STED. Both aspects
of the individual tomoSTED PSFs, the reduction of STED laser intensity and the reduc-
tion of exposure time, have the potential to result in a lower light dose for tomoSTED
microscopy [60].

However, so far only one individual tomoSTED PSF was considered. To obtain the
same spatial high resolution information as the 2D STED, the high resolution direction
of the 1D PSF has to be rotated. The rotation of the high resolution direction is achieved
by rotating the depletion pattern. The individual tomoSTED images obtained in this
way are then reconstructed to a final highly-resolved image in two dimensions. This
principle of tomoSTED is illustrated in figure 2.6.

6The potential reduction of the exposure time of the individual tomoSTED PSFs presented here differs
from the reduction factor used for tomoSTED in [60]. In [60], the exposure time was reduced by the
number of pattern orientations used for the tomoSTED measurement. However, together with the
optimal number of orientations presented in [60] of πk1D/2 (k1D denoting the resolution increase
due to STED), this does not result in at least the same signal strength as in 2D-STED. If the
exposure time is reduced by the optimal number of pattern orientations, the signal in the individual
tomoSTED PSFs is by π/2 lower than that of 2D-STED. At least the same signal strength is only
obtained when measuring with a number of pattern orientations equal to the signal ratio, thus the
factor of the resolution increase due to STED.
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Figure 2.6: Illustration of the principle of tomoSTED. TomoSTED employs 1D depletion pat-
terns leading to individual tomoSTED PSFs exhibiting a high resolution axis in one direction.
To obtain high resolution in all spatial direction the high-resolution direction in terms of the
1D depletion pattern is rotated. A final highly-resolved image in two dimensions is afterwards
reconstructed from the individual images.

Considering the light dose as the total amount of irradiation applied onto the sample
by the STED beam, it can be characterised by the laser power employed to the sample
and the total exposure time. If each individual tomoSTED image is recorded with a
single exposure time reduced by the signal ratio as compared to that of 2D-STED, the
light dose of tomoSTED compared to 2D-STED depends drastically on the number of
employed pattern orientations. A much higher number of pattern orientations as the
signal ratio will not results in a higher light dose compared to 2D-STED. However, the
number of pattern orientations has to be chosen high enough in order to achieve the
same resolution in all spatial directions as in 2D-STED and thus the same image quality.
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3. Material and Methods

3.1. Experimental realization
To be able to experimentally realize the objectives of this thesis, a suitable microscope
setup was built. The setup had to meet the requirements that image scanning microscopy
measurements, tomoSTED measurements as well as the combination of both are possi-
ble. Additionally, to be able to compare tomoSTED measurements with the conventional
STED variants in two- and three dimensions, conventional STED measurements should
also be realizable with the setup. Furthermore, the setup was designed in such a way
that the oil objective lens (100x, NA = 1.4, UPLSAPO 100XO, Olympus, Japan), used
in this thesis, could be replaced by a water objective lens (60x, NA = 1.2). The exper-
imental setup is shown schematically in figure 3.1 and is in the following explained in
more detail.

Figure 3.1: Schematic illustration of the used experimental setup (STED: STED laser unit,
Exc: excitation laser unit, SLM: spatial light modulator, LCR: liquid crystal retarder, APD:
avalanche photodiode, GT: Glan-Thompson-prism, HWP: half waveplate, QWP: quarter wave-
plate, DM: dichroic mirror, BS: pellicle beam splitter, BF: emission bandpass filter f: focal
length)

The microscope setup can be divided into three main path ways of wavelengths of dif-
ferent colours, an excitation light path to excite a fluorescent sample (orange), a STED
depletion path (dark red) to suppress the fluorescence within a selected region and a
detection path (red) to detect the remaining fluorescence. Via two dicroic mirrors (F43-
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643 and F73-750T, AHF analysentechnik AG, Germany), the excitation beam and the
STED beam are overlapped and focused via the objective lens into the sample plane.
An additional beam scanner (Abberior Instruments GmbH, Germany) installed in front
of the objective lens was used to scan both beams over the sample. After the excitation
and depletion process, the fluorescent light was separated from the excitation and STED
beam by the two dicroic mirrors and then entered the detection path.

To get laser light into the excitation path as well as into the depletion path, a 640 nm-
excitation laser diode (LDH-P-C-640B, PicoQuant, Germany) with a pulse length of
100 ps at a repetition rate of 80 MHz and a STED laser (Katana 08 HP, Onefive GmbH,
Switzerland) with a wavelength of 775 nm, a pulse length of 600 ps, and a repetition rate
of 80 MHz are coupled via polarization maintaining single-mode fibers (PMC-630-4.1-
NA012-3-APC-560-P and PMC-E-780-5.1-NA012-3-APC.EC-500-P, Schäfter + Kirch-
hoff GmbH, Germany) into the setup. To be able to modulate the intensity of the lasers
beam, an acousto-optic modulator (AA.MT110-1.5-VIS and AA.MT110-A1.5-IR, AA
Opto Electronic, France) is installed in front of each fiber coupling. To ensure that the
sample is first excited by the excitation beam and after a short time delay depleted by
the STED beam, the excitation laser diode is triggered by the STED laser and the time
delay between excitation and STED pulse is adjusted electronically via the software Im-
spector (Abberior Instruments GmbH, Germany).

After being coupled into the main part of the setup, the excitation light is collimated
by a collimator (Schäfter + Kirchhoff GmbH, Germany) possessing a focal length of
20 mm. Hereby, the focal length were chosen in such a way that the excitation beam
over-illuminates the backfocal plane of both objective lenses. To purify the polarisation
after the fiber, a Glan-Thompson prism was installed afterwards. Additionally, a quarter
wave plate was placed to make the polarisation circular. Circular polarisation provides
the most efficient excitation of fluorophores [59].

In the STED path, not only a collimator lens with a focal length of 20 mm (Schäfter
+ Kirchhoff GmbH, Germany) was installed, but additional telescopes. The focal length
of the lenses were chosen such that the SLMs lie in conjugate planes to the backfocal
plane of the objective lens, that the backfocal plane is over-illuminated for either choice
of the objective lens and that the projection of the back focal plane onto the two SLMs
exhibits a sufficiently high pixelation. The pixelation affects the shape of the depletion
pattern, in particular the depletion pattern steepness as investigated in [59]. Here, the
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smallest pixelation of the backfocal plane’s diameter projected onto the SLMs was chosen
to be 131 pixels, resulting in an undistorted depletion pattern according to [59].

To modulate the phase of the STED-beam, two spatial light modulators were incor-
porated into the setup SLM1 (X13268-02, Hamamatsu Photonics Deutschland GmbH,
Germany) and SLM2 (XY P256 HS, Boulder Nonlinear Systems, USA). The 1D depletion
pattern for tomoSTED (2D- and 3D tomoSTED as well as ISM-tomoSTED) were gener-
ated using the SLM2 which allows to switch the single depletion pattern orientations at
a rate of 200 Hz. The SLM1 was mainly built into the setup to perform conventional 3D
STED microscopy. In conventional 3D STED microscopy, two phase masks are combined
to achieve a minimum volume in 3D (see section 2.2).

To create the depletion pattern, respective voltages were applied to the pixels of the
SLMs leading to a spatially phase-shaped STED beam. To use only phase modulated
light in the following, the voltage-pixel mask of the STED phase mask was combined
with a voltage mask of a diffraction grating. Subsequently, only the STED light was
used, which was diffracted to the first order. The generation of depletion patterns for
STED microscopy requires not only the spatial modulation of the STED beam, but
also a corresponding adjustment of its polarisation (see section 2.2). The polarisation
was adapted using a combination of two liquid crystal retarders (LRC-200-IR1-TSC,
Meadowlark Optics, USA) with a quarter-wave plate. This combination enables the
generation of any linear polarisation state required for tomoSTED as well as circularly
polarised light necessary for the conventional STED variants. During a tomoSTED as
well as an ISM-tomoSTED measurement, the 1D phase mask and the respective linear
polarisation was rotated after each line scan. The rotation of the phase mask as well as
of the polarisation after each line scan was controlled via Python. In this way, the same
image with different oriented depletion patterns could be obtained.

To detect the fluorescence, two options were built into the microscope, a camera (Zyla
4.2 Plus, Andor Technology, Belfast) and two Avalanched Photo Diodes (APDs, SPCM-
AQRD-13-FC, Excelitas Technologies Corp., USA). For this, the detection path was split
via a pellicle and about 60% of the fluorescence emission was led to the two APDs and
about 40% of the detection light reached the camera. In order to obtain the greatest
possible comparability between tomoSTED and ISM-tomoSTED, the measurements for
the comparison of the two methods were carried out with the camera only, although no
camera is necessary for tomoSTED. Furthermore, an additional emission band pass filter
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(F49-691, AHF analysentechnik AG, Germany) was installed in front of each detection
option to prevent remaining excitation and STED light from reaching the detectors.

During an image scanning microscopy measurement, the fluorescence emitted by the
sample at each scan position has to be collected by the camera. To guarantee that the
camera takes an image at every scan position, the camera was electronically triggered
by the pixel trigger provided by the software Imspector (Abberior Instruments GmbH,
Germany). In addition, the acousto-optic modulators were triggered by the camera. In
this way, the sample was only illuminated and therefore only emitted light when the
camera was ready to detect the fluorescence.

3.2. Polarisation adjustment using liquid crystal
retarders

To create the 1D depletion pattern, not only the phase of the STED beam has to be
spatially shaped, but the polarisation has to be adjusted as well. To obtain zero intensity
within the focal point, the polarisation has to be linear aligned perpendicular to the
1D phase step. Therefore, in order to realize all possible 1D depletion patterns, all
linear polarisation states have to be generatable. Previous experimental realizations of
tomoSTED [59, 97] used a pair of Pockels cells to adjust the polarisation of the 1D
depletion pattern. Liquid crystal retarder (LCR) have the advantage that they act even
under low external fields applied ([52], p.100). Thus, in contrast to Pockels cells which
need voltages in the kV range [97], a few volts are sufficient for LCRs to re-orient and
thus enable a change in the polarisation of light. Therefore, LCRs (see section 3.2.1) are
probed for tomoSTED within this thesis and are examined concerning their capability
to realize all linear polarisation states (see section 3.2.3). Moreover, the polarisation
adjustment should be as fast as possible. Thus, the reorientation time of the LCRs is
investigated (see section 3.2.4). In the ideal case, they should possess a comparable speed
as the SLM which is 200 Hz).

3.2.1. Liquid crystal retarders

LCRs consists of a liquid crystals which are birefringent ([52], p.3). Thus, dependent on
the orientation of the liquid crystals’ optical axis an incoming light beam can experience
a phase modulation without changing the polarization state, a phase retardation or a
rotation of the polarisation ([52], p.3). Moreover, their orientation can be re-orientated

22



by means of an external field, such as an electric field, a magnetic field or an optical
field [52], p.3). Thus, the polarisation of incoming light can be changed by applying a
different external field to the liquid crystals. When the external field is removed, the
liquid crystals relax back to their initial orientation[52], p.100).

The LCRs employed within this thesis consists of a parallel aligned nematic liquid crystal
cell. This alignment is achieved by confining the cell between two glass substrates coated
by a polymide layer[4]. The glass substrates are additionally coated by indium-tin-oxide
acting as electrodes and thus allow to apply an electric field onto the liquid crystal cell.

3.2.2. Description of the polarisation states

The polarisation of light describes the temporal course of the electric field’s direction
([80], p.194). Electromagnetic waves can be considered as transversal waves whose elec-
tric an magnetic field vectors lie normal to the direction of propagation ([7], p.24). Thus,
assuming an electromagnetic wave propagating in z-direction, the electric field vector
of the wave can be expressed by a component in x-direction and one in y-direction
([80], p.195):

~E(z, t) = Ex(z, t)~ex + Ey(z, t)~ey (23)

For a monochromatic plane wave with an angular frequency ω and a wave vector k, the
x- and y-component of the electric field vector can be described by ([80], p.195)

Ex(z, t) = E0,x cos(ωt− kz + δx) (24)

and
Ey(z, t) = E0,y cos(ωt− kz + δy). (25)

As illustrated by equations (23) to (25), the direction of the electric field vector and
thus the polarisation of the electromagnetic wave depends on its amplitudes in x- and
y-direction (E0,x, E0,y) as well as on the phase difference between these two compo-
nents δ = δy − δx. Re-writing equations (24) and (25) leads to the position and time
independent parametric equation of the ellipse (([80], p.195-196),([7], p.25)):

(
Ex
E0,x

)2

+
(
Ey
E0,y

)2

− 2 ExEy
E0,xE0,y

cos(δ) = sin2(δ). (26)
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Hence, at a fixed position z, the electric field vector rotates periodically in the x-y plane
following an ellipse (([80], p.196). Therefore, the polarisation of the electromagnetic wave
can be characterised by the orientation and the shape of this ellipse (see figure 3.2 (a)).
The orientation of the ellipse can be quantified by the direction of the ellipse’s major
axis. The major axis’s direction can be described by the angle φ lying between the major
axis and the x-axis ([7],p.26). The angle φ is related to the amplitudes of the electric
field components and to their phase difference according to ([7],p.28)

tan(2φ) = 2E0,xE0,y cos(δ)
E2

0,x − E2
0,y

. (27)

The shape of the ellipse is determined by the ratio of the minor axis to the major axis
which can be quantified by the ellipticity angle χ (([80],p 196),([7], p. 32)):

sin(2χ) = 2E0,xE0,y sin(δ)
E2

0,x + E2
0,y

. (28)

With these two angles, each polarisation state of a plane monochromatic wave can be
characterised.

Figure 3.2: Illustration of the polarisation state by means of (a) the polarisation ellipse
adapted from [55] and (b) by the Poincaré sphere adapted from ([55],([7], p.32))

Another representation of the polarisation state is the so-called Poincaré’s sphere ([7], p.31)
as illustrated in figure 3.2 (b). The Poincaré’s sphere uses the characterisation of the
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polarisation sate of a monochromatic wave induced by G.G.Stokes which is given by
the Stokes parameters ([7], p.31). The Stokes parameters are displayed in equation 29
together with their relations to the angle φ and the ellipticity angle χ ([7], p.31-32).

s0 =
√
s2

1 + s2
2 + s2

3 = E2
0,x + E2

0,y

s1 = s0 cos(2χ) cos(2φ) = E2
0,x − E2

0,y

s2 = s0 cos(2χ) sin(2φ) = 2E0,xE0,y cos(δ)
s3 = s0 sin(2χ) = 2E0,xE0,y sin(δ)

(29)

Here, the angle φ lies within the range of 0 ≤ φ ≤ π and χ in the range of −π
4 ≤ χ ≤ π

4 .
The representation of the Stokes parameters s1 to s3 using the angles φ and χ resemble the
assignment of spherical coordinates to Cartesian coordinates. Thus, each polarisation
state, characterised by the coordinates s1, s2, s3, can be represented by a point on a
sphere with radius s0. Here, s0 is proportional to the intensity of the wave ([7], p.32).
Linear polarisation exhibits a phase difference of δ = 0, nπ for n ∈ Z. Therefore, the
third Stokes parameter s3 becomes zero. Thus, all linear polarisation states lie on the
equator of the Poincaré sphere. Furthermore, the first two Stokes parameters (s1, s2)
vanish for circular polarised light (δ = ±π

2 ). Hence, right handed and left handed
circular polarised light can be found on the north pole and on the south pole of the
sphere, respectively. All other elliptical polarisation states lie in between the poles and
the equator and are separated in right-handed polarisation states, located above the
equator plane, and left-handed polarisation states positioned below the equator plane
([7], p. 32-33).

3.2.3. Generation of linear polarised light with liquid crystal
retarders

As described in [59], any linear polarisation sate can be adjusted by a combination of two
Pockels cells. Thus, the adjustability of every conceivable linear polarisation state with
a combination of two LCRs was examined similar to [59] and is described in the following.

To test the generation of linear polarisation states with the combination of two LCRs, a
laser diode with a wavelength of 670 nm was used. The polarisation of this laser diode
light was set vertically by means of a Glan Thompson prism. The optical axis of the first
LCR was rotated by 45◦ compared to the vertically polarised light entering the LCR.
The optical axis of the LCRs employed within this thesis lie along the slow axis of the
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liquid crystal molecules [4]. Decreasing the voltage applied to the LCR starting with
the voltage corresponding to a phase retardance of 0 leads to changes of the polarisation
of light after the LCR. If the polarisation is measured and visualised on the Poincaré
sphere, a rotation of the polarisation around the y-axis can be observed, as illustrated
in figure 3.3 (a) with red dots. If the second LCR’s optical axis is aligned parallel to
the vertically polarised input light, the polarisation state rotates around the x-axis on
the Poincaré sphere, as displayed with blue dots in figure 3.3 (a). Furthermore, if the
retardance of the second LCR is set to the that of a quarter wave plate, the polarisation
state after the second LCR lies on the equator and thus linear polarisation is reached.
The position on the equator depends on the retardance adjusted to the first LCR. By
changing the retardance of the first LCR and using the retardance of a quarter wave
plate for the second LCR, it is therefore possible to obtain theoretically any linear po-
larisation states.

Figure 3.3: Adjusting of linear polarisation using a combination of two LCRs. (a) Working
principle of the generation of linear polarised light, (b) measured polarisation orientation via
the angle φ in relation to the voltage applied onto the first LCR, (c) voltage of the second
LCR required to reach the linear polarisation equator depending on the adjusted voltage onto
the first LCR and (d) the ellipticity angle χ measured for the generated polarisation states in
relation to the voltage applied onto the first LCR.
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To validate the generation of linear polarisation states, the polarisation of the light after
the second LCR was measured by means of a polarisation analyser (Schäfter+Kirchhoff
GmbH, Germany). This polarisation analyser measures the polarisation according to the
Stokes parameters (see section 3.2.2) [55]. Thus, the polarisation of the light measured
in relation to the angle φ and χ. Within the measurement software, the x-axis of the
Poincaré sphere is chosen as the axis of vertically polarised light [55] (see figure 3.3 (a)).
Thus, here the polarisation orientation angle φ corresponds to zero for vertical polarised
light. The procedure of generating the linear polarisation states using Pockells cells was
automated by B. Vinçon by means of a LabVIEW routine [97]. This routine was applied
to find for each voltage set on the first LCR the respective linear polarisation state. For
each voltage applied to the first LCR, the voltage of the second LCR is varied until linear
polarisation of the light is reached. The goodness of the linear polarisation is mapped via
the ellipticity angle χ measured for each voltage applied to the second LCR. According
to [59], an ellipticity angle of 0.6◦ leads to an undistorted 1D depletion pattern. Thus,
the altering of the second LCR’s voltage is stopped when χ is lower than this threshold
value. The in this way found polarisation states in relation to the voltage applied to the
first LCR are presented in figure 3.3 (b). As shown in figure 3.3 (b), the total range
of linear polarisation ranging from 0◦ to 180◦ is adjustable with the combination of two
LCRs. Moreover, the polarisation sates exhibiting an ellipticity value smaller than 0.6◦

(see figure 3.3 (d)) could be generated with a constant voltage value applied to the sec-
ond LCR (see figure 3.3 (c)) as predicted from theory. Thus, LCRs are suitable for the
generation of linear polarisation states for the 1D depletion patterns of tomoSTED.7

3.2.4. Liquid crystal retarder response time

The time required by the LCRs to change the phase of light can be measured optically.
For this, the LCR can be placed in between a polariser and an analyser ([52], p.104)) and
the change of the intensity transmittance in relation to the time can be measured [4]. For
a parallel aligned nematic crystal cell which is sandwiched between two crossed polarisers,

7In [97], another arrangement for the generation of linear polarisation was presented. Two Pockels cells
were combined with an additional quarter wave plate leading the same range of adjustable linear
polarisations. However, when integrating them into a microscope setup with multiple polarisation
sensitive components, the generation of the linear polarisation states could be improved by the
placing of the additional quarter wave plate. Therefore, an additional quarter wave plate was placed
behind the two LCRs in the final experimental setup (see section 3.1).
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the time dependent intensity transmittance can be described by [4],([52], p.164))

I(t) = sin2
(
δ(t)
2

)
. (30)

Here, δ(t) denotes the phase change of the light which is induced by applying an electric
field onto the LCR.

When the electric field is switched off by removing the voltage applied to the LCR,
the phase change caused by the LCR can be approximated by an exponential decay
[99],([52], p.164)):

δ(t) ≈ δ0 exp
(
− t
τ

)
(31)

In equation (31), δ0 represents the initial phase retardation and τ represents the optical
phase decay time which can be determined from the measured intensity transmittance.

When an electric field is applied to the LCR, a simply exponential approximation of
the phase retardation is only valid in a very short time window [99]. An approximation
of the phase retardation’s behaviour in the case of an electric field applied onto the LCR
was derived by [99]

δ(t) ≈ δ0

1 + (φ2
∞
φ2

0
− 1) exp(− t

τ
)
. (32)

Here, φ∞ denotes the angle of the LCR’s optical axis at the time t = ∞ and φ0 the
respective angle at t = 0, thus the initial optical axis orientation. Electrical forces acting
on the molecule are stronger than intermolecular restoring forces, thus the re-orientations
of the liquid crystals is faster when applying an electric field and is slower when the elec-
tric field is removed[4].

The experimental implementation of this optical measurement idea used in this the-
sis is illustrated in figure 3.4.

Figure 3.4: Experimental setup for measuring the optical response time of the liquid crys-
tal retarders, (GT: Glan Thompson, LCR: Liquid Crystal Retarder, V: vertically polarised,
LH: left-handed circularly polarised, H: horizontally polarised, RH: right-handed circularly
polarised)
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The response time of the LCRs were measured with the configuration of the first LCR
described in the previous section (see section 3.2.3). The optical axis of the LCR was
rotated by 45◦with respect to the vertically polarised incident light, so that left- and
right handed circularly polarised light, horizontally polarised light and all other polari-
sation states that lie between the above could be generated (see figure 3.4). After having
passed the LCR, the light reached another Glan Thompson prism whose optical axis was
aligned perpendicular to that of the first one. Thus, only horizontally polarised light was
let through the second Glan Thompson prism. Therefore, the second Glan Thomspon
prism enabled to measure the change in the polarisation of light generated by the LCR.
The light intensity passing through the second Glan Thompson prism as measured with
a photodiode placed behind the prism. The signal of the photodiode was then read out
with an oscilloscope.

To examine the intensity change over time, a voltage step with a duration of 80 ms
was applied to the LCR. As the response time decreases for increasing temperature [4],
it was also heated up to the maximum possible temperature of 50◦. Several polarisation
transitions were observed and the slowest transition was found at a retardance change
of the LCR from λ to λ/28 which is shown in figure 3.5.

Figure 3.5: Measured change in the intensity transmittance over time as well as at 50 °C when
applying a voltage step with a duration of 80 ms to the LCR with voltages corresponding to a
LCR retardance change from λ to λ/2.

As shown in figure 3.5, transmittance increases when the retardance of the LCR is
8In addition, the following transitions were examined as well: a retardance change from zero to λ/4,
from zero to λ/2, from λ/4 to λ/2, from 3λ/4 to λ/2.
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changed from λ to λ/2 and decreases at the end of the applied voltage step. It can
be observed in figure 3.5 that the transition back to the LCR’s initial state exhibits a
longer response time than the transition to the retardance of λ/2. The slowest transition
should posses a comparable speed as the SLM. Therefore, only the time required for the
transition back to the initial state is examined further in the following. This transition
time was analysed in more detail by fitting equation (30) as well as equation (31) to the
measured data. Via the fit presented with the red line in figure 3.5, an optical phase
decay time of (9.55± 0.04) ms was obtained for the slowest observed polarisation adjust-
ment. Thus, the response time is two times slower than the switching rate of the SLM.
However, with the help of an additional quarter-wavelength plate, all linear polarisation
states can be generated by merely switching the voltage between a retardance of zero
and of λ/2. A phase change between zero and λ/2 is approximately twice as fast as the
change between λ and λ/2. This would make the polarisation adjustment for the 1D
depletion pattern as fast as rotating the phase mask using the SLM. Therefore, LCRs
can be used for polarisation adjustment in tomoSTED.

3.3. Reconstruction of tomoSTED images
TomoSTED microscopy is based on one-dimensional depletion patterns. In order to
get high resolution information in all spatial directions, the depletion pattern has to
be rotated. Thus, a final highly-resolved image has to be reconstructed from all images
recorded at different orientations. In [59, 60], the maximum-value reconstruction method
as well as the Richardson-Lucy deconvolution method have been identified as suitable
reconstruction methods for tomoSTED. Thus, they are as well applied within this thesis
and described in the following.

3.3.1. Maximum-value reconstruction

The maximum-value reconstruction [58, 59, 60, 81] considers the image formation process
of a microscope in a Fourier optical way [81]. Regarding the image as composed of spatial
frequencies with different amplitudes, the final image can be reconstructed by comparing
the Fourier transforms of the individual images and keeping only the largest contribution
from all individual orientations at each spatial frequency for the final image [59, 81]:

F (I) = maxi (F (Ii)) (33)
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For this, as indicated in equation (33), the images of the individual tomoSTED images
Ii are Fourier transformed. The final image I is then obtained pointwise in Fourier space
[59, 81]. For each spatial frequency, the magnitudes of the individual Fourier transforms
are compared and the largest magnitude is transferred to the final imag [81]:

maxi (F (Ii)) = |F (Ik) | ≥ |F (Ii) | ∀i ∈ {1, .., n}, i 6= k. (34)

The reconstructed image in real space is afterwards obtained by an inverse Fourier trans-
form.

In addition, the reconstructed image can be described by a convolution of the object
with an effective PSF (see equation (35)) [58]. Therefore, the maximum-value recon-
struction represents a linear fusion process. This linearity becomes evident when the
individual images Ii are expressed as the convolution of the object O underlying the
images with the individual PSFs:

F (I) = maxi (F (O) · F (PSFi))
= F (O) ·maxi (F (PSFi))
= F (O) · F (PSFeff)

(35)

As shown in equation (35), the effective PSF results from the maximum amplitude
projection of the individual PSFs in Fourier space:

PSFeff = F−1 (maxi (F (PSFi))) . (36)

3.3.2. Richardson-Lucy deconvolution

The Richardson-Lucy deconvolution method, suggested by W.H. Richardson [74] and
L.B. Lucy [65], is a nonlinear restoration methods [68] that estimates the most likely
object underlying an image degraded by a known function and affected by Poisson dis-
tributed noise. In the following, section 3.3.2.1 describes in more detail the procedure for
estimating the object. Section 3.3.2.2 illustrates the application of the Richardson-Lucy
deconvolution method to estimate the underlying object from multiple subimages as in
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tomoSTED. Furthermore, the limitations of the method are discussed in section 3.3.2.3.
Due to this limitations, possibilities to quantify the quality of the estimates in the case
of simulated data are described in section 3.3.2.4.

3.3.2.1. Estimation of the underlying object

The Richardson-Lucy deconvolution method is based on Bayes’ theorem and treats the
object, the image as well as the degradation function or point-spread function as proba-
bility density functions. By iteratively generating estimates of the object, the likelihood
of the estimates being the underlying object is increased and therefore the object is ap-
proximated.

Given an object O whose image I is degraded by a point-spread function PSF, then
the image can be mathematically described by the convolution of the object with the
point-spread function (see equation (37) or equation (2) in section 2.1) [65, 74]. For
simplification, only one dimension is considered here. However, the considerations also
apply to higher dimensions [65].

I(x) = P (O(x) ∗ PSF(x)) (37)

In equation (37), P represents the Poisson distribution and considers the possible influ-
ence of noise on the image. Equation (37) raises the question whether the non-negative
object can be recovered from the observed image if the point spread function is known
and the noise is Poisson-like distributed. The probability (P(O(ξ)|I(x))), that the object
exhibits a certain number of molecules at the position ξ due to the observation of a
specific intensity value in the image at position x, can be described by means of Bayes’s
theorem [65, 74]:

P(O(ξ)|I(x)) = P(I(x)|O(ξ))P(O(ξ))�
P(I(x)|O(ξ))P(O(ξ)))dξ . (38)

In equation (38), P(I(x)|O(ξ)) describes the probability that an object at the location ξ
contributes to the image at the position x and P(O(ξ)) represents the probability that
there is an object point at the location ξ. Furthermore, P(O(ξ)) can be expressed via the
law of total probability by means of the conditional probabilities P(O(ξ)|I(x)) [65, 74]:

P(O(ξ)) =
�

P(I(x))P(O(ξ)|I(x))dx. (39)
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Equation (39) can be further reformulated by substituting P(O(ξ)|I(x)) with equa-
tion (38) leading to

P(O(ξ)) =
�

P(I(x)) P(I(x)|O(ξ))P(O(ξ))�
P(I(x)|O(ξ))P(O(ξ)))dξ dx. (40)

The transformation of an object point into the image is given by the point spread
function PSF which is assumed to be known. Therefore, the probability P(I(x)|O(ξ))
equals the probability that the PSF exhibits an intensity value at the position (x − ξ)
(P(PSF(x− ξ)))9. With this, the denominator of equation (40) represents the con-
volution of the object with the PSF. The probability of an object-, an image- or a
PSF-point present at a certain position can be expressed by its intensity value at
this position divided by the total intensity. Hence, the probabilities can written as:
P(O(ξ)) = O(ξ)/∑O, P(I(x)) = I(x)/∑ I and P(PSF(x− ξ)) = PSF(x− ξ)/∑PSF. In
addition, the intensity is conserved between the image and the object. Thus, their total
intensities are the same (∑ I = ∑O) [74]. This leads to

O(ξ) = O(ξ)
� I(x)

O(x) ∗ PSF(x)PSF(x− ξ)dx. (41)

The integral term in equation (41) represents a correlation of the fraction with the PSF.
Therefore, equation (41) can be additionally notated via the correlation operator ?:10

O(ξ) = O(ξ) · I(ξ)
O(ξ) ∗ PSF(ξ) ? PSF(ξ). (42)

W.H. Richardson and L.B. Lucy suggested an iterative procedure to approach the object
[65, 74]:

Oj(ξ) = Oj−1(ξ) ·
I(ξ)

Oj−1(ξ) ∗ PSF(ξ) ? PSF(ξ). (43)

The iterative procedure is indicated with the index j. Starting with an initial guess
for the object Ô0, an estimated image Î = Ô0 ∗ PSF is calculated. Afterwards this
estimated image is compared to the real measured image leading to a correction term
for the estimated object which is denominated by F:

Ôj(ξ) = Ôj−1(ξ) · Fj−1. (44)

9This results from the shift invariance of the PSF (see section 2.1.2).
10Most common microscope PSF can be approximated by a symmetric function (PSF(−ξ) = PSF(ξ)

[58]. For symmetric functions, the correlation is equivalent to a convolution. Therefore, the correla-
tion operator in equation (42) could also be replaced by a convolution operator.
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By iterative repeating this procedure, the likelihood of the estimated object being the
underlying object is increased at each iteration step. Under noise free conditions, the
estimation of the object is continuously improved and converges to the true object [15]. In
the presence of noise, the performance is limited as described in section 3.3.2.3. Moreover,
equation (42) preserves the non-negativity constraint of the object and conserves the total
intensity [65].

3.3.2.2. Estimation of the underlying object in tomoSTED

In tomoSTED microscopy, the object is not only observed with one PSF exhibiting one
high resolution direction, but with several PSFs with different high resolution directions:

Ii = O ∗ PSFi. (45)

Thus, here, one needs to find the common object underlying all observed images. As
in the previously presented procedure (see section 3.3.2.1), estimates are made for the
common object and an estimated image is calculated for each individual orientation
[59, 60, 66, 86]. Afterwards, the estimated images are compared with the real individual
images (Ii) leading to a correction term for each individual orientation. The final cor-
rection term is obtained by averaging the individual correction terms obtained for each
orientation [59, 60, 66, 86]. The overall correction term obtained in this way is given by

Fj =
N∑
i=1

Ii
Ôj−1 ∗ PSFi

? PSFi. (46)

Here, the individual PSFs are normalised such that the sum over all PSFs equals to
one (see equation (47)). In this way, the overall correction term represents a weighted
average of all individual correction terms.

N∑
i=1

PSFi = 1 (47)

The choice of the initial estimate is not significant as long as this is a smooth, non-
negative function [65].

3.3.2.3. Limitations of the deconvolution algorithm

In the noise-free case, the deconvolution algorithm converges monotonically towards the
object[15]. Hence, under ideal conditions the similarity between the estimates and the
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object increases with each iteration step and just depends on the number of iterations.
However, one drawback is that the convergence rate decreases per iteration step [15]11.
Thus, the performance is limited by the number of feasible iteration steps.

Another limitation is noise. The major source of noise in confocal microscopy is shot
noise [89]. Due to the quantum nature of light, the measured signal intensity varies
statistically which can be described by a Poisson distribution [62, 89]. Noise can drive
the estimates away from the ’true’ object [15, 18]. Very similar images can be created
by many different objects. Thus, noise can lead to estimate deviating from the ’true’
object [15]. Furthermore, noise is enhanced within each iteration [15, 18]. Thus, in
the presence of noise and depending on the signal to noise ratio, the similarity between
the estimates and the object increases only initially [62]. Therefore, in the case of a
known object (for example in simulations), the deconvolution procedure can be mapped
by measuring the similarity between the estimates and the object and can be stopped
at the point of maximum similarity [62].

3.3.2.4. Similarity quantification in the case of a known object

Several ways exist to quantify the similarity between two images. One possibility is to
measure the distance between two images in terms of their intensity value differences per
pixel which is commonly called the mean squared error as illustrated in equation (50)
[18, 58, 62, 72, 75].12 Due to its frequent use [18, 58, 62, 72, 94], the mean squared
error is employed within this thesis to quantify the similarity between the object and the

11There exists several ways to speed up the convergence. One possibility, which has the advantage to
preserve the non-negativity constraint, is to include an exponent to the correction term [2, 94]:

Ôj(ξ) = Ôj−1(ξ) · Fq
j−1. (48)

During the iteration process, the exponent is adapted via

q(j) = exp
(
‖∇Ôj−1‖
‖∇Ôj−2‖

)
−
(
‖∇Ô2‖
‖∇Ô1‖

)
. (49)

Due to the uncertainty how the amplification of the noise behaves when using different adapted
exponents and therefore to ensure the comparability between the method of classical STED and
tomoSTED, only the standard Richardson-Lucy deconvolution was employed within this thesis.

12Other possibilities to quantify the estimation procedure is to use the Kullback-Leibler divergence [109]
or the signal to noise ratio [6, 94]. A minimal Kullback-Leibler divergence corresponds to a good
match between object and estimate [109]. In the case of considering the signal to noise ratio, the
algorithm would be stopped when the estimate exhibits the maximum signal to noise ratio [6, 94].
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estimates within simulations.

MSE(I1, I2) =
∑

(I1 − I2)2 (50)

Two identical images lead to a mean squared error of zero. Furthermore, equation (50)
can be transformed into [58, 75]:

MSE(I1, I2) =
∑

I2
1 +

∑
I2

2 − 2
∑

I1I2︸ ︷︷ ︸
:= cc

(51)

The first two terms in equation (51) only depend on the single images and thus do not
contain information about the similarity between the two images [58, 75]. Thus, it is suf-
ficient to only consider the third term to quantify the similarity [58, 75] which represents
the cross-correlation (cc) of the two images. However, different local intensities between
the two images strongly influences the cross-correlation [9]. Thus, most commonly the
normalised variant of the cross-correlation is used to measure the similarity between two
images [9, 98]. The normalised cross-correlation is shown in equation (52) and becomes
one for identical images.

ncc(I1, I2) =
∑(

(I1 − I1)(I2 − I2)
)

√∑(I1 − I1)2∑(I2 − I2)2
(52)

When looking at the normalised cross-correlation within the Richardson-Lucy deconvo-
lution, it should increase continually under ideal (no noise-free) measurement conditions
and should approach one. In the case of noise, the normalised cross-correlation should in-
crease until it reaches a maximum value and then start to decrease again as the estimates
becomes dissimilar to the object again due to the influence of noise.
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4. ISM-assisted tomographic STED microscopy
The objective of combining tomoSTED microscopy with image scanning microscopy
(ISM) was to improve the performance of tomoSTED in terms of sample-gentleness.
Hereby, it was aimed for reducing the light dose applied onto the sample while still
achieving the same image quality as tomoSTED. As presented in section 2.3, the light
dose acting on the sample in tomoSTED microscopy depends on the applied STED laser
power and the total exposure time. Higher laser powers and longer total exposure times
therefore lead to a higher light dose. However, a reduction of the STED laser power
leads to a lower resolution for the same depletion pattern shape. Hence, reducing the
laser power is not an option to achieve a lower light dose and otherwise identical res-
olution. Therefore, it was sought for a possibility to reduce the total exposure time.
TomoSTED achieves a highly-resolved image in two dimensions by imaging the sample
with several differently oriented one dimensional depletion patterns. The total exposure
time in tomoSTED is therefore the product of the exposure time for imaging with each
individual orientation and the number of orientations used. Reducing the exposure time
of each individual orientation would lead to a decrease of signal and therefore to a lower
image quality. Hence, the most direct way to decrease the light dose is to image with
a lower number of pattern orientations. However, only reducing the number of pattern
orientations would lead to a poorer isotropic resolution in two dimensions as illustrated
in figure 4.1 and explained in the following.

Figure 4.1: Schematically illustration of the coverage of spatial frequencies in two dimensions
for tomoSTED and ISM-assisted tomoSTED. Due to the higher resolution in the confocal axis
in the case of ISM-tomoSTED, the same area of spatial frequencies is covered with a lower
number of pattern orientations

In figure 4.1, OTFs for individual orientations are schematically illustrated with black
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ellipses, which represent iso-lines at 50% of the maximum magnitude. When choosing an
equal spacing between the individual orientations, the area of spatial frequencies, which
is covered by all individual orientations, is exemplarily marked by the area of the blue
dashed circle. If the number of orientations is decreased, which corresponds to a choice of
a higher rotation angle (due to the equal spacing), the circular area of covered frequencies
gets smaller. Hence, a lower isotropic resolution would be obtained. As observed in figure
4.1, the area of covered frequencies depends on the resolution in both the high-resolution
direction (STED direction) as well as the diffraction-limited (confocal) direction. Thus,
if the resolution in the confocal direction of tomoSTED could be increased, a larger area
of covered spatial frequencies would be obtained when considering the same number
of pattern orientations. Analogously, the number of pattern orientations could be re-
duced to obtain the same area of covered spatial frequencies and thus the same isotropic
resolution in two dimensions (see figure 4.1). If otherwise the same measurement pa-
rameters (as for example exposure time, excitation and STED laser powers, scan pixel
size, etc.) for the individual orientations are applied, a lower light dose could be achieved.

As illustrated in section 2.1, the resolution in a conventional confocal microscope can be
improved by a factor of

√
2 by closing the confocal pinhole [105]. Unfortunately, reducing

the pinhole size leads to a decrease of the detected signal and therefore a worse signal to
noise ratio [13, 48]. This problem is solved in ISM, which was theoretically proposed in
[87] and [5] and for the first time experimentally validated in [70]. ISM allows to improve
the spatial resolution of a confocal microscope with an open pinhole by the factor of

√
2

while maintaining the signal [13, 70]. Therefore, ISM was chosen here to increase the
resolution in the diffraction limited direction of the individual 1D STED PSFs and was
investigated with respect to a reduction of the number of pattern orientations.

In the following, the idea and the method of ISM is described in section 4.1. Based
on this, the subsequent section 4.2 discusses the appliance of the ISM principle to to-
moSTED, including a validation on simulated and experimental data. In addition, the
number of pattern orientations for ISM-tomoSTED, which leads to at least the same im-
age quality as tomoSTED, is examined in section 4.3. Furthermore, the performance of
ISM-tomoSTED in comparison to tomoSTED is experimentally validated in section 4.4.
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4.1. Image formation in image scanning microscopy
Image formation in ISM can be considered as a combination of two image formation
modes, namely confocal microscopy and wide-field microscopy [84, 88, 101]. For the
sake of simplicity, the imaging process is described here solely in one dimension, but can
be extended without loss of generality to more dimensions. In a confocal microscope
[88, 101], an illumination/ excitation spot is scanned over the sample. The response
of the sample is measured for each scan position with a point detector. In the case
of a confocal microscope with a completely opened pinhole, the resolution is therefore
exclusively defined by the excitation spot. Thus, the PSF of a confocal microscope with
open pinhole is given by the excitation PSF, PSFexc(x). In a wide-field microscope, the
whole field of view is homogeneously illuminated and the light emitted from the sample
is imaged onto a detector array. Thus, the resolution in this case is solely defined by the
detection PSF, PSFdet(s) [84, 88, 101]. Combining these two image formation modes,
the point detector of a conventional confocal microscope can be replaced by a detector
array [70, 84, 87]. This principle of scanning and detection with a detector array is
illustrated in figure 4.2.

Figure 4.2: Illustration of a scanning microscope using a detector array to record the signal
from the sample. By summing up the signal detected by all elements of the detector array for
each scan position, a conventional confocal image is obtained. Considering each detector array
element individually, a scanned image of the object is obtained for each detector array pixel.
Reuniting these single scanned images during the pixel-reassignment procedure leads to an
ISM image whose resolution is improved by a factor of

√
2. Assuming the same detector array

size, the same signal contributes to the ISM image as to the conventional confocal microscope
image. Thus, the signal of the ISM image is equal to the signal of the conventional confocal
microscope image.

For each scan position, an image of the area around the excitation PSF is detected and
the signal recorded by an individual pixel of the detector array at position s is given
by [84]

PSF(x) = PSFexc(x) · PSFdet(x− s). (53)
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Here, it is assumed that the sample is imaged with a magnification of one into the
image space [84]. According to [84], this simplification does not restrict the generality.
By summing up the signal collected by all detector array pixels for each individual
scan position, a conventional confocal image is obtained which can be mathematically
described by equation (54) [84, 87]. It represents the integral notation of the equations
presented in section 2.1 for the PSF of a confocal microscope (see equation (3) and
equation (4)).

PSFconf(x) =
�

PSFexc(x) · PSFdet(x− s)D(s) ds (54)

In equation (54), the confocal pinhole is included via D(s), [84]

D(s) =

1 for s ≤ a

0 for s > a,
(55)

where a defines the size of the pinhole in relation to the sample space. The size of
the confocal pinhole affects the volume within the sample which contributes to the final
image. Therefore, it determines the microscope’s optical sectioning capability and its
resolution. Closing the pinhole leads to a resolution improvement of

√
2 as compared to

a confocal microscope with completely opened pinhole (infinite large pinhole) [105]. Due
to the resulting worse signal-to-noise ratio, a pinhole size of 1 Airy unit (AU) is usually
used in conventional confocal microscopy [48].

In ISM, each detector array pixel is considered individually. If the size of the pixel
is chosen small enough, it acts as a very small pinhole. When scanning an object, a
scanned image is recorded by each pixel [84]. However, these scanned images are shifted
relative to each other due to the relative shift of the individual pixels [88]. Therefore, a
final image of the object can be obtained by a fusion of these images. This re-combination
procedure is called pixel reassignment [13, 90]. During the pixel reassignment procedure,
the images are shifted onto each other by considering the most probable shift due to the
imaging process with an offset pinhole [76, 84]. This principle of image scanning mi-
croscopy is illustrated in figure 4.2.

Theoretically, different approaches exist to determine the optimum magnitude by which
the individual images have to be shifted. One possibility is to equalize the cut-offs of the
OTFs of the excitation and detection PSF [90, 91]. Another option is to define the shift
according to the widths of the excitation and detection PSF [76, 91]. In the following,
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the theoretical shift is analysed in real space, similar to [76]. For this purpose, the image
of a point emitter is investigated, which is recorded by a pixel of the detector array at
position s (see equation (53)). As the point spread functions can be approximated by
Gaussian functions [24, 110], an approximation for the optimum theoretical shift can be
derived by inserting Gaussian functions into equation (53):

PSF(x) = A · exp
(
− x2

2σ2
exc

)
exp

(
−(x− s)2

2σ2
det

)
. (56)

To determine the shift of PSF(x) in relation to s, the position of its maximum xmax is
determined [92]. It can be obtained by setting the first derivative of equation (56) to
zero. This leads to

xmax = σ2
exc

σ2
exc + σ2

det︸ ︷︷ ︸
:=m

·s. (57)

According to equation (57), the position of the maximum is proportional to the pixel
offset s and the proportional factor m solely depends on the standard deviation of the
excitation and the detection PSF. Therefore, the factor m can also be expressed via the
PSFs’ FWHM:

m := FWHM2
exc

FWHM2
exc + FWHM2

det
. (58)

Thus, in order to recombine the scanned images obtained with the individual detector
array pixels, each image has to be shifted by −ms [88, 92], where m is also called pixel
reassignment factor. For excitation and detection PSFs of equal width, the reassignment
factor m equals 0.5. This value is typically used in literature [70, 84]. However, if the
optical conditions change (FWHMexc 6= FWHMdet) for example due to Stokes Shift or
aberrations, the scaling factor differs [91]. Moreover, for Airy Patterns, the shift factor
of equation (58) is only optimum for detector pixel offsets smaller than 1.335 AU [92, 93].
For larger array pixel offsets, the detection PSF becomes distorted and the strength of
subsidiary maxima exceeds the strengths of the central maxima [92]. However, for de-
tector array sizes smaller than 1.335 AU, the approximation of Gaussian functions leads
to the same results as using Airy Patterns and is therefore within this range a suitable
approximation.

In a next step, an analytical description of the final ISM PSF can be derived. For
this purpose, x can be substituted by x = x+ms in equation (54) which corresponds to
a shift of −ms for each individual image, recorded by a detector array pixel. Afterwards,
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the reassigned images are summed up to obtain the final ISM image. For an infinitely
extended detector array and a constant pixel reassignment factor m [93], this results in

PSFISM(x) =
�

PSFexc(x+ms) · PSFdet(x− (1−m)s) ds. (59)

Additionally, equation (59) shows that by choosing a pixel reassignment factor of m = 0,
a conventional confocal image is obtained, whereas m = 1 leads to a conventional wide-
field image [88, 90, 92, 93]. An approximation of the ISM PSF can be obtained by
assuming Gaussian functions for the excitation and the detection PSF again, leading to

PSFISM(x) = A ·
√

2π · σexcσdet
σISM

· exp
(
− x2

2σ2
ISM

)
. (60)

Thus, for a Gaussian excitation and detection PSF, the final ISM PSF is again a Gaussian
function with an effective standard deviation of σ2

ISM = σ2
detm

2 + σ2
exc (1−m)2. Hence,

the width of the ISM PSF depends on the width of the excitation PSF, the width of the
detection PSF as well as on the pixel reassignment factor chosen for the reconstruction:

FWHM2
ISM = FWHM2

detm
2 + FWHM2

exc (1−m)2 . (61)

Hereby, the choice of the pixel reassignment factor m according to equation (58) leads
to an ISM PSF of minimal width and therefore to the highest resolution. As illustrated
in equation (61), for an equal FWHM of excitation and detection PSF, the resolution in
terms of FWHM can be laterally improved by a factor of

√
2 due to ISM compared to a

confocal microscope with completely opened pinhole [76]. This resolution improvement
corresponds to the theoretical resolution improvement of confocal microscopy with an
infinitesimal small pinhole [105] (see section 2.1). However, the factor of

√
2 only holds

true for an excitation and a detection PSF of equal width [90]. If for example Stokes
shift or aberrations are present, the improvement factor will be smaller [90].

Using equation (60), the amplitude of the ISM PSF can be compared with that of a
conventional confocal microscope. By assuming Gaussian PSFs as well as an infinitely
extended detector array, the following expression for the amplitude can be obtained via
equation (54): Aconf = A·

√
2πσdet. Thus, the ISM PSF of equation (60) can be expressed

by the amplitude of the confocal PSF. This yields

PSFISM(x) = Aconf · kISM · exp
(
− x2

2σ2
ISM

)
, (62)
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where kISM is defined by kISM = σexc/σISM which corresponds to the ratio of the width of
the conventional confocal PSF to that of the ISM PSF. Thus, if the resolution of the ISM
PSF is increased as compared to the conventional confocal PSF, the ISM PSF shows an
amplitude which is enhanced by the factor of the resolution improvement due to ISM.
However, as the same signal contributes to both the conventional confocal as well as the
ISM image, the integral over both PSFs is identical. Thus, the increased amplitude of
the ISM PSF results from the fact that the same signal is squeezed into a smaller peak
leading to a higher amplitude [88]. This effect is called the superconcentration effect of
ISM [77].

4.2. Appliance of ISM to tomoSTED microscopy

To improve the resolution in the diffraction-limited direction of all the individual 1D
STED-PSFs, tomoSTED was combined with ISM. The realization is discussed in the fol-
lowing. For this, an overview of the procedure to obtain the final image in ISM-assisted
tomoSTED is presented in section 4.2.1. Sections 4.2.2 - 4.2.5 focus on the pixel reassign-
ment procedure in ISM-tomoSTED. For this, the pixel reassignment for ISM-tomoSTED
is theoretically considered in section 4.2.2, whereas the practical implementation is dis-
cussed in section 4.2.3. Furthermore, the reassignment of ISM-tomoSTED images is
validated in section 4.2.4 via simulations and in section 4.2.5 via experimental data. In
addition, the employed ISM microscope has been calibrated such that the experimental
data can be compared with the simulations (see section 4.2.6).

4.2.1. Realization of ISM-assisted tomoSTED microscopy

To apply ISM to tomoSTED microscopy, the point detector used in tomoSTED was
replaced by a detector array. Thus, an ISM-measurement was performed for each differ-
ently oriented depletion pattern as illustrated in figure 4.3. Subsequently, each individual
image was pixel reassigned. Finally, a in two dimensions highly-resolved image was gener-
ated by employing tomoSTED reconstruction methods (see section 3.3) to the individual
ISM-tomoSTED images. As illustrated in section 3.3.1, the maximum-value reconstruc-
tion gives direct information about spatial frequencies present in the final images. Thus,
only this reconstruction method was employed for validation.
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Figure 4.3: Illustration of the ISM-assisted tomoSTED microscopy operation principle: an
ISM-measurement was performed for each differently oriented depletion pattern. Subsequently,
each individual image was pixel reassigned. Finally, a in two dimensions highly-resolved im-
age was generated by employing tomoSTED reconstruction methods to the individual ISM-
tomoSTED images.

4.2.2. Theoretical consideration for reassigning ISM-tomoSTED
images

Based on the image formation process presented in section 4.1, the pixel reassignment
factor for tomoSTED is discussed in the following. Individual tomoSTED PSFs exhibit
a confocal and a high resolution direction and therefore they are asymmetrical. Hence,
the image formation process, described in section 4.1, has to be expanded into two
dimensions. Equation (59) accordingly yields

PSFISM(x, y) =
�

PSFexc(x+mxsx, y +mysy)

· PSFdet(x− (1−mx)sx, y − (1−my)sy) dsxdsy. (63)

In a first step, the ISM-PSF is considered for an effective tomoSTED excitation PSF
with the confocal and STED direction aligned along either the x- or y-axis. As this
PSF can be described approximately by Gaussian functions (see section 2.3), Gaussian
functions are used to approximate the individual ISM-tomoSTED PSF obtained after
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pixel reassignment, leading to

PSFISM(x, y) = A

�
e
−
(

(x+mxsx)2

σ2
exc,x

+ (y+mysy)2

σ2
exc,y

)
e
−
(

(x−(1−mx)sx)2

σ2
det,x

+ (y−(1−my)sy)2

σ2
det,y

)
dsxdsy. (64)

The two integrations can be performed individually and thus, PSFISM in two dimensions
is given by the product of the one-dimensional ISM-PSFs in the individual direction:

PSFISM(x, y) = PSFISM(x) · PSFISM(y). (65)

The optimum pixel reassignment factor for a one-dimensional PSF has already been
derived in section 4.1 (see equation (58)). Thus, for each scan direction, a different
pixel reassignment factor is obtained according to the width of the excitation PSF and
detection PSF in this direction:

mi =
FWHM2

exc,i

FWHM2
exc,i + FWHM2

det,i
, for i = x, y. (66)

Hence, if the confocal or the STED direction of the effective tomoSTED excitation
PSF is aligned either along the x- or the y-axis, the ISM-tomoSTED image can be
obtained by shifting the individual detector array pixel images by −misi according to
the widths of the excitation and detection PSF in the x- and in y-direction. Thus, a shift
factor in relation to the confocal direction is obtained and one with respect to the high-
resolution direction. In this way, the single images recorded by the individual detector
array pixels have to be shifted asymmetrically towards the optical axis. Extending these
considerations to the case of arbitrary oriented tomoSTED excitation PSFs, the ISM
images can be reconstructed in the same way, by applying the derived pixel reassignment
factors (see equation (66)) along the confocal and the high resolution direction.

4.2.3. Practical realization of the reassignment of ISM-tomoSTED
images

In the previous section, the pixel reassignment for ISM-tomoSTED was investigated the-
oretically. Therefore, this section deals with its practical implementation.

Several ways exist to reconstruct the final ISM image. One possibility is to shift the
signal recorded at each scan position by each detector array pixel by −misi towards the
optical axis, using the theoretical optimum pixel reassignment factor mi. Subsequently,
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all signals registered at a respective scan position are summed up [70, 84]. Similar to
this procedure, the individual ISM-tomoSTED image for different orientations of the 1D
depletion pattern can be obtained by rotating each detector array image by the angle
by which the confocal /STED direction is rotated from the x-/y-axis. Afterwards, the
signal from each pixel can be shifted asymmetrically towards the optical axis following
equation (66). After having rotated the images back, the images can be registered at
their respective scan positions and summed up. However, the disadvantage of this proce-
dure is that it requires some prior calibration steps like the determination of the rotation
angle, the widths of the excitation and the detection PSFs as well as the pixel size of the
detector array with respect to the sample space. Furthermore, these a-priori calibrations
might not be optimal if the widths of the excitation- or the detection PSF vary during
a measurement for example due to varying aberrations [13].

Another possibility to recombine ISM-data is to use image registration methods in order
to estimate the shift vectors directly from the measured raw data [12, 13, 14]. Most
commonly, either the cross-correlation method [26, 29] or the phase correlation method
[9, 61, 71] is utilised for the registration of displaced images. Considering mathematically
two images which are translated by a vector (x0, y0), the images can be described by the
following relation f2(x, y) = f1(x − x0, y − y0) [61, 71]. According to the Fourier shift
theorem, the Fourier transforms of these translated images are related via a phase shift:
F2(u, v) = F1(u, v)e−i(ux0+vy0) [61, 71]. Additionally, the cross power spectrum of these
functions equals the phase shift:

F2(u, v)F1(u, v)∗
|F2(u, v)F1(u, v)∗|

= e−i(ux0+vy0). (67)

Moreover, the inverse Fourier transform represents a Delta-Dirac function at the location
of the displacement [61, 71]:

F−1
(
F2(u, v)F1(u, v)∗
|F2(u, v)F1(u, v)∗|

)
= δ(x− x0, y − y0). (68)

Thus, the inverse Fourier transform of a cross-power spectrum of two translated images
results in a very sharp peak at the location of the displacement. Therefore, this method
is used in the phase correlation method to determine the shift between two images [61].
Furthermore, it is evident from equation (67) that the cross-power spectrum represents a
normalised form of the standard cross-correlation. Thus, in theory, the phase correlation
method provides a sharper correlation peak at the displacement point than the standard
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cross-correlation and is hence considered to be more accurate [25]. Moreover, the phase
correlation method was demonstrated to be more robust against differing conditions be-
tween two images like for example varying illumination or a differing detection sensitivity
[61]. Hence, the phase correlation method was used within this thesis to estimate the
shift factors for the pixel reassignment process.

When the phase correlation method is used for pixel reassignment, the shift of each
image recorded by an individual detector array pixel (Ii,j) to the image captured by the
central pixel (Isc1 ,sc2

) is determined [13, 14]. The central pixel is located on the optical
axis and thus exhibits an overlapping excitation and detection PSF. Therefore, for each
individual image, the inverse Fourier transform of the cross power spectrum with respect
to the central image is calculated [13, 14]:

ri,j = F−1

 F (Ii,j)F
(
Isc1 ,sc2

)∗
|F (Ii,j)F

(
Isc1 ,sc2

)∗
|

 . (69)

Theoretically, employing the phase correlation method leads to a Delta- Dirac peak at
the image displacement point. In practice, however, the peak can be broader than the
expected, due to the utilisation of discrete Fourier transform, noise within the images,
the finite size of the images as well as subpixel shifts [25, 47]. In this case, the image shift
can be estimated by determining the position of the maximum of the phase correlation
peak [9, 47]. One way to determine the maximum is to use a Gaussian mask algorithm
as presented in [13, 26]. Within this thesis, the Gaussian mask algorithm written by the
authors of [23] was used to localize the peak of the phase correlation method.

In order to identify the central image, the detector pixel lying on the optical axis has to
be determined first. The central pixel features an overlapping excitation and detection
PSF and will therefore collect the most signal compared to all other pixels. In the realiza-
tion of the image scanning microscope used within this thesis, the beam was descanned
before reaching the detector. Thus, the central pixel was the same for all scan positions.
It was determined by integrating the signal recorded by each pixel of the detector array
and by fitting a two-dimensional Gaussian function to the integrated values.
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4.2.4. Validation of the pixel reassignment of ISM-tomoSTED via
simulated data

TomoSTED and ISM-tomoSTED data were simulated to validate the pixel reassignment
process for ISM-assisted tomoSTED via the phase correlation method. The simulations
were performed using Gaussian shaped excitation and detection PSFs. The width of
the Gaussian functions was chosen in accordance to the mean value of experimentally
measured PSFs (see sections 4.2.6 and 4.2.5). Hence, an FWHM of 268 nm was assumed
for the diffraction-limited and an FWHM of 70 nm for the high resolution direction of
the effective excitation PSF. The detection PSF was considered to be symmetric with an
FWHM of 282 nm. Furthermore, the pixel size of the detector array was assumed to be
70 nm (see section 4.2.6). Exemplarily, simulation results for an orientation of the high
resolution direction rotated by 0◦ and by 45◦ with respect to the y-axis are presented in
figure 4.4.

Figure 4.4: Validation of the phase correlation method for the pixel reassignment of ISM-
assisted tomoSTED via simulated data exemplified of the 0◦ and 45◦ tomoSTED orientation.
(a) Estimated shift factors r for the x and y direction with respect to the respective detector
array pixel and (b) comparison of the ISM-tomoSTED PSF with the tomoSTED PSF including
line profiles along the high and low resolution axis for the 0◦ orientation

Figure 4.4 (a) shows the shifts for the x and the y direction determined with the phase
correlation method for the individual pixels of the detector array. They behave linearly
in both the diffraction-limited as well as the high-resolution direction. Furthermore, the
magnitude of the shifts in the diffraction-limited is higher than in the high-resolution
direction of the effective excitation PSF as expected due to the dependence of the pixel
reassignment factor on the width of the excitation and detection PSF (see equation (66)).
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They thus show the behaviour predicted in the theoretical discussion on the optimal pixel
reassignment factor for ISM-tomoSTED (see section 4.2.2).

To validate the suitability of the determined shifts, they were compared to the theoreti-
cal expectation. Theoretically, the shift of an image, recorded by an individual detector
array pixel, depends on the pixel reassignment factor mi and the pixel’s distance from
the optical axis (misi) (see sections 4.1 and 4.2.2). Therefore, a pixel reassignment fac-
tor for the diffraction-limited direction and a respective factor for the high resolution
direction can be calculated. For the 0◦ orientation, a mean pixel reassignment factor
of 0.468 was obtained along the diffraction limited direction and an average factor of
0.057 for the high resolution direction. Furthermore, a standard deviation of the fac-
tors of approximately 3 · 10−5 was determined for the diffraction limited direction and
of 10−6 for the high resolution direction. Hence, the deviation between the individual
determined pixel reassignment factors is negligible. Based on the widths of the employed
PSFs, a theoretical pixel reassignment factor of 0.475 is expected along the diffraction
limited direction and a factor of 0.058 for the high resolution direction (see equation
(66)). Hence, the estimated factor for the diffraction limited direction differs relatively
by approximately 1% from the theoretical expected value and the relative difference in
the high resolution direction amounts to approximately 2%.

In a next step, the resolution of the individual ISM-tomoSTED PSFs was investigated
and compared to that of the corresponding tomoSTED PSFs (see figure 4.4 (b)). For
this purpose, line profiles along the lines indicated by the arrows in figure 4.4 (b) were
analysed. Therefore, the FWHMs of the profiles were quantified by means of a Gaus-
sian fit. Line profiles drawn for the 0◦ orientation are presented in figure 4.4 (b). The
respective line profiles of the 45◦ orientation show approximately the same FWHMs and
are displayed in the appendix section B in figure B.1. Compared to the corresponding
tomoSTED PSF, a clear resolution improvement in the diffraction-limited direction is
obtained while the width in the high resolution direction is mainly maintained. Com-
paring the widths of the ISM-tomoSTED PSF with the theoretical width predicted by
equation (61), the theoretical expected width was obtained along the high resolution
direction. However, the width in the diffraction limited direction was about 2 nm wider.

To investigate the slight deviation of the pixel reassignment factor as well as of the
resolution, ISM data for the 0◦ orientation were simulated with decreasing the size of
the detector array pixels. The resulting FWHM of the reassigned ISM images as well as
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the mean pixel reassignment factor in the diffraction-limited direction are presented in
figure 4.5 (a).

Figure 4.5: FWHM of the ISM PSF as well as the mean pixel reassignment factor as a function
of the detector array pixel size for (a) the 0◦ orientation along the diffraction limited direction
using a scan pixel size of 5 nm and (b) the confocal excitation PSF employing an identical pixel
size for scanning and for the detector array.

As shown in figure 4.5 (a), the FWHM of the ISM-tomoSTED PSFs in the diffraction
limited direction decreases by reducing the size of the detector array elements. Ap-
proaching the case where the pixel size chosen for scanning equals the pixel size of the
detector array, the width approximates the theoretical expected width of 194.3 nm. A
similar behaviour can be observed for the estimated pixel reassignment factor, it con-
verges as well to the theoretical factor when coming closer to the case of equal pixel size
selected for scanning and for the detector array. Therefore, the slight deviation can be
explained by the applied pixelation.

Another reason for the deviations could be a too large chosen pixel size of the detector
array. If the pixel size of the detector array is not small enough, the theoretical reso-
lution improvement for the case of an infinitesimally small pinhole cannot be achieved.
To exclude this possibility, data with different pixel size values were simulated, using an
identical pixel size for scanning and for the detector array. As the influence of ISM on the
resolution in the high-resolution direction is small, the confocal excitation PSF (268 nm)
was used for these simulations. The results are presented in figure 4.5 (b) and show
that all investigated cases lead to the theoretical expected values. Thus, the selected
pixel size of 70 nm is small enough to achieve the theoretical resolution improvement of
an infinitely small pinhole. Hence, the slight deviation resulted most likely due to the
pixelation used for scanning and for the detector array. However, the deviations are only
slight and the results presented in figure 4.5 are close to the theoretical expectations.
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Thus, the phase correlation method appears to work and seems to be suitable to reassign
ISM-tomoSTED data.

4.2.5. Experimental validation of the appliance of ISM to
tomoSTED

To validate ISM-tomoSTED experimentally, measured tomoSTED and ISM-tomoSTED
PSFs were compared. To ensure the same measurement conditions for both methods, the
measurements were carried out with the camera only. The sample used for this consisted
of 48 nm fluorescent (crimson) microspheres (FluoSpheres carboxylate-modified micro-
spheres, 48 nm diameter, crimson fluorescent (exc.: 625/ em.: 645); Life Technologies,
USA). The fluorescent microspheres were immobilised on a cover slide surface coated
with Poly-L-lysine (0.1%(w/v) in H2O, Sigma-Aldrich, USA), and were embedded in
mowiol. Moreover, they were excited with an average laser power of 6.35 µW and de-
pleted with an average STED laser power of 94.4 mW. The camera images were recorded
with an exposure time of 150 µs and the scan step size was set to 20 nm.

After having carried out the measurement, the individual tomoSTED and ISM-tomoSTED
PSFs were reconstructed following the procedure described in section 4.1 (see figure 4.2).
The individual tomoSTED images were obtained by registering the overall signal at the
respective scan position and the individual ISM-tomoSTED images were reconstructed
by pixel reassignment, as described in section 4.2.3. To ensure that the same signal is
contributing to the final images of both methods, the same camera pixels were used.
These pixels, representing the confocal pinhole, were chosen to cover a circular region
around the central pixel exhibiting a diameter of 719 nm. This diameter corresponds
to about 1.1 AU with respect to a detection PSF featuring an FWHM of 282 nm (see
section 4.2.6). Furthermore, a background correction was performed on the individual to-
moSTED and ISM-tomoSTED images. For this purpose, the background was estimated
from a square region of 820 nm length not containing any object and by determining
its mean value. Exemplary tomoSTED and ISM-tomoSTED PSFs are displayed in fig-
ure 4.6.
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Figure 4.6: Application of the ISM-principle to asymmetric effective excitation PSFs. Ex-
amples of experimentally recorded microscope PSFs (measured on 48 nm fluorescent (crimson)
microspheres) for different orientations of the high resolution direction with and without pixel
reassignment and line profiles along the high and low resolution direction, marked with respec-
tive arrows.

In all images displayed in figure 4.6, a clear improvement of the width in the diffrac-
tion limited direction due to ISM is observable whereas the width in the high resolu-
tion direction is maintained. To quantify the width of the PSFs along the high and
low resolution direction in more detail, profiles along the lines indicated with the ar-
rows (coloured according to the respective direction) were drawn through the PSFs.
In addition, the line profiles were averaged over three neighbouring lines. To deter-
mine the width of the line profiles a Gaussian fit was performed, presented in fig-
ure 4.6 with respective solid lines together with the experimental raw data marked
with squares for tomoSTED and with dots for ISM-tomoSTED. By weighted averag-
ing over five beads as well as over two orientations, namely the 0◦-and 90◦ orientation,
per bead, a mean confocal width of FWHMtomoSTED, d.-l. = (268± 1) nm and a mean
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width of FWHMISM-tomoSTED, d.-l. = (201± 1) nm in the ISM image along the diffraction-
limited (d.-l.) direction was determined. Thus, the width was reduced on average by
a factor of 1.33 ± 0.01. In the STED direction, a mean resolution of (70± 1) nm was
obtained for tomoSTED and (70± 1) nm for ISM-tomoSTED. Thus, the ratio of the
width in the STED direction amounts to 1.00 ± 0.02. When comparing these results
with the simulations (see figure 4.4), it can be stated that the resolution improvement
observed in the experiments is lower than expected by the simulations, where a resolu-
tion improvement of 1.37 was obtained along the diffraction limited direction, and an
enhancement of 1.03 along the STED direction. For the STED direction, the results of
the simulations lie within the three σ range. Thus, the deviation for the factor in STED
direction can be explained by statistical variations. The relative deviation between the
experimentally measured resolution improvement for the diffraction limited direction and
the simulations amounts to 3% and is slightly outside the three σ range. This might
be due to optical aberrations. An indication for existing aberrations was also observed
when calibrating the detection PSF of the ISM microscope (see section 4.2.6). However,
the deviations from the theoretical values are only slight and a clear improvement of the
resolution in the diffraction limited direction can be observed. Thus ISM-tomoSTED
has the potential to improve the performance of tomoSTED.

4.2.6. Calibration of the ISM microscope

Due to the use of the phase correlation method for the pixel reassignment (see section
4.2.3), a calibration of the microscope is not necessary. However, in order to be able to
compare the experimental data with simulations, the magnification on the camera with
respect to the sample plane and the width of the detection PSF have to determined.
For this purpose, measurements on 48 nm fluorescent (crimson) microspheres, treated as
described in section 4.2.5 were carried out, using an average excitation laser power of
6.35 µW, an exposure time of the camera images of 1 ms and a scan step size of 20 nm.

In order to calibrate the magnification in the detection path and therefore the size of the
detector array pixels in sample space, the effect of scanning on the image generated on
the camera is analysed in more detail. Due to the de-scanned detection, the excitation
PSF stayed fixed with respect to the camera. Thus, while scanning over a point emitter,
a movement of the emitter’s image in the opposite direction to the scan direction can be
observed on the camera. Thus, the pixel size of the camera in sample coordinates can be
determined directly from the shift of the maximum intensity between two adjacent scan
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positions. Within this thesis, the position of the maximum intensity was obtained by
fitting a two-dimensional Gaussian function to the camera image. To make the estima-
tion more robust, not only two scanning steps were considered, but eleven, namely the
scan position with the brightest image on the camera as well as the five preceding and
the five following scan positions. In addition, not just one but five microspheres were
used for this calibration. Figure 4.7 (a) shows the image of one of these microspheres
together with the scan positions used, marked in red for the calibration in x-direction
and in black for the one in y-direction. The positions of the maximum determined for
the scan in x-direction are presented in figure 4.7 (c). Here, the dots and squares show
the average values and the error bars the standard error of the mean value. In addition,
the scan position where the position of the maximum coincides with the central pixel is
defined as 0 nm.

Figure 4.7: Calibration of the pixel size of the detector array in sample coordinates as well
as the width of the detection PSF. (a) Exemplary image of a microsphere together with the
scan positions used for the calibration, (b) determined FWHMs of the detection PSF, (c) linear
regression to calibrate the pixel size in x-direction and (d) linear regression to calibrate the
pixel size in y-direction.
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As shown in figure 4.7 (c), a linear shift of the position of the maximum in the scan
position can be observed, while no shift can be recognised in the y-direction. The pixel
size of the camera in sample can be determined can be determined by a linear regression,
which resulted in a pixel size of about (69± 1) nm. The scan in y-direction led to the
same qualitative result (see figure 4.7 (d)) and the obtained pixel size agrees within the
error range with that of the x-direction. From the pixel size in sample coordinates and
the physical camera pixel size of 6.5 µm [3], the magnification of the microscope on the
camera can be calculated leading to a factor of 94, which agrees well with the theoretical
magnification of 100 according to the used lenses (see section 3.1).

As at each scan position an image of the emitter is recorded, the width of the detection
PSF was determined from the Gaussian fits performed at the selected scan positions
(see figure 4.7 (a)). The result is presented in figure 4.7 (b). A FWHM of (294± 1) nm
was obtained in x-direction and (269± 1) nm in y-direction. A reason for this slight
asymmetry might be optical aberrations. Since theoretically a symmetric detection PSF
is expected, the average value of both directions of 282 nm was then used for the simu-
lations.

4.3. Number of pattern orientations for ISM-tomoSTED
To improve the light dose of tomoSTED, ISM-tomoSTED was investigated with re-
spect to the potential of reducing the number of required pattern orientations in order
to achieve a nearly isotropic resolution. The number of required pattern orientations
can be reduced if ISM-tomoSTED achieves at least the same isotropic resolution as
tomoSTED using a lower number. Thus, final highly-resolved ISM-tomoSTED images
were compared with those of tomoSTED, both obtained by the maximum-value recon-
struction as described in section 3.3.1. The number of required pattern orientations were
first analysed in Fourier space (see section 4.3.1.) and subsequently in real space (see
section 4.3.2).

4.3.1. Determination of the number of pattern orientations for
ISM-tomoSTED in Fourier space

In order to derive the number of required pattern orientations for ISM-tomoSTED in gen-
eral, the coverage of spatial frequencies for both tomoSTED as well as ISM-tomoSTED
microscopy was theoretically analysed (see section 4.3.1.1). Subsequently, the theoret-
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ical expectations were validated with both simulated and experimental data (see sec-
tion 4.3.1.2).

4.3.1.1. Theoretical derivation of the number of pattern orien-
tations for ISM-tomoSTED

To derive a theoretical description of tomoSTED and ISM-tomoSTED microscopy, the
orientations of the individual tomographic PSFs were chosen in such a way that the
angular spacing between them is equal. This means adjacent individual PSFs are ro-
tated by the angle φ = π/N, where N describes the number of orientations used for the
reconstruction. As both the individual tomoSTED and the individual ISM-tomoSTED
PSFs can be approximated by Gaussian functions (see sections 2.3 and 4.2.2), they are
considered to be Gaussian-shaped in the following. From this, it follows that the OTF
of each individual PSF also has to be a Gaussian function. As an example, two OTFs
rotated by the angle φ are schematically illustrated by black ellipses in figure 4.8. Here,
the ellipses represent iso-lines at 50% of the OTFs’ maximum magnitude.

Figure 4.8: Illustration of the contribution of two individual tomoSTED PSFs rotated by an
angle φ = π/N to the final OTF retrieved by the maximum-value reconstruction.

To compare the coverage of spatial frequencies for both tomoSTED as well as ISM-
tomoSTED microscopy, the strength of the OTF for both methods along a circle at a
specific distance from the centre, as illustrated in red in figure 4.8, was examined. A
constant value along the circle corresponds to an isotropic coverage of spatial frequen-
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cies. To include all possible distances from the centre in these considerations, the radius
r is in the following defined to be proportional to the frequency at which the individual
tomoSTED OTFs decayed along the high resolution direction to 50% of their maximum
magnitude:

r = a ·
FWHMktomoSTED, STED

2 . (70)

Here, a denotes a proportional constant. For a = 1, the radius is exemplarily illustrated
in 4.1 with a red dashed line.

The strengths of the OTF in the minima along the circle represent the strongest devia-
tions from a complete isotropic coverage of spatial frequencies and are therefore analysed
in the following. The OTFs of the final highly-resolved images for both variants are con-
sidered to be reconstructed via the maximum-value reconstruction (see section 3.3.1).
This means only the largest contribution from all individual images at a respective fre-
quency in Fourier space is kept for the final image. Gaussian functions, assumed for the
individual OTFs, decay strictly monotonically for values larger than the position of the
maximum and are additionally symmetrical with respect to a reflection on their principal
axes. Therefore, two individual OTFs rotated by the angle φ posses the same strengths
at the angle φ/2. This position of equal strength between two differently oriented indi-
vidual OTFs represents then the values of minimal magnitude of the final OTF. Thus, to
analyse the minimal strength of the final OTF along the circle, it is sufficient to consider
only one individual OTF and evaluate its magnitude at the angle φ/2. The position,
at which the OTF’s minimum is in the following analysed, is defined to be at the point
P(kx0,ky0) (see figure 4.8 ).

To evaluate the OTF’s strength in the point P(kx0,ky0), the individual OTF was chosen
without loss of generality such that its high resolution direction points along the kx-
direction and its low resolution direction shows along the ky-direction. Thus FWHMkx

describes in the following the FWHM of the individual OTF in the kx-direction and
FWHMky the respective FWHM in ky-direction. The value of the OTF in the point
P(kx0,ky0) is given by

OTF (kx0, ky0) = A · exp
− 4 ln(2)

FWHM2
kx

k2
x0 −

4 ln(2)
FWHM2

ky

k2
y0

 . (71)

Using polar coordinates, the coordinates kx0 and ky0 of the point P can be expressed by
the angle φ/2 via the relations kx0 = r · cos (φ/2) and ky0 = r · sin (φ/2). Furthermore,
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the FWHM of the Fourier transform is related via FWHMkx = 8 ln(2)/FWHMx to
the FWHM in real space. Expressing the FWHMs of the OTF by the FWHMs of the
respective PSF as well as using equations (61) and (58), equation (71) can be transformed
into

OTFi (a, k, φi) = A · exp
(
−a2 ln(2)αi − a2 ln(2)αiγi(k2 − 1) sin2

(
φi
2

))
, (72)

where the respective microscope method is denominated by the index i. In equation 72,
αi is given by

αi =

1 for i = tomoSTED
β2k2

β2k2+1 for i = ISM-tomoSTED,
(73)

where β is defined as the ratio of the widths of the detection PSF to the excitation PSF
of a normal confocal microscope

β = FWHMdet

FWHMexc
. (74)

In addition, k is the resolution increase factor of tomoSTED which is given by

k = FWHMtomoSTED, conf

FWHMtomoSTED, STED
. (75)

Moreover, γi in equation (72) is defined as

γi =

1 for i = tomoSTED
β2

β2+1 for i = ISM-tomoSTED.
(76)

Furthermore, the angle φ can be expressed via the number of pattern orientations
φ = π/N, leading to

OTFi (a, k,Ni) = A · exp
(
−a2 ln(2)αi − a2 ln(2)αiγi(k2 − 1) sin2

(
π

2Ni

))
. (77)

The number of pattern orientations applied to ISM-tomoSTED should lead to the same
strength in the OTF’s minima as tomoSTED. Therefore, the number of pattern orien-
tations for ISM-tomoSTED can be derived by equalising the magnitude of the OTFs in
the minima:

OTFISM-tomoSTED
!= OTFtomoSTED. (78)
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Inserting equation (77) into equation (78) leads to

NISM-tomoSTED = π

2
1

sin−1
(√

β2+1
β4k2(k2−1) + β2k2+1

β2k2
β2+1
β2 sin2

(
π

2NtomoSTED

)) . (79)

In STED microscopy, resolutions of 20 nm - 50 nm are mostly used [79], corresponding to
resolution increase factors of about 13 - 5. For such high factors of resolution enhance-
ment, the first summand below the square root of the equation 79 is approximately
zero and the k-dependent part of the second summand tends towards one. Thus, for
sufficiently high resolution enhancements, equation (79) can be approximated by

NISM-tomoSTED ≈
π

2
1

sin−1
(√

β2+1
β2 sin

(
π

2NtomoSTED

)) . (80)

Equation (80) is illustrated in figure 4.9 using the widths of the excitation and detection
PSFs calibrated experimentally in sections 4.2.5 and 4.2.6. Moreover, it represents a
lower estimate for the number of pattern orientations. This means that the number
of pattern orientations for ISM-tomoSTED determined according to equation (80) will
always result in at least the same isotropic coverage of spatial frequencies as tomoSTED
microscopy.

Figure 4.9: Illustration of the number of pattern orientations for ISM-tomoSTED. The black
solid line represents the number of pattern orientations for ISM-tomoSTED according to equa-
tion (80) leading to at least the same strength in the minima of the OTF as tomoSTED. As
shown with a red solid line, equation (80) can be approximated by a line though origin given
by equation (81).

59



As shown in figure 4.9, equation (80) approaches a line through origin already at a
low number of tomoSTED pattern orientations. The slope of this straight line can be
determined by the limit value of equation (80) for the case of a high number of tomoSTED
pattern orientations (NtomoSTED →∞). This leads to

NISM-tomoSTED ≈
√

β2

β2 + 1 · NtomoSTED. (81)

In addition, the pixel reassignment factor m in equation (61) can be expressed by β,
leading to

FWHMISM =
√

β2

β2 + 1 · FWHMexc. (82)

By comparing equation (81) with equation (82), it can be stated that the factor by which
the number of pattern orientations can be reduced for ISM-tomoSTED corresponds to
the resolution increase factor due to ISM in relation to the excitation PSF of the confocal
microscope. Thus, the number of pattern orientations for ISM-tomoSTED can always be
decreased by the factor of the resolution enhancement in the diffraction-limited direction
of the 1D STED-PSFs. For the widths of the excitation and detection PSFs determined
experimentally, the number of pattern orientations can be theoretically reduced by a
factor of about 1.38.

4.3.1.2. Validation of the theoretical derivation via simulated
and experimental data

Simulated- as well as experimental data were used to validate the theoretical derived
number of required pattern orientations for ISM-tomoSTED. Following the theoretical
derivation presented in section 4.3.1.1, the strengths in the minima along radial profiles
of tomoSTED- and ISM-tomoSTED OTFs were evaluated and compared. The radial
profiles were drawn at a spatial frequency distance of 39.6µm−1 from the centre, corre-
sponding to a magnitude decay of the individual tomoSTED OTFs’ maximum to 50%
along the high resolution direction. In figure 4.10 (a), tomoSTED and ISM-tomoSTED
OTFs retrieved by the maximum value reconstruction with four and six pattern orienta-
tions, respectively, are shown. The circles along which the radial profiles were analysed
are illustrated in blue for tomoSTED and in red for ISM-tomoSTED. In addition, it was
investigated whether both the simulations and the experimental data can be theoretically
well described by the approximation for high STED laser powers (see section 4.3.1.1).
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For sufficiently high STED laser powers, equation (77) can be approximated by

OTFi (a, k,Ni) ≈ A · exp
(
−a2 ln(2)− a2 ln(2)(γik2 − 1) sin2

(
π

2Ni

))
. (83)

The amplitude term in equation (83), is identical for both tomoSTED and ISM-tomoSTED
and can be therefore neglected. This leads to

OTF′i (a, k, Ni) ≈ exp
(
−a2 ln(2)(γik2 − 1) sin2

(
π

2Ni

))
. (84)

Hence, the strength of the minima can also be investigated by normalising the radial
profiles. Thus, normalised radial profiles are examined in the following. An example of
normalised radial profiles for the reconstruction with four and six orientations is pre-
sented in figure 4.10 (b). It shows that the radial profiles contain minima corresponding
to the number of orientations used for the reconstruction. Furthermore, the strength in
the minima is higher for ISM-tomoSTED with the same number of pattern orientations
applied as for tomoSTED. ISM-tomoSTED achieves approximately the same value in
the minima when reducing the number of pattern orientations from six to four, resulting
in at least the same isotropic coverage of spatial frequencies.

To compare the data with the theoretical model, namely equation (84), the mean value
of the OTF in the minima <OTF′min> was determined for several number of pattern ori-
entations. For a FWHM of 70 nm of the 1D STED-PSFs in the high resolution direction,
figure 4.10 (c) presents the via simulations obtained <OTF′min> together with the the-
oretical prediction in terms of equation (84). Equation (84) is displayed with solid lines
and agrees well with the simulated data. Thus, a resolution of 70 nm along the STED
direction can still be well described by the approximation for high STED laser powers.
Therefore, estimating the number of orientations in terms of the equation (81) should
also be well applicable for the resolution enhancement used here. In addition, higher
values in the minima and therefore a better isotropic coverage of spatial frequencies for
ISM-tomoSTED can be observed for any number of pattern orientations.
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Figure 4.10: Analysis of tomoSTED as well as ISM-tomoSTED OTFs. (a) Magnitude of OTFs
(FWHMtomoSTED, STED = 70 nm) for six and four pattern orientations with and without ISM.
(b) Comparison of normalised radial profiles at a spatial frequency distance of 39.6µm−1 from
the centre (indicated in blue and red in (a)) for four and six pattern orientations. (c) <OTF′min>
as a function of the number of pattern orientations for simulated data as well as calculated
according to equation (84). (d) Experimentally determined <OTF′min>, derived from measure-
ments on fluorescent microspheres, together with a curve accoding to equation (84).

To validate the theory as well as the simulations experimentally, <OTF′min> was de-
termined from measurements on fluorescent microspheres13. The results as a function of
the number of pattern orientations are together with a curve according to equation (84)
presented in figure 4.10 (d). It shows that the measured data follow with minor devia-
tions the theoretical curve and thus agree with both the theory as well as the simulations.
An explanation for the deviations might be the lower resolution increase due to ISM in
13The corresponding sample preparation is presented in section 4.2.5 together with the employed imag-

ing parameters.
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the experiments as compared to the theory (see section 4.2.5) as well as the limited
sampling rate of the OTF due to the chosen scan pixel size of 20 nm.

4.3.2. Validation of the number of pattern orientations in real space
via simulations with a ring-shaped object

So far, the behaviour of ISM-tomoSTED has only been investigated in Fourier space. To
validate whether the number of pattern orientations derived in Fourier space for ISM-
tomoSTED also leads to an at least equal isotropic resolution in all spatial directions
(two dimensions) in real space, tomoSTED and ISM-tomoSTED data with an object
consisting of five rings were simulated. The radii of the rings were chosen as 157.5 nm,
241.5 nm, 337.5 nm, 445.5 nm and 565.5 nm.

The previous analysis in Fourier space (see figure 4.9) has shown that the choice of
four pattern orientations for ISM-tomoSTED should lead to the same resolution as for
tomoSTED with six pattern orientations. Therefore, the simulations were performed
with six and four pattern orientations. The final reconstructed images are presented in
figure 4.11, revealing the ring structure of the object for all applied number of pattern
orientations. Comparing the image for tomoSTED with six pattern orientations to that
of ISM-tomoSTED with four pattern orientations, the inner rings appear visually better
resolved for ISM-tomoSTED. To quantify the resolving capability in more detail, av-
eraged radial profiles were analysed further. One possibility to quantify the resolution
in real space is to examine if and how well two objects located at a known distance
from each other can be separated in the image. Thus, the height of the minima was
investigated. As expected, the height of the minima was highest for tomoSTED with
four pattern orientations and lowest for ISM-tomoSTED with six pattern orientations,
corresponding to the worst and best resolution, respectively. On average, approximately
the same resolving capability was obtained for tomoSTED performed with six pattern
orientations and for ISM-tomoSTED with four pattern orientations. Similar to the re-
sults of ISM-tomoSTED in Fourier space, the same isotropic resolution was achieved
using a number of orientations reduced by a factor of 1.38.
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Figure 4.11: Comparison of the performance of tomoSTED and ISM-tomoSTED with six
and four pattern orientations in real space by simulations. The radial average of the simulated
images shows a comparable height of the minima and thus on average at least the same res-
olution, for tomoSTED with six pattern orientations and ISM-tomoSTED with four pattern
orientations.

4.4. Validation of ISM-tomoSTED on experimental data

The behaviour of ISM-tomoSTED has so far been mainly validated by simulations. Thus,
in the following, the performance of tomoSTED and ISM-assisted tomoSTED is exam-
ined experimentally by measuring 48 nm fluorescent microspheres and by imaging fixed
vero cells. The results presented so far (see section 4.3.1 and section 4.3.2) showed that
imaging with six orientations for tomoSTED and four orientations for ISM-tomoSTED
leads to the same isotropic resolution. Therefore, this respective choice of number of
pattern orientations for tomoSTED and ISM-tomoSTED is in the following experimen-
tally examined.

To ensure the identical measurement conditions, tomoSTED and ISM-tomoSTED imag-
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ing was performed within the same experiment. Thus, fluorescent microspheres with
a diameter of 48 nm14 were imaged with 12 orientations and the camera was used for
detection. For the reconstruction, the orientations required for an equally spaced recon-
struction with four and six orientations were selected from all measured orientations.
Examples of image sections measured with four and six orientations are presented in
figure 4.12 (a). To quantify the resolution, line profiles along the x-direction were anal-
ysed. In addition, these line profiles were averaged over three neighbouring lines. The
width of these line profiles were determined via a Gaussian fit. Moreover, the analysis
was performed on seven microspheres. For these seven microspheres, an average FWHM
in x-direction of 81.3± 0.4 nm was obtained for tomoSTED with six orientations and a
mean FWHM of 82.1± 0.4 nm for ISM-tomoSTED with four pattern orientations. The
average FWHMs agree with each other within the error range. Hence, the choice of six
pattern orientations for tomoSTED and four pattern orientations for ISM-tomoSTED
leads to approximately the same isotropic resolution. Examples of respective line profiles
within the reconstructed images of the microspheres are presented in figure 4.12 (a) as
well.

Figure 4.12: ISM-tomoSTED imaging with a reduced number of pattern orientations com-
pared to tomoSTED for (a) 48 nm fluorescent microspheres and (b) fixed Vero cells.

14The corresponding sample preparation is presented in section 4.2.5 together with the employed imag-
ing parameters.
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To validate whether ISM-tomoSTED also achieves a comparable resolution in biological
samples, tomoSTED and ISM-tomoSTED measurements were performed on methanol-
fixed Vero cells. After fixation, the fluorophore Abberior STAR 635P (Abberior GmbH,
Germany) was attached via immunofluorescence staining to the α-tubulin of the Vero
cells (primary antibody: anti-α-Tubulin-rabbit, Abcam, UK, secondary antibody: Abbe-
rior Star 635P anti-rabbit, Abberior, Germany). Afterwards, the sample was embedded
in mowiol for imaging. An example of a Vero cell measured with six orientations for
tomoSTED-microscopy and with four orientations for ISM-tomoSTED is presented in
figure 4.12 (b). As previously, the cell was imaged with all orientations simultaneously.
Here, 8 orientations, matching the orientations required for an equally spaced reconstruc-
tion with four and six orientations, were employed. An average excitation laser intensity
of 7.01 µW, an average STED laser power of 162 mW, together with a camera recoding
time per scan pixel of 150 µs was used. Validating the resolution via line profiles through
the filaments of the imaged Vero cells yielded a comparable resolution for both methods.
One line profile is exemplarily presented in figure 4.12 (b). Therefore, it can be concluded
that ISM-tomoSTED enables the imaging of biological samples with a reduced number
of pattern orientations and thus allows to translate the resolution enhancement due to
ISM into a lower light dose.
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5. Three-dimensional tomographic STED
microscopy

Most biological samples are three-dimensional. Thus, the two-dimensional tomoSTED
(2D tomoSTED) method has to be further developed into a three-dimensional applica-
tion. Therefore, the aim of this thesis was to obtain a three-dimensional imaging method
that works with a lower light dose while achieving at least the same image quality as
the conventional variant of 3D STED15. As illustrated in section 2.3, a lower light dose
for 2D tomoSTED could be achieved by rotating one dimensional depletion patterns
in two dimensions [59, 60]. Therefore, it was expected that a lower light dose in three
dimensions can be obtained by a rotation of one dimensional depletion patterns in three
dimensions.

To be able to rotate one-dimensional depletion patterns in three dimensions, suitable
phase masks were necessary (see section 5.1). In the following sections 5.2 and 5.3, the
individual 3D tomoSTED orientations created with the phase masks found are examined
with regard to their potential in terms of a lower light dose. Thus, possible reduction
factors for the laser power as well as for the exposure time are derived.

To get high resolution information in all spatial directions, the individual tomoSTED
orientations have to be assembled to a final highly-resolved image. A continuous rotation
of one-dimensional depletion pattern is unfavorable with respect to the light dose (see
section 2.3). Thus, a finite number of orientations had to be selected (see section 5.4).
The selected orientations were afterwards reconstructed by the reconstruction methods
presented in section 3.3 which were found to be suitable for reconstructing final 2D
tomoSTED images [59, 60]. This laid the foundation for the comparison between 3D to-
moSTED and the conventional 3D STED (shown in section 5.5 for the maximum-value
reconstruction and in section 5.6 for the Richardson-Lucy deconvolution).

5.1. Phase masks for the rotation in three dimensions
To derive suitable phase masks for the rotation in three dimensions, the intensity distribu-
tion within the focal region, generated by a microscope’s objective lens, was considered.
15Same image quality corresponds to the same resolution in all spatial directions as well as an equal

signal strength of the high spatial frequencies. For a more detailed description of the conventional
3D STED, please refer to section 2.2.
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The experimental realization of tomoSTED as well as of the conventional STED variant
within the framework of this thesis (see section 3.1) was designed for objective lenses
with high numerical apertures. Thus, imaging with high numerical aperture objectives
lenses (numerical aperture larger than 0.7 ([28], p.145)) is regarded in the following,
which is described in section 5.1.1. In section 5.1.2, potential phase masks are derived
from the intensity distribution obtained in section 5.1.1. Furthermore, the suitability of
these phase masks is examined in section 5.1.3.

5.1.1. Intensity distribution within the focal region for high
numerical aperture objective lenses

To get an approximation for the intensity distribution within the focal region, the fo-
cussing process of a high numerical aperture objective lens has to be considered. Here,
the optical system is assumed to be aplanatic. In an aplanatic system, the optical system
is axially stigmatic and obeys the sine condition [73]. Hence, a perfect image of an object,
placed in a small region near by the optical axis, can be obtained by any pencil of rays
with any angular divergence ([7], p.179-180), ([28], p.153-154). For an aplanatic system
which images a point source placed at infinity, the electromagnetic field and therefore
the intensity within the focal region can be described by the superposition of plane waves
propagating from each point of the objective lens exit pupil towards the focal point [73].
This is explained in the following in more detail.

A monochromatic linear polarised plane wave is assumed which enters and completely
fills the entrance pupil of the objective lens [24, 38, 73]. The plane wave is polarised at
an angle φ0 with respect to the x-axis. The amplitude of this plane wave, in relation to
the x, y-position within the entrance pupil can be described by [24, 38]

~E(x, y) = E0

cos(φ0)
sin(φ0)

P (x, y) ,where P (x, y) = eip̃(x,y). (85)

In equation (85), E0 represents the amplitude of the electric field and the function P(x,y)
accounts for phase shifts in the wavefront of the plane wave [24]. Thus, p̃(x, y) represents
a phase mask that can be applied to a beam and that leads to a spatially phase-shifted
wavefront. In [50, 51], an optimisation algorithm was developed to find phase masks for
STED microscopy that lead to the most efficient fluorescence inhibition. As a result of
this optimisation algorithm, the, so-called, axial phase mask was identified as optimal
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for a resolution enhancement along the z-direction (see 2.2 section) and the, so-called 1D
phase mask, as used for 2D tomoSTED (see section 2.3), was presented to be optimal for
a resolution enhancement along the y-direction [50, 51]. All these phase masks, which
were identified as optimal for a resolution increase in one dimension, consist only of
phase shift values of 0 or π. Therefore, only phase shift values of 0 or π were considered
for 3D tomoSTED. Thus, depending on the position within the entrance pupil, P(x,y)
could only be 1 or -1.

When the plane wave passes the objective lens, its plane wavefront is converted into
a spherical wavefront due to refraction [38]. Moreover, as the electric field of an elec-
tromagnetic wave points perpendicular to the direction of propagation, it has to be
tangential to the spherical wavefront after the objective [38]. Hence, the focussing by
the objective lens leads to a change of the polarisation of the incoming wave. This trans-
formation process is illustrated in figure 5.1, where the wavefronts are schematically
indicated in blue.

Figure 5.1: Schematic illustration of the focussing process of a microscopes objective lens,
adapted from [24]. The objective lens converts the incoming plane wavefront into a spherical
one [38]. In terms of a modified Huygens-Fresnel principle, each point of the spherical wavefront
in the exit pupil can be considered to give rise to a secondary plane wave [24, 107]. The intensity
distribution in the focal region can then be described by a superposition of these secondary
plane waves. To derive the phase masks for 3D tomoSTED, the intensity distribution was
analysed along the directions in which an increase in resolution should be achieved. In three
dimensions, all possible directions of resolution increase can be characterised by two angles.
The angle ψ was used to specify the rotation within the x-y plane and the angle β for the
rotation from the x-y plane towards the z-axis.
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Using polar coordinates, the electric field of the incoming wave for each position within
the entrance pupil can be split into a part parallel to the radial direction and a part par-
allel to the direction of the polar angle φ ( ~E = ( ~E~er)~er +( ~E ~eφ)~eφ). Due to the operating
mode of the objective lens, the part of the electric field parallel to ~er changes its direction
by the angle θ and thus exhibits an additional component along the z-direction. The
part parallel to the ~eφ remains unaffected: ~e′φ = ~eφ (see figure 5.1). In order to describe
the direction of the electric field of the propagation wave for each point (r,φ) of the exit
pupil, a modified radial unit vector ~e′r can be defined (see equation (86)) [24, 38, 73].
Additionally, the objective lens is assumed to obey the sine condition (r = f sin(θ)).
Thus, the distance r from the optical axis can be expressed via θ. In the following, each
point in the exit pupil is described via a θ- and a φ-coordinate.

~e′r =


cos(φ) cos(θ)
sin(φ) cos(θ)

sin(θ)

 (86)

Furthermore, the energy has to be conserved along a ray passing through an optical
system (energy conservation law) ([28],p.152)[24, 73]. This means that the energy of an
ray passing through a surface segment at the entrance pupil (dS = f sin(θ)dφdr) has to be
equal to the energy of this ray at a surface segment of the exit pupil (dS ′ = f 2 sin(θ)dθdφ):

| ~E ′|2dS ′ = | ~E|2dS. (87)

From equation (87), it follows that the amplitude of the electric field at a position (θ,φ)
of the exit pupil equals the amplitude of the electric field at the entrance pupil position
(θ,φ) scaled by the factor

√
cos(θ):

| ~E ′| = | ~E|
√

cos(θ). (88)

By means of equation (88), the electric field at the exit pupil can be determined [24]:

~E ′(θ, φ) =
√

cos(θ)(( ~E~er)~e′r + ( ~E ~eφ)~e′φ). (89)
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The electric field in the exit pupil can thus be described as [38]

~E ′(θ, φ) =
√

cos(θ)E0


cos(φ− φ0) cos(θ) cos(φ) + sin(φ− φ0) sin(φ)
cos(φ− φ0) cos(θ) sin(φ)− sin(φ− φ0) cos(φ)

cos(φ− φ0) sin(θ)

P (θ, φ). (90)

Within the Debye approximations, a plane wave can be defined for each point in the exit
pupil which has a specific amplitude ~E ′(θ, φ) and a specific propagation direction ([28],
p.147). The propagation direction is in the following expressed via the unit vector ~s
pointing from a point in the aperture towards the focal point (origin) ([28], p.147). The
electric field in a point within the focal region can then be determined by the summation
of all components of the electric fields arriving in the observation point from all the
points in the exit pupil ([28], p.147). For this, a vector ~R can be defined which points
from the focal point (origin) to the observation point. The intensity is given by the
square of the integration over the electric fields [24, 38, 73], ([28], p.147):

I(~R) ∝
∣∣∣∣∣∣
α�

0

2π�

0

~E ′(θ, φ)eik~s~R sin(θ)dθdφ
∣∣∣∣∣∣
2

. (91)

5.1.2. Derivation of phase masks for the rotation in y-z direction

The idea of 3D tomoSTED is to rotate one dimensional depletion pattern in three-
dimensions which corresponds to a rotation of the high resolution axis. The direction
of the high resolution axis can be specified by two angles. The angle ψ was used within
this thesis for the rotation within the x-y plane and the angle β for the rotation from the
x-y plane towards the z-axis (see figure 5.1). Due to the radial symmetry of the optical
system, it is sufficient to determine potential phase masks for the rotation of the high
resolution axis in three dimensions, only for a single angle ψ. All other directions can
then be obtained by rotating the phase masks in the x-y plane by the angle ψ. Within
this thesis, the y-z direction was selected for this purpose.

Ideally, the derived phase masks should include the phase masks known from litera-
ture for an optimum resolution increase in y- and z direction. The optimum phase mask
for a resolution increase along the y direction is a 0−π phase step in y-direction [50, 51].
It has to be additionally combined with x-polarised light so that the intensity within the
focal point equals zero [50, 51]. The phase mask for a optimum resolution enhancement
in z-direction is the axial phase mask as shown in equation (10) in section 2.2. The axial
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phase mask works with both linearly polarised light and circularly polarised light [51].
Since the phase mask for the resolution increase in y-direction requires x-polarised light,
x-polarised light is used in the following to derive the phase mask for the rotation in the
y-z direction. The intensity distribution within in the focal region for x-polarised light
can be obtained from equation (91) and is given by

I(~R) ∝
∣∣∣∣∣∣
α�

0

2π�

0

P (θ, φ)
√

cos(θ)


cos(θ) + (1− cos(θ)) sin2(φ)

(cos(θ)− 1) cos(φ) sin(φ)
cos(φ) sin(θ)

 eik~s~R sin(θ)dθdφ
∣∣∣∣∣∣
2

. (92)

Subsequently, the intensity distribution is analysed along the desired axis of resolution
increase which is rotated by an angle β from the y-axis towards the z-axis. This rotated
axis is named y’ in the following (see figure 5.1). With this, the path lengths (~s~R) of the
different plane waves arriving from different points in the exit pupil on the y’ axis can
be expressed by the rotation angle β and y’:

~s~R = y′ (sin(β) cos(θ)− cos(β) sin(θ) sin(φ)) = y′d(β, θ, φ). (93)

In equation (93), y’ describes the distance from the focal point to the observation point
along the y’ axis. For further considerations, equation (93) is substituted into equation
(92),

I(β, y′) ∝
∣∣∣∣∣∣
α�

0

2π�

0

P (θ, φ)~c(θ, φ)eiky′d(β,θ,φ) sin(θ)dθdφ
∣∣∣∣∣∣
2

, (94)

where the amplitude ~c(θ, φ) is given by

~c(θ, φ) =
√

cos(θ)


cos(θ) + (1− cos(θ)) sin2(φ)

(cos(θ)− 1) cos(φ) sin(φ)
cos(φ) sin(θ)

 . (95)

Any remaining intensity of the depletion beam at the focal point results in a reduction of
the fluorescence intensity of the remaining effective PSF. Hence, a suitable phase mask
for a resolution increase along a certain β direction should lead to a depletion beam
intensity of zero at the focal point. Thus, the zero intensity condition at the focal point
has to be fulfilled for any β direction:

I(β, 0) ∝
∣∣∣∣∣∣
α�

0

2π�

0

P (θ, φ)~c(θ, φ) sin(θ)dθdφ
∣∣∣∣∣∣
2

!= 0. (96)
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The integration in equation (96) depends on the amplitude ~c(θ, φ) and on the phase mask.
Figure 5.2 therefore illustrates the contribution of the amplitude ~c(θ, φ) for different
points of the exit pupil.

Figure 5.2: Illustration of the electric field’s amplitude ~c(θ, φ) for the case of incoming x-
polarised light. In contrast to the x-component of the amplitude, the y-and the z-component
change their signs over the aperture. Therefore, the y-and the z-component will cancel each
other out for in x mirror symmetric phase masks.

As expected due to the choice of x-polarised light, the x-component of the amplitude
is significantly larger than the y-component and the z-component. Moreover, the x-
component of the amplitude decreases towards the edge of the aperture, whereas the
influence of the y- and z-component increases. In contrast to the x-component, the y-
and the z-component change their signs across the aperture. More precisely, on the x-
axis opposite contributions exhibit the same amount but opposite signs. From this, it
can be concluded that the contributions in the y-and z-components of the intensity will
cancel each other out as long as a phase mask is applied that is mirror symmetrical in
the x direction. Therefore, in the following the search is restricted to phase masks that
are mirror symmetrical to x. For such phase masks, it is sufficient to only consider the
contribution of the x-component of the electric field to the intensity:

Ix(β, y′) ∝
∣∣∣∣∣∣
α�

0

2π�

0

P (θ, φ)cx(θ, φ)eiky′d(β,θ,φ) sin(θ)dθdφ
∣∣∣∣∣∣
2

. (97)

In addition to the zero intensity condition at the focal point, the phase mask should
also lead to a depletion pattern which exhibits a steepness as high as possible along the
y’-direction in proximity to the focal point. The reason for this is that with increasing
steepness, the efficiency of the fluorescence suppression is enhanced (see equation (16)
in section 2.2). The steepness is proportional to the second derivative of the intensity
distribution along the y’ direction. Therefore, the second derivative to y’ from equation

73



(97) has to be maximal at the focal point y′ = 0, leading to

∂2I(β, y′)
∂y′2

∣∣∣∣∣∣
y′=0

∝ ·2k2


α�

0

2π�

0

P (θ, φ)cx(θ, φ)d(β, θ, φ) sin(θ)dθdφ


2

!= max. (98)

Equation (98) shows that the steepness is not only influenced by the contribution of
the phase mask and the amplitude but also by the function d(β, θ, φ). As illustrated in
figure 5.2, cx(θ, φ) is approximately constant in the centre of the aperture and decreases
mainly only near the edge. In order to simplify the equation (98), cx(θ, φ) is therefore
first set to be constant. To fulfil the central zero intensity condition, the integration
of the function P (θ, φ) of the phase mask over the aperture has to become zero. The
function P (θ, φ) only possesses values of 1 or -1. Therefore, the aperture has to be split
into two parts of equal area. The phase of one half must be delayed by a phase of π and
the other half by a phase of 0. In addition, to optimise the steepness, the integration of
the multiplication of the function P (θ, φ) by the factor d(β, θ, φ) over the aperture has
to be maximised. This condition is mainly influenced by the factor d(β, θ, φ). Therefore,
d(β, θ, φ) is examined in the following and displayed in figure 5.3.

Figure 5.3: Illustration of the factor d(β, θ, φ) as a function of angle β including its median
shown in black. By considering the median, the aperture is split into two halves leading to
phase mask fulfilling both the zero intensity condition and the maximum steepness condition.

The black lines in figure 5.3 represent the median of d(β, θ, φ). The median separates
the values of d(β, θ, φ) into two parts. One half with values greater than the median
and the other half with values less than the median. Thus, by considering the median,
the aperture is split into two halves. If the phase of one of these halves is chosen to be
π and a phase of 0 is applied to the other half, the intensity at the focal point equals
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zero. Thus, the first condition is fulfilled. To examine the steepness, the phase masks
for low β-values are regarded firstly. For these masks, the median lies at zero or close
to zero. This means the values of d(β, θ, φ) separated by the median exhibit different
signs. When choosing the phase mask so that the function P (θ, φ) is 1 in one of the
half and -1 in the other half, the signs become identical and only exhibit positive or
negative contributions, leading to a maximum steepness (see equation (104)). Thus,
the second condition of maximum steepness is also satisfied for these phase masks. At
higher β angles, the value of the median increases. Thus, d(β, θ, φ) exhibits values with
an identical sign in both halves. If the function P (θ, φ) is chosen to possess a value of 1
in one half and -1 in the other half to satisfy the zero intensity condition, there will no
longer be only positive or negative contributions. Therefore, the steepness will be lower
for phase masks with higher β angles. However, as shown in figure 5.3, the strengths of
the values of d(β, θ, φ) with an equal sign are different in the two halves. The values of
d(β, θ, φ) with an identical sign exhibit a lower strength in one half and are the values
that contribute negatively to the steepness. However, as the strength of the negative
contribution is smaller, the choice of the phase mask leads to the maximum possible
steepness even at high β angles if both conditions, the zero intensity condition and the
maximum steepness condition, are to be fulfilled.

In summary, for an approximately constant amplitude, the phase masks found by the
median satisfy within this simplification the condition of an intensity zero at the focal
point and a steepness close to the highest possible. Furthermore, the steepness decreases
from the case of β = 0◦ towards β = 90◦ since the value of the median increases. Thus,
the highest possible 1D resolution is expected for β = 0◦ and the lowest for β = 90◦

while using the same STED laser power. Additionally, they are mirror symmetric in
x-direction and they include the 1D phase mask for the resolution increase in y-direction
(β = 0◦) and the axial phase mask (β = 90◦) known from literature. Thus, both the
approach and the phase masks found seem to be suitable. The phase masks are only
determined by the median which allows for a simple parametrisation. Therefore, they
are well implementable in the experiment.

The error due to the simplification used within the approach by assuming a constant am-
plitude factor cx(θ, φ) mainly affects the depletion patterns for higher β angles (β = 90◦)
(see figure 5.2). The strength of the amplitude cx(θ, φ) decreases towards the edge of the
aperture. Therefore, the phase mask determined by the median will not lead to a com-
plete zero intensity at focal point in particular for higher β angles (β = 90◦). However,
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this error can be easily corrected by using a suitable quantile (close to the median) of
the distribution of d(β, θ, φ) over the aperture instead.

5.1.3. Validation of the phase masks for the rotation in y-z
direction on simulated data

To validate the suitability of the theoretically derived phase mask, the performance of
the phase masks was examined by simulations.16 In a first step, the intensity distribu-
tion of the depletion (STED) beam, generated by the phase masks, was examined. As
discussed in the previous section 5.1.2, the median value of the factor d(β, θ, φ) has to be
slightly corrected in order to create completely zero intensity at the focal point. To find
the optimal quantiles, STED beam intensity distributions with phase masks, generated
with varying quantile values, were calculated.17 A STED beam exhibiting zero intensity
at the focal point leads to an effective PSF with maximum intensity. Thus, the quantile
value for the phase mask was taken which leads to a maximum intensity of the effective
PSF.18 The maximum intensity as a function of the quantiles employed is shown in figure
5.4 as an example for β = 70◦.

Figure 5.4: Maximum intensity of the effective PSF as a function of the quantile used for the
3D tomoSTED phase mask for β = 70◦.

16The simulations were carried out using the ’Optical Microscopy Matlab Toolbox’ of the Department
for NanoBioPhotonics, of the Max Planck Institute for biophysical Chemistry in Göttingen. The
’Optical Microscopy Matlab Toolbox’ calculates the intensity distribution according to equation (91).
The effective PSF is determined via equation (11).

17The simulations were carried out using a STED beam wavelength of λSTED = 775 nm and a oil
immersion objective (noil = 1.515) featuring a numerical aperture of 1.4.

18Here, the effective PSFs were calculated using an excitation wavelength of 640 nm, an emission wave-
length of 680 nm and a saturation factor of 120.
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As illustrated in figure 5.4, the maximum intensity of the effective PSF and therefore
zero intensity of the STED beam at the focal point is strongly influenced by the quantile
value used for the phase mask. For β = 70◦, employing a phase mask determined by the
median and a saturation factor of 120 resulted in an intensity loss of 80%. The phase
masks leading to the maximum intensity of the effective PSF are shown in figure 5.5
for different values of β together with y-z cross sections of the STED beam intensity
distribution generated by these phase masks.

Figure 5.5: Phase masks depending on the rotation angle β created with a corrected quantile
value as well as y-z cross sections of the resulting STED intensity distribution for simulated
data. The following quantiles were used to simulated the STED intensity distributions: 50%
(β = 0◦), 49.1% (β = 10◦), 48.8% (β = 20◦), 47.8% (β = 30◦), 47.6% (β = 40◦), 46.8%
(β = 50◦, 45.5% (β = 60◦), 43.6% (β = 70◦) , 43.4% ( β = 80◦), 43.3% (β = 90◦). All STED
beam intensity distributions exhibit a clear zero intensity within the focal point and show a
rotation of the maximum intensity in relation to the employed β-angle.
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All STED intensity distribution exhibit zero intensity at the focal point. Depending
on the β-angle used for creating the phase masks, the line between peaks of the STED
intensity distribution rotates in the y-z plane. An intensity line leading through the
maxima typically coincides with the highest curvature direction. Thus, ideally the angle
by which the line trough the maxima is rotated corresponds to the β-angle used for
generating the phase mask. To examine the position of the maxima in relation to β, the
angles of the maxima with respect to the y-axis were determined. Afterwards, the two
angles obtained for the two maxima of each intensity distribution were averaged. The
results are presented in figure 5.6.

Figure 5.6: Angle of the maxima’s position in relation to β together with a bisecting line
drawn in green.

The green line in figure 5.6 illustrates the bisecting line on which the determined angle
of the maxima should ideally lie on. The determined angles of the maxima are close
to the expected line. However, especially for the angles in between (40◦ and 50◦), they
deviate clearly. An explanation might be that the tilting capability is somehow limited
by the aperture angle of the objective lens. However, the maxima rotate continuously
and therefore it is possible to adjust any angle, even if it deviates slightly from β.

The applicability of the phase masks was additionally investigated experimentally by
measuring the STED intensity distribution using a gold bead sample19. The STED in-
19The gold bead sample consisted of 150 nm-sized gold beads (BBI Solutions, United Kingdom) which

were immobilised on a cover slide surface coated with Poly-L-lysine (0.1%(w/v) in H2O, Sigma-
Aldrich, USA), and were embedded in mowiol. The reflected light from the gold beads was recorded
by a photomultiplier tube.
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tensity distributions measured for β values of 0◦, 60◦, 70◦, 80◦ and 90◦ are presented in
figure 5.7.

Figure 5.7: STED intensity distributions experimentally measured on 150 nm-sized gold beads
using the 3D tomoSTED phase masks as a function of β.

The experimentally measured depletion pattern exhibit a similar shape to the simulated
data and clearly show zero intensity at the focal point. Furthermore, a rotation of the
maxima depending on the beta angle can be observed. The phase masks therefore also
seem to be applicable in the experiment.

The phase masks found can only be used effectively in 3D tomoSTED if they lead to
an additional gain of high resolution information. To validate this, the effective PSFs
were calculated as previously described. Cross sections along the y-z-axis of the resulting
effective PSFs for different values of β are shown in figure 5.8 (a).

As shown in figure 5.8, the high-resolution axis of the effective PSFs rotates as a function
of β. However, the use of the phase masks is only advantageous and thus reasonable
if they achieve a higher resolution at least in a certain direction in the y-z plane than
the β = 0◦- and β = 90◦-PSF already known from the literature. Therefore, the width
of the effective PSFs was examined in different directions rotated by the angle θ with
respect to the y-axis. More precisely, line profiles were drawn through each effective
PSF and these were additionally rotated by the angle θ. The value of θ was varied in
1◦ steps between 0◦ and 90◦. For each θ angle, the FWHM of the intensity line profile
was determined by a Gaussian fit. The widths obtained as a function of the θ angles
for different β angles are shown in figure 5.8 (b). It is shown that effective PSFs exist
which exhibit a significantly smaller width within a certain angular range θ than the 0◦-
and 90◦ PSF known from the literature. The phase masks found can thus be used to
achieve an additional gain in high-resolution information and are therefore suitable for
the application in 3D tomoSTED.
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Figure 5.8: Effective PSFs resulting from the 3D tomoSTED phase masks. (a) Y-z cross-
section of effective PSFs for different values of β. (b) Width of the effective PSFs for different
values of β in the direction of θ. (c) shows the same curves as in (b) for β = 0◦ and for β = 90◦.
For all other values of β, only the curve section, which exhibits the smallest widths of all curves,
is displayed.

To further investigate this gain in additional high-resolution information, figure 5.8 (c)
shows the same curve of width as a function of θ for the 0◦ and 90◦ PSFs. For all other
β angles, however, only the minimum width obtained from all effective PSFs under a
certain line profile direction θ is displayed in figure 5.8 (c). A considerably smaller width
than the 0◦ or the 90◦ PSF could only be achieved for β-angles larger than 40◦. There-
fore, only orientations with β angles greater than 40◦ were selected for 3D tomoSTED,
in the following.
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5.2. Reduction factor for the laser power
The aim of developing 3D tomoSTED is to obtain a three-dimensional imaging technique
that achieves a lower light dose than the conventional 3D-STED while maintaining the
same image quality. Therefore, the potential of each individual 3D tomoSTED PSF is
investigated in the following with regard to a measurement at a reduced STED laser
power. In order to obtain the same image quality as 3D-STED, at least an identical
resolution has to be achieved. Thus, each single 3D tomoSTED PSF is examined for
the maximum factor by which the laser power can be reduced. The maximum factor
is reached when the direction of the highest resolution of the individual 3D tomoSTED
PSF corresponds to the resolution of the conventional 3D-STED.

The maximum reduction factor for the laser power for each individual 3D tomoSTED
PSF was estimated similarly as presented for 2D tomoSTED in section 2.3. Analogous
to 2D tomoSTED (see equation (18)), also for 3D tomoSTED a factor r2 can be defined
which consists of the square of the FWHM ratio of the individual 1D tomoSTED PSF
to that of the conventional 3D-STED:

r2 =
(
FWHMSTED, 1D

FWHMSTED, 3D

)2

. (99)

The factor r2 represents the factor by which the laser power applied to each 3D to-
moSTED orientation can be reduced relative to the laser power used for 3D STED to
obtain the same FWHM along a direction of interest20.

ζ1D = 1
r2(ζ1D = ζ3D)ζ3D. (100)

To determine r2, effective PSFs were simulated as described in section 5.1.3. In order
to find the maximum r2 for each individual 3D tomoSTED PSF21, the widths of the
effective PSFs was examined in different θ direction similar to section 5.1.3. Thus, line
profiles were drawn through the individual PSFs and these were additionally rotated by
the angle θ. The value of θ was varied from 0◦ to 180◦ in 1◦ steps. To determine the
width of each line profile, a Gaussian fit was performed. Afterwards, r2 was determined
for each θ as well as for each individual 3D tomoSTED PSF. The maximum value of r2

20Please refer to section 2.3 for a more detailed description.
21Here, only the rotation along β is considered. Thus, the orientations were created for a rotation along

the y-z-direction. However, due to the radial symmetry, the results should also apply to all other
rotations in 3D.
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found for each individual 3D tomoSTED PSF from all θ directions investigated is shown
in figure 5.9 as a function of the 3D tomoSTED orientation angle β.

Figure 5.9: Maximum reduction factor for the laser power for the individual 3D tomoSTED
PSFs as a function of β

As illustrated in figure 5.9, the maximum laser power reduction factor for the individual
orientations ranges from 2.51 to 3.24. A common reduction factor for the laser power
for all individual 3D tomoSTED orientations can be implemented more easily in the
experiment. Therefore, in the following, a common reduction factor of 2.61 was selected,
since a 2.61-fold lower laser power used for individual orientations achieves at least the
same or a higher resolution in the lateral and axial directions than the conventional
variant.

5.3. Reduction factor for the exposure time
The individual 3D tomoSTED PSFs are mainly reduced in size along one spatial di-
rection. Therefore, the signal of the individual 3D tomoSTED PSFs is expected to be
higher than the signal of the conventional 3D STED when considering the same resolu-
tion enhancement in the respective direction. Thus, the exposure time might be lowered
compared to the conventional 3D STED in order to achieve the same signal strength. If
the exposure time can be reduced, a lower light dose could be achieved. Therefore, the
potential for lowering the exposure time is investigated in the following by comparing
the signal of the individual 3D tomoSTED PSFs with that of the 3D STED.
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To estimate a reduction factor of the exposure time, the total signal of the individ-
ual 3D tomoSTED PSFs was compared to the one of the conventional 3D-STED. For
this purpose, the STED laser power of the individual 3D tomoSTED PSFs was reduced
by the factor of 2.61, whereas an unscaled laser power (a saturation factor of 120) was
applied for the conventional variant. In addition, circularly polarised light was used to
simulate the β = 90◦ 3D tomoSTED PSF. The β = 90◦ phase mask works with both
circularly and linearly polarised light (see section 5.1.2). However, the use of circularly
polarised light has the advantage that the same resolution is achieved along the z-axis
as with linearly polarised light, but in contrast to linear polarisation, the width in the
x- and y-directions is the same. Thus, when using circularly polarised light, an isotropic
resolution is achieved with respect to the x-y plane, which is advantageous for the sub-
sequent arrangement of 3D tomoSTED orientations.

The effective PSFs do not only show signal in the main peak, but also exhibit not negligi-
ble background signal. Examples of the background signal for the conventional 3D-STED
as well as for the β = 0◦ and β = 90◦ orientation are displayed in figure 5.10 (a). Here,
figure 5.10 (a) only shows the y-z plane of the effective PSFs.

Figure 5.10: Illustration of (a) the effective PSFs’ background signal for 3D-STED and the
β = 0◦- and β = 90◦ 3D tomoSTED orientation within the y-z plane and (b) of the cuboid
used to determine the total intensity.

As illustrated in figure 5.10 (a), the background signal for 3D-STED is approximately
a factor of 12 lower than that of the β = 0◦ orientation and by a factor of 20 smaller
compared to the β = 90◦ orientation. Therefore, the whole field of view was not used to
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determine the total intensity, but only the intensity values within a cuboid were taken
into account. As a compromise between the different background signals of the single
PSFs, the lengths of the cuboid were chosen to be 1.05 µm in z-direction, 470 nm in x-
direction and 310 nm in y-direction. These lengths correspond to the PSF width of the
β = 0◦ orientation in z-direction and in x-direction and of the β = 90◦ orientation in
y-direction at an intensity value of 5%. For the y-z plane, a cross section of the cuboid
used together with the 3D-STED, the β = 0◦ and the β = 90◦ effective PSFs are shown
in figure 5.10 (b). The used cuboid is there indicated by the blue rectangle.

To estimate the total signal of the PSFs, the intensity values within the cuboid were
summed up and the ratio of these values compared to the conventional variant was de-
termined. The result of these ratios as a function of the β-angle is shown in figure 5.11.

Figure 5.11: Total intensity of the individual 3D tomoSTED PSFs summed over the cuboid,
calculated for a STED intensity reduced by a factor of 2.61, compared to the signal of the
conventional 3D STED

As illustrated in figure 5.11, the ratio of the individual 3D tomoSTED PSFs to the signal
of the conventional variant ranges from a factor of 15.1 to a factor of 8.8. To validate
the suitability of these values, the values of the β = 0◦ - and the β = 90◦ PSF were
compared to their theoretically expected values. Since the effective PSFs of these orien-
tations can be approximated by a Gaussian [33, 59], the total intensity can be obtained
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by an integration over the volume of the corresponding Gaussian:
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According to equation (101), the total intensity of a Gaussian depends on its respective
widths. Thus, the signal ratio between two Gaussians can be obtained by comparing
their widths. By comparing the PSF FWHMs of the β = 0◦ - and the β = 90◦ orien-
tation to those of the conventional variant, a signal ratio of approximately 14.1 for the
β = 0◦ orientation and a ratio of about 8.3 for the β = 90◦ orientation was obtained.
This amounts to a relative deviation between the values, determined via simulations and
the values, calculated via the widths, of 7% for the β = 0◦- and of 6% for the β = 90◦

PSF. Reasons for the higher values might be the deviations from a single Gaussian peak
shape. However, the determined values are close to the expected values. Hence, the
signal determining procedure seems to be suitable for an estimation of the signal ratio
of the individual orientations compared to the conventional 3D STED.

In order to be able to implement the reduction of the exposure time more easily in
a later experimental implementation, a common reduction factor was chosen for all indi-
vidual orientations in the following. In order to achieve at least the same signal strength
in all orientations used as in the conventional 3D STED, the exposure time of the individ-
ual orientations can be reduced by the factor of the smallest signal ratio. Furthermore,
it can be concluded that it is unfavourable in terms of the light dose if the number of
orientations used is greater than the reduction factor of the exposure time, because then
3D tomoSTED shows a higher total exposure time than the conventional STED.

5.4. Selection of 3D tomoSTED orientations
As a continuous rotation is unfavorable with respect to the light dose (see section 5.3), a
finite number of orientations has to be used for a 3D tomoSTED implementation. The
respective chosen individual 3D tomoSTED PSFs should cover the spatial frequencies
present in the conventional 3D STED PSF well enough so that the reconstructed final
image exhibits at least the same resolution in all spatial directions compared to the con-
ventional variant. In addition, the number of orientations should be as low as possible
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to achieve the greatest advantage in terms of light dose (see section 5.3).

So far, mainly individual 3D tomoSTED PSFs have been investigated with their high-
resolution direction rotated from the y-axis to the z-axis. However, to achieve high resolu-
tion in all spatial directions in three dimensions, the high-resolution direction also has to
be rotated in the x-y plane. The spatial orientation of each individual 3D tomoSTED-
PSF can therefore be characterised by two angles, one describing the rotation of its
high-resolution direction in the x-y plane and the other describing its rotation from the
x-y plane towards the z-axis, as illustrated in figure 5.12 . Within this thesis, the orien-
tation of the individual 3D tomoSTED PSFs was specified by the lateral angle ψ and the
axial angle β. These angles correspond to the angle used for the phase masks to generate
individual 3D tomoSTED PSFs, exhibiting differently oriented high-resolution directions
(see section 5.1). As shown in section5.1.3, the actual direction of the high-resolution
for the β direction differs slightly from the β angle used for the phase mask.

Figure 5.12: The orientation of each individual 3D tomoSTED PSF can be specified by two
angles. Within this thesis, the orientation of the individual 3D tomoSTED PSFs was defined
by the angles employed to generate them using the phase masks. The rotation within the x-y
plane was characterised by the angle ψ and the rotation to the z-axis by the angle β. Along the
β direction, the actual direction of the high-resolution of the individual 3D tomoSTED PSFs
differs slightly from the β angle used for the phase masks, as shown in section 5.1.3.

Many possibilities exist for arranging the individual 3D tomoSTED PSFs in three-
dimensional space. In order to obtain a first impression of the performance of the 3D
tomoSTED, three different arrangements were investigated: one with a low number of
orientations, one with a medium number and one with a high number. All arrangement
included individual 3D tomoSTED PSFs generated with β = 0◦ and β = 90◦ as they
lead to an optimal resolution enhancement in the x-y plane and along the z-direction.
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The arrangement of 9 orientations was investigated for the case of a small number of
orientations. For this arrangement, individual PSFs with β angles of 0◦, 90◦ and one
more β angle (β = 67◦) were selected. For the rotation in the lateral plane, four ψ angles
were used, respectively for β = 0◦ and β = 67◦. 19 number of orientations were examined
for an arrangement with a medium number of orientations. For this arrangement, four
β angles (0◦, 62◦, 67◦ and 90◦) and six lateral ψ angles were selected. The arrangement
with a high number of orientations consisted of 153 orientations. Here, individual PSFs
were chosen with β-angles increasing from 45◦ to 90◦ in 5◦ steps in addition to β = 0◦.
Moreover, eight lateral ψ angles were selected for β = 0◦ and 16 for the other β angles
except for β = 90◦. In the following, the selection of the two β-angles (β1 and β2) in
addition to β = 0◦ and β = 90◦ for the case of the 19 orientations is described in more
detail. The additional β-angle for the arrangement of the 9 orientations was chosen in a
similar way.

To achieve the highest isotropic coverage of spatial frequencies, the 6 lateral rotation
angle ψ of the individual 3D tomoSTED PSFs with β = 0◦ were chosen to be equally
spaced within the x-y plane. Thus, the values of ψ were selected to be 0◦, 30◦, 60◦, 90◦,
120◦, and 150◦. In order to cover the three-dimensional space as well as possible, the
lateral rotation angles of the individual PSFs with angles of β1 and β2 were set such that
each individual β1-PSF lies in between two individual β2-PSFs. Furthermore, all these
individual PSFs were rotated laterally into the spaces between the individual β = 0◦

PSFs. More precisely, ψ angles of 15◦, 75◦, 135◦, 195◦, 255◦, and 315◦ were employed for
the β1-individual PSFs. For the β2-individual PSFs, ψ-angles of 45◦, 105◦, 165◦, 225◦,
285◦, and 345◦ were used. 22

To identify the most appropriate values for β1 and β2, the resolving capability of the
final 3D tomoSTED images reconstructed from different combinations of β1 and β2 were
examined. The maximum-value reconstruction represents a direct way to investigate
the resolution in terms of spatial frequencies present in the final reconstructed images
(see section 3.3.1). Therefore, the maximum-value reconstruction was chosen here as
reconstruction method. As described in section 3.3.1, the maximum-value reconstruc-
tion represents a linear reconstruction method [58]. This means that the final image

22For the β = 0◦-individual PSFs, PSFs rotated by 180◦ are identical. Thus, the lateral rotation of
these orientations can be chosen according to 180◦/N due to the equal spacing. Here, N describes
the number of lateral orientations. For individual PSFs with higher β-angles except for the β = 90◦,
two orientations correspond to each other that are rotated by 360◦. Thus, a lateral rotation until
360◦ has to be considered for all individual PSFs with β-angles not equal to 0◦ and 90◦.
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can be described as a convolution of the object underlying the image with an effective
PSF. This effective PSF is given by the maximum-value reconstruction of the individual
3DtomoSTED PSFs. Thus, to quantify the resolving capability, the width of the effective
PSFs obtained with different combinations of β1 and β2 angles were examined. For this,
line profiles averaged over three neighbouring pixels were drawn in x-, y- and z-direction
through the effective PSFs and the FWHMs were determined. For the example of 19
orientations, the obtained FWHMs are shown in figure 5.13 (a).

Figure 5.13: Illustration of the selection of the angles β1 and β2 for the arrangement of
3D tomoSTED with 19 orientations. (a) FWHMs in x-,y- and z-direction of effective PSFs
reconstructed for different combinations of values for the angles β1 and β2 (from 61◦ to 75◦)
using the maximum value reconstruction. (b) Illustration of the procedure for selecting the β1-
β2 combination. The effective PSFs of β1- β2 combinations whose FWHM in y-direction exhibits
a value below a certain threshold were investigated. The β1- β2 combinations considered
accordingly are marked in yellow. From these β1- β2 combinations, the combination was
selected whose effective PSF exhibits the smallest volume. In addition, the yellow area was
continuously increased and the in this way identified β1- β2 combinations are presented in (c)
as a function of their widths in the y-and z-direction.

88



As illustrated in figure 5.13 (a), the resolution in the x- and y-direction behaves inversely
to that in the z-direction in terms of the β1 - β2 combinations used for the reconstruc-
tion. The choice of low values for β1 and β2 lead to a higher resolution along the lateral
directions, whereas the resolution in z-direction suffers. Higher β1 and β2 values result
in a smaller width in z-direction. Therefore, a compromise is sought between good res-
olution in the lateral directions and in the z-direction. Furthermore, the volume of the
effective PSF should be as small as possible. The volume of the effective PSF is pro-
portional to the product of the FWHMs in the x, y and z direction. Thus, the product
of these FWHMs was calculated and investigated in relation to the FWHM in the y-
direction. For this purpose, the effective PSFs of β1- β2 combinations whose FWHM in
y-direction exhibits a value below a certain threshold were investigated. The procedure
is illustrated in figure 5.13 (b), where the β1- β2 combinations considered accordingly,
are marked in yellow. From these β1- β2 combinations, the combination was selected
whose effective PSF exhibits the smallest volume. In addition, the yellow area was con-
tinuously increased and the in this way identified β1- β2 combinations are presented in
figure 5.13 (c) as a function of their widths in the y- and z-direction. Only the lateral
width in the y-direction is considered, since the FWHM in the x-direction and in the
y-direction are approximately the same, as shown in figure 5.13 (a). The width in the
z-direction of the selected combinations decreases, whereas the width in the y-direction
increases. Moreover, the two curves intersect between their maximum and minimum
values. The β1-β2 combination at the intersection point represents a compromise be-
tween the highest possible resolution in the y-direction, the best possible resolution in
the z-direction and a minimum volume. Therefore, the combination at the intersection
was chosen to be compared with conventional 3D STED in the following. For the case
of the 19 orientations considered, β1 was selected as 62◦ and β2 as 67◦.

5.5. 3D tomoSTED using the maximum-value
reconstruction method

To obtain high resolution information in all spatial directions, a final image has to be
reconstructed from the individual 3D tomoSTED images. One reconstruction method,
which was found to be suitable for tomoSTED in two dimensions, is the maximum-value
reconstruction method (see section 3.3.1) [59, 60]. Therefore, the performance of 3D
tomoSTED employing the maximum-value reconstruction was investigated by means of
simulations regarding the question if at least an equal image quality can be achieved as
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the conventional 3D-STED while also using a lower light dose. The results are presented
in the following. Equal image quality means an identical resolution in all spatial direc-
tions as well as the same total signal.

In order to obtain an impression of the performance of 3D tomoSTED, three exem-
plary arrangements of individual 3D tomoSTED PSFs with a low, medium and high
(9, 19 and 153) number of orientations were investigated.23 For this purpose, the STED
laser power of the individual 3D tomoSTED PSFs was reduced by the reduction factor of
2.61 derived in section 5.2. Hence, a saturation factor of approximately 46 was used for
simulating the individual 3D tomoSTED images, whereas an unscaled saturation factor
of 120 was applied for the conventional 3D-STED.

The resolution within the maximum value reconstruction can be investigated using the
effective PSF obtained by the maximum value reconstruction of the individual 3Dto-
moSTED PSFs (see sections 5.4 and 5.5). Cross sections of the obtained effective PSFs
for the three arrangements in comparison to the PSF of the conventional 3D-STED are
shown in figure 5.14 (a).

Figure 5.14: Comparison of final 3D tomoSTED PSFs reconstructed with 9, 19 and 153 orien-
tations using the maximum-value reconstruction method with the conventional 3D STED PSF.
(a) Cross-sections of the effective PSFs trough the y-z-, x-z-, and x-y plane. (b) Quantification
of the resolution in y- and z-direction by means of FWHMs

Comparing the effective PSFs, it can be observed that their shape is quite similar. How-
ever, the reconstructed PSFs appear to be broader than the conventional one. Fur-
23For a more detailed description of the selection of the arrangement, please refer to section 5.4.

90



thermore, the broadening seems to decrease with increasing number of orientations. To
quantify the resolution in more detail, the widths of these effective PSFs in terms of
the FWHM were determined. For this, line profiles averaged over three neighbouring
lines were drawn and the FWHM was determined. The result for the FWHMs in y- and
z-direction is presented in figure 5.14 (b). The FWHMs in x-direction are shown in figure
C.1 in section C of the appendix. and exhibit similar values to those in the y-direction.
The FWHM of the effective PSF reconstructed with 9 orientations is broader laterally
by about 18 nm and axially by 67 nm than the conventional 3D STED. For the 19 ori-
entations, the width is laterally wider by 11 nm and axially by 55 nm and for the 153
orientations, the difference in width amounts to 8 nm in lateral direction and to 14 nm
in axial direction. In summary, the resolution of the conventional 3D STED could not
be achieved for any of the considered cases.

Despite the lower resolution in all cases, the light dose is investigated for the three
different types of arrangement. Considering light dose as the amount of irradiation on
the sample applied by the STED beam, the strength can be characterised by the laser
power employed to the sample and by the length of the exposure. The overall exposure
time in 3D tomoSTED is given by the product of the exposure time for each individual
orientation and the total number of orientations N. The ratio between the light dose
applied in 3D tomoSTED and the light dose employed in conventional 3D STED can
thus be quantified as

flight dose = 1
ν

N

ι
, (102)

where ν is defined as the reduction factor of the STED laser power and ι as the reduction
factor of the exposure time. In order to obtain at least the same signal in all orientations
as the conventional 3D STED, the exposure time of the individual PSFs can be reduced by
the lowest signal ratio (see section 5.3). Therefore, ι equals to 8.8. Using equation (102),
the light dose of three considered 3D tomoSTED arrangements can be determined with
respect to the conventional 3D STED and are listed below.

• N = 9: 0.39 · light dosecl, 3D

• N = 19: 0.83 · light dosecl, 3D

• N = 153: 6.66 · light dosecl, 3D

Another possibility, to achieve a higher resolution in the spatial directions, is to employ
more STED laser power into the individual PSFs. Therefore, the arrangements of 9 and
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19 orientations were additionally investigated under lowering the laser power reduction
factor ν. For each ν, an effective PSF was reconstructed and the respective FWHMs in
lateral and axial direction were determined. The corresponding results for the 19 orien-
tations are displayed in figure 5.15 and for the 9 orientation in figure C.2 in section C of
the appendix.

Figure 5.15: FWHM in y-and z-direction of the effective PSF reconstructed with 19 orien-
tations as a function of the laser power reduction factor ν as compared to the conventional
3D-STED using a saturation factor of 120.

As illustrated in figures 5.15 and C.2, the arrangement of 19 orientations achieves ap-
proximately the same resolution as compared to the 3D STED at a factor ν of 1.2 and
the 9 orientations at a ν value of 1. Hence, a new light dose is calculated using these ν
values. Moreover, the signal in the individual PSFs is decreased when the STED laser
power is increased. Therefore, the exposure time reduction factor ι is redetermined. ι
amounts to approximately 3.5 for the 19 orientations leading to a 4.5 times higher light
dose than the conventional 3D STED. For the 9 orientations, ι was redetermined to be
about 2.7, resulting in 3.3 times the light dose of 3D STED. Thus, although the both
arrangements show approximately the same resolution as the conventional variant for
the ν values of 1.2 and 1, they exhibit a higher light dose than the conventional 3D
STED. 24

24Additionally, the 3D tomoSTED arrangement of 9 number of orientations was investigating under
lowering the laser power reduction factor which led as well to a higher light dose for 3D tomoSTED
than for the conventional 3D STED. Moreover, an arrangement of 13 and 16 number of pattern
orientations with two β-angles, as well as an arrangement of 20 and 27 number of pattern orientations
with three β-angles were investigated, all of which featured a lower resolution when reducing the
laser power by the factor of 2.61. Additionally, for none of the observed arrangements a lower light
dose could be achieved when decreasing the laser power reduction factor.
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5.6. 3D tomoSTED using Richardson-Lucy
deconvolution

Richardson-Lucy deconvolution has been demonstrated as a suitable reconstruction meth-
od for tomoSTED in two dimension [59, 60]. According to [59, 60], it allows to half the
number of pattern orientations while still achieving the same image quality as the classical
variant. With this, a light dose reduced by a factor of four could be achieved. Hence, [60]
considered the Richardson-Lucy deconvolution as the preferred reconstruction method
for tomoSTED. Thus, the performance of 3D tomoSTED via the Richardson-Lucy de-
convolution is examined in the following via simulated data. It is investigated whether
3D tomoSTED shows at least the same resolving capability in all spatial directions as the
conventional 3D STED while exhibiting at least the same signal. From this results, the
expected light dose for 3D tomoSTED via the Richardson-Lucy deconvolution compared
to the conventional 3D variant is discussed.

To exhibit at least the same image quality, 3D tomoSTED should at least resolve the
same object as the conventional 3D STED. Thus, in the first step, the behaviour of the
conventional 3D STED is examined which is presented in section 5.6.1. As described in
section 3.3.2, the Richardson-Lucy deconvolution method iteratively estimates the object
underlying the image. Thereby, the estimation procedure is limited by noise. Thus, the
3D STED is investigated at a certain signal to noise level. For this specific level, it is
examined if the object is correctly estimated by the algorithm after the reconstruction.
Here, the similarity between the estimate and the object is viewed at each iteration step
in terms of normalised cross-correlation. Due to noise, which is additionally increased
in each iteration step [15], the similarity increases until a certain number of iterations,
where the estimate becomes dissimilar again (see section 3.3.2.4). Thus, the estimate
with the highest normalised cross correlation is then compared to the object to see if it
is a correct representation of the object. If this is the case, the object can be resolved
by 3D STED. 3D STED exhibits laterally a higher resolution than axially. Thus, two
ellipsoid shells were chosen as the object to probe the resolution in all spatial direc-
tions. By varying the diameters of the ellipsoid shells, it is investigated at which placed
distances, the reconstruction method is still able to reconstruct the object correctly.
The in this way obtained object is then in the following considered as the object which
has to be as well correctly displayed by 3D tomoSTED in order to exhibit at least the
same resolving performance. Thus, after having identified the object, it is examined
whether 3D tomoSTED is as well capable to estimate the object correctly. The results
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are presented in section 5.6.2.

5.6.1. Characterisation of the performance of classical 3D STED

In a first step, the principal axes of the inner ellipsoid were chosen slightly larger than
the 3D STED PSF’s FWHMs. Thus, the diameter of the inner ellipsoid shell was set to
67 nm in lateral direction and to 200 nm in axial direction. The diameter of the outer
shell was chosen as 207 nm in lateral direction and as 606 nm in axial direction. A y-z-
cross section of the object is presented in figure 5.16 (a).

To examine the influence of noise, data were simulated with and without noise, us-
ing a signal to noise ratio (SNR of 9. In confocal microscopy, the noise can be modelled
by Poisson noise [18, 62]. Thus, in the case of noise the data were simulated according
to equation (103),25 where P represents the Poisson distribution [18, 62].

I = P (o ∗ PSF) (103)

The data in the noise-free case were simulated only by the convolution between object
o and PSF. Additionally, the background was assumed to be negligible. Thus, no back-
ground term was included into equation (103).

The similarity between the generated estimates and the object were mapped via the nor-
malised cross-correlation. The normalised cross-correlation for the noiseless and noise
containing case is shown in figure 5.16 (b). The curves follow the theoretical prediction.
In the noiseless case, the similarity continuously increases and the normalised cross-
correlation converges to one. When considering the exemplarily represented line profile
along the z-axis, it can be seen that the resolution increases per iterations step and if
the number of iterations is high enough the estimate displays the object at its correct
distances. Thus, in a noise free case the object can be recovered in any case.

In the considered case with noise, the similarity in terms of the normalised cross-
correlation increased until a value of approximately 0.94 and started then to decreases
again. The maximum normalised cross-correlation was obtained at an iteration of 4000,
corresponding to the highest similarity with the object. However, when observing the
line-profile along the z-direction, it is noticeable that the object is not displayed correctly
25The Poisson noise was simulated applying the Matlab function poissrnd which randomly generates

numbers from the Poisson distribution.
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Figure 5.16: Investigation of the conventional 3D STED via the Richardson-Lucy deconvolu-
tion with and without noise. (a) Comparison of y-z cross sections and line profiles along the
z-axis of estimates obtained after 10000 iterations and 4000 iteration for the case with and
without noise. (b) Maximum value of the normalised cross correlation as a function of the
number of iterations for data simulated with and without noise

at this number of iterations. Hence, this number of iteration is not sufficient to recov-
ery the object completely. At the SNR of 9 considered here, the distances between the
ellipsoid shells are therefore too close to be fully recovered. Furthermore, the object is
also not correctly represented at a higher iteration number in the case of noise present.
In addition, the image quality degrades which agrees with the observations of the nor-
malised cross-correlation.
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The choice of ellipsoid diameters in the previous section did not result in a spatially
accurate estimate of the object. Therefore, the principle axis of the two ellipsoids were
further increased and an object consisting of an inner ellipsoid shell with a diameter of
77 nm in lateral direction and of 210 nm in axial direction was investigated. The diameter
of the outer ellipsoid shell was chosen to be 241 nm laterally and 640 nm axially. Using a
SNR of about 9, the object could be fully recovered after the reconstruction procedure.
The object, the estimates as well as line profiles in the y-and z-directions are presented
in figure 5.17.

Figure 5.17: Illustration of the object identified as correctly recoverable for 3D STED using
Richardson-Lucy deconvolution, in the form of cross-sections through the object, through the
estimate with the highest similarity, and through the raw data containing noise. Exemplary
line profiles along the y-and z-directions show that the distances of the object are preserved by
the obtained estimate.

5.6.2. Characterisation of the performance of 3D tomoSTED

The object that has been identified as completely reconstructable by 3D STED (see sec-
tion 5.6.1) was in the following examined by 3D tomoSTED. In order to show the same
performance as 3D STED, the Richardson-Lucy deconvolution of 3D tomoSTED data
should as well lead to estimates displaying this object’s distances correctly. In a first
step to investigate the performance of 3D tomoSTED via the Richardson-Lucy decon-
volution, neither the laser power nor the signal was reduced compared to the performed
characterisation of the conventional 3D STED. 26 Therefore, all individual images ex-
26Thus, all individual tomoSTED images were calculated with the same saturation factor as used for

simulating the conventional 3D STED (a saturation factor of 120).
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hibited a higher resolution as well as a higher signal.27 As for the characterisation of
the conventional 3D STED (see section 5.6.1), the similartiy between the estimates and
the object was mapped via the determination of the normalised cross-correlation. The
estimates showing the maximum normalised cross-correlation were afterwards selected
to be compared to 3D STED. Cross sections through the estimates for a 3D tomoSTED
reconstruction with 9 and 19 pattern orientation are presented in figure 5.18, together
with line profiles along the z-direction. To compare the performance with 3D STED, the
line profile of the 3D STED reconstruction is additionally displayed in figure 5.18.

Figure 5.18: Reconstruction of 3D tomoSTED images with 9 pattern orientations and with 19
orientations via the Richardson-Lucy deconvolution with a saturation factor of 120. Neither the
laser power nor the signal was reduced for the reconstruction. Thus, the individual tomoSTED
images exhibited a higher resolution than the conventional 3D STED as well as a higher signal.
Line profiles along the z-direction show that the distances of the estimated ellipsoid shells
deviates slightly for 3D tomoSTED from the distances of the underlying object.

3D tomoSTED requires a higher number of iterations to reach the point of maximum
normalised cross-correlation than the classical 3D STED. An explanation for this obser-
vation might be that the information about the object for 3D tomoSTED is obtained
by averaging the information from all individual orientations. Additionally, the individ-
ual tomoSTED images contain more low resolution content (more blur) that needs to be
27The lowest signal ratio was determined analogously to section 5.3 to 2.7 times the signal of the

conventional 3D STED.

97



got rid of. Thus, a higher number of iterations steps is required to reconstruct the object.

Comparing the line profiles in z-direction, it can be stated that the distances of the
object in the reconstructed 3D tomoSTED data are not completely preserved. The
distances for 3D tomoSTED deviate slightly by approximately 12 nm. However, the
intensities of the reconstruction results coincides better with the ground truth for 3D
tomoSTED than for the conventional 3D STED.
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6. Conclusion and Outlook
The main objectives of this thesis were to investigate to what extend 2D tomoSTED
can be improved with respect to sample gentleness, in terms of required light dose, by
its combination with ISM, as well as the extension of the tomoSTED principle to three-
dimensional super-resolution imaging. A prerequisite for the experimental validation of
these two objectives was the design and construction of a suitable microscope. This step
was successfully accomplished by implementing the following modifications as compared
to previous experimental realizations of tomoSTED [59, 97]: First, a sCMOS camera was
utilized as a detector to enable array detection of the fluorescence signal in the vicinity
of the excitation spot. Second, an additional SLM was added to provide another degree
of freedom for STED phase mask generation. Third, the formerly used Pockels cells were
replaced by LCRs to create arbitrary polarisation states of the STED beam without hav-
ing to use high voltages. The characterization of the LCRs showed that all conceivable
polarization states can be generated and that their switching time is comparable to those
of the SLMs (see section 3.2).

Light dose reduction is achieved by reducing the number of highly resolved individual
tomoSTED images along different directions which are required to achieve an isotropic
resolution. Since this can only be accomplished if the resolution of the 1D STED-PSFs is
increased in the diffraction-limited direction, tomoSTED was combined with ISM. Theo-
retical considerations as well as experiments proved that this enhances the resolution in
the diffraction limited direction of the 1D STED-PSFs by about a factor of

√
2, while

the resolution in the high-resolution direction is mainly maintained (see section 4.2).
Furthermore, the number of required pattern orientations can be reduced by the same
factor (see sections 4.3 and 4.4).

In future, the resolution in the diffraction-limited direction of the 1D STED-PSFs could
be additionally improved by applying a Fourier filter during ISM pixel reassignment, as
presented in [70]. This would allow for a further reduction of the number of required
pattern orientations, leading to an even lower light dose. The pixel reassignment process
could also be improved by using multi-image deconvolution, as demonstrated in [14].
Using a sCMOS camera for array detection is extremely slow, as the camera can be
only read out with a maximum speed of 15 kHz. This was not a limiting factor for
the comparison of ISM-tomoSTED with tomoSTED, since only fixed samples were used
for validation. However, if living cells are to be observed, fast movements could lead
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to image artefacts. In this case, image acquisition can easily be accelerated to that of
conventional STED microscopy by using a SPAD array [10, 14].

The second main objective of this thesis was the extension of the tomoSTED princi-
ple to three-dimensional super-resolution imaging. Therefore, it was first investigated
theoretically which properties phase masks must possess to allow for STED resolution in-
crease along an arbitrary spatial direction and how these can be adequately parametrized
for a later experimental implementation. The derived class of phase masks consist of two
disjoint regions exhibiting a phase delay of zero in one and π in the other. The shape
of the dividing line as well as its orientation in the x-y plane determine the direction in
which the high resolution is achieved. Expectedly, the phase masks known from litera-
ture for an optimal resolution enhancement in x-, y- and z-direction are included in this
class. Measurements on gold microspheres proved that the depletion patterns, which cor-
respond to this class of phase masks, can be generated in the experiment (see section 5.1).

In order to investigate whether the tomoSTED principle can be applied to three-dimen-
sional super-resolution imaging by utilizing the beforehand identified depletion patterns
for one-dimensional resolution enhancement, imaging was investigated by means of sim-
ulations for three exemplary arrangements (low, medium and high number) of pattern
orientations. The arrangements with a low and a medium number of pattern orienta-
tions were optimized such that the achieved resolution represents a compromise between
a high resolution in lateral as well as axial direction in such a way that a minimum
focal volume is achieved (see section 5.4). When the individual tomoSTED images were
reconstructed using the maximum value method, no light dose reduction can be achieved
for any of the three arrangements while maintaining the image quality (see section 5.5).
Nevertheless, parallel reconstruction of multiple individual 3D tomoSTED images us-
ing Richardson-Lucy deconvolution was analyzed. Since a reduction of the STED laser
power and the exposure time is only reasonable if an approximately equal reconstruction
result as for conventional 3D-STED microscopy can be achieved, the object reconstruc-
tion quality was investigated without any reduction of the STED laser power and the
exposure time. It could be identified that the distances between the object structures
in the deconvolved 3D STED data are preserved, while the deconvolved 3D tomoSTED
data exhibit small deviations in the order of 12 nm. However, the intensity distribution
of the reconstructed object coincides better with the ground truth for 3D tomoSTED
than for the conventional 3D STED (see section 5.6).
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Based on the arrangements investigated in the context of this thesis, no possibility could
be found to reduce the light dose required for high-resolution imaging by means of 3D-
tomoSTED. However, this investigation is not conclusive. Future research directions
might be to explore other possibilities of arranging the class of 1D STED-PSFs iden-
tified in the context of this work. Since a high light dose is required in particular for
1D-PSFs whose high-resolution direction points clearly in the direction of the optical
axis, and these are almost diffraction limited in the lateral direction, a significant re-
duction of the required light dose could possibly be achieved by their combination with
ISM. Furthermore, the combination with ISM might also be advantageous with regard
to aberration corrections, as estimating the shifts within the pixel reassignment enables
aberration identification [56]. Moreover, this would have the advantage that the detector
array used in ISM could be also employed to eliminate the out of focus signal present in
the individual 1D STED-PSFs (see section 5.3), as demonstrated for STED microscopy
by the authors of [69, 96]. Another approach to 3D tomoSTED could also be to use
an incoherent combination of two depletion patterns, e.g. the 1D patterns of 2D to-
moSTED and the pattern of resolution increase in axial direction. This would transfer
the light dose advantage of 2D tomoSTED to 3D imaging. Another possibility for im-
provement could be to explore other methods for the reconstruction of 3D tomoSTED
data. One alternative could possibly be the use of a deep-learning algorithm [49, 100].
With sufficient training, such an algorithm might be able to generate a high-resolution
image from a smaller number of orientations at an image quality which is comparable
to that of the conventional 3D STED. In this context, however, it is also important to
examine to what extent the reconstruction preserves distances between structures and
their brightness, criteria, which have not been given much attention in the literature so
far.

The 1D depletion patterns created by the derived class of phase masks, allow to ob-
tain high resolution in any arbitrary spatial direction. Therefore, they could be used for
applications beyond tomoSTED such as the targeted detection of biological structures,
which allows for selective and therefore extremely fast and sample protective imaging. As
concluded in [97], automatic selection of 1D depletion patterns according to the direction
of the structure under investigation enables, in the ideal case, imaging to be restricted
to the immediate vicinity of that structure and thus avoids imaging of areas that are of
no or minor interest.
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Appendices

A. Supplement to phase masks to STED
microscopy

To obtain a high resolution enhancement in a certain direction, the STED intensity
distribution has to be as narrow as possible around the focal point along this direction.
Thus, the steepness along the respective direction at the focal point has to be as maximal
as possible. To get an idea of the behaviour of the steepness in the x-, y- and z-direction,
the steepness is considered for these directions. The steepness is proportional the second
derivative along the respective direction. This yields

∂2I(n)
∂n2

∣∣∣∣∣∣
n=0

∝ 2k2


α�

0

2π�

0

P (θ, φ)~c(θ, φ)dn(θ, φ) sin(θ)dθdφ


2

!= max, (104)

where n denominates the x-,-y, and z-direction (n = x, y, z). In analogy to section 5.1,
by neglecting the amplitude ~c(θ, φ), the steepness is determined by the contribution of
the phase mask and additionally by the path length difference dn(θ, φ):

dθ,φ =


− sin(θ) cos(φ) for n = x

− sin(θ) sin(φ) for n = y

cos(θ) for n = z

(105)

Equation (105) illustrates that d(θ, φ) behaves complementary for the different direc-
tions. The complementary behaviour can also be seen in figure A.1, where d(θ, φ) is
illustrated with respect to the contributions from the aperture with aperture coordi-
nates θ and φ.
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Figure A.1: Illustration of d(θ, φ) for the x-,y- and z-direction together with its median shown
in black.

The highest steepness in each single direction would be obtained by applying a phase
mask with the shape of the median (marked in black in figure A.1). However, this would
result in a steepness of zero along the other directions. Thus, due to the complementary
behaviour of d(θ, φ) in the single directions, it is not possible to obtain a steep intensity
distribution in all spatial directions. Furthermore, for a resolution enhancement in more
than one direction by employing only one phase mask, a compromise between the differ-
ent steepness behaviour has to be made resulting in a less steep intensity distribution.
An example is the doughnut intensity distribution. The doughnut intensity distribution
achieves an isotropic resolution enhancement in two dimensions. However, the steepness
of the doughnut intensity distribution is lower than the one of the one-dimensional de-
pletion pattern leading to a higher resolution enhancement for the one-dimensional case
comparing the same laser power.
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B. Supplement to validation of the pixel
reassignment of ISM-tomoSTED via
simulated data

Figure B.1: Comparison of the 45◦ tomoSTED and ISM-tomoSTED PSF including line pro-
files drawn along the diffraction-limited and high resolution direction
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C. Supplement to 3D tomoSTED using the
maximum-value reconstruction

Figure C.1: Comparison of the resolution of the final 3D tomoSTED PSFs reconstructed with
9, 19 and 153 orientations using the maximum value reconstruction method with the resolution
of conventional 3D STED. The resolution was quantified in terms of the FWHMs in the x- and
z-directions, which was determined from line profiles drawn through the respective directions.

Figure C.2: Resolution in y-and z-direction of the effective PSF reconstructed with 9 ori-
entations as a function of laser power reduction factor ν compared to the conventional 3D
STED.
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