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Abstract
Miniaturized fiber-optic based imaging devices enable novel microscopic studies in fundamental biological research disciplines, and (in modified implementations) they open new avenues in clinical use, such as endoscopic cancer diagnosis and treatment. Specifically in neuroscience, the development of miniature, lightweight fiber-optic microscopes is leading towards a long-standing goal
of cellular-resolution brain imaging: Small portable microscopes promise to permit measurements of the neural dynamics underlying specific behaviors in awake,
freely moving animals. Thus, these devices may help to overcome the limitations
of current (two-photon) in vivo imaging experiments under anesthesia which suffer
from artifacts in neuronal and astrocytic activities. Furthermore, closely related
endoscopic approaches can enable high-resolution imaging from deep brain areas, which are otherwise inaccessible for optical analysis. In this Ph.D. thesis,
various applications of fiber-optics technology were used to develop and advance
high-resolution single- and two-photon excitation fluorescence brain imaging techniques.
In a first part, a miniaturized two-photon microscope (fiberscope) was developed,
characterized, and applied to in vivo imaging experiments. The distal microscope
head weighed only 0.6 g (world-record to our knowledge) and micrometer resolution in video-rate imaging experiments could be achieved with fields-of-view of
200 µm. The device consisted of a hollow-core photonic crystal fiber for efficient
delivery of near-infrared femtosecond laser pulses, a spiral fiber-scanner for resonant beam steering, and a gradient-index lens assembly including microprisms
for fluorescence excitation, dichroic beam splitting, and signal collection. Fluorescence light was proximally detected through a large-core plastic fiber using a
standard photomultiplier tube on the optical table. The sensitivity of the instrument
was sufficient to resolve action-potential evoked calcium transients in rat cerebellar
Purkinje cell dendrites. Therefore, we conclude that the fiberscope is well suited
to image cellular activity of brain structures in vivo. However, a disadvantage was
that the photonic crystal fiber as one of the optical core components turned out
to be not robust enough and irreparable contaminations of these fibers hampered
further experiments en route to imaging in freely behaving animals.
Based on the experience with the miniaturized two-photon fiberscope, large-core
plastic optical fibers were utilized to boost the fluorescence emission detection efficiency of a standard, table-mounted two-photon microscope in the second part of
this thesis. Because nonlinear microscopy techniques confine fluorescence excitation to a spot near the optical focus, a properly positioned ring of large-core fibers
could enhance detection more than two-fold. This was achieved by epicollection
of fluorescence photons that were not transmitted through the objective lens and
thus normally wasted. We termed this technique SUFICS, short for Supplementary
Fiber-Optic Light Collection System. The study comprised an extensive analyti-

cal treatment, numerical Monte-Carlo simulations, and experimental verifications.
Both deep in vivo imaging in mouse neocortex and functional calcium imaging
considerably benefited from SUFICS-signal gain. Because of its simplicity and
universality, we envision numerous applications for SUFICS in various research
fields using nonlinear microscopy techniques.
As an alternative to two-photon fluorescence excitation approaches, single-photon
light-sheet based microscopy was adapted to fiber-optics operation and a miniaturized Selective-Plane Illumination Microscope (miniSPIM) was developed, characterized and applied to biological imaging in the third part of this thesis. Here, excitation light was delivered through a single-mode optical fiber and a light-sheet was
created with a cylindrical gradient-index lens and a right-angle microprism. Therefore, fluorescence in a whole plane was excited from the side instead of the conventional point or cone excitation from the top in regular microscopes. Fluorescence
emission was collected orthogonally to the light-sheet through a gradient-index
lens assembly, a coherent fiber bundle, and detected by a proximal CCD-camera.
In contrast to conventional widefield fluorescence operation, the miniSPIM exhibited superior contrast and axial resolution. Therefore, we expect miniSPIM to
enable novel endoscopic approaches.
In summary, the application of fiber-optic technology led to the development and
advancement of promising research tools that may help to enable novel microscopic studies in neuroscientific research.

Überblick
Miniaturisierte, auf Faseroptik basierende Bildgebungsverfahren ermöglichen neue
mikroskopische Untersuchungen in Bereichen der biologischen Grundlagenforschung und sie eröffnen (in abgewandelten Implementierungen) neue Wege in der
klinischen Anwendung, wie zum Beispiel die endoskopische Diagnose und Behandlung von Tumoren. Insbesondere in den Neurowissenschaften führt die Entwicklung von miniaturisierten, leichten Fasermikroskopen aktuell auf ein langjähriges Ziel im Bereich der Bildgebung des Gehirns mit zellulärer Auflösung: Kleine,
tragbare Mikroskope versprechen Messungen der neuronalen Dynamik, welche bestimmten Verhaltensweisen in wachen, sich frei bewegenden Tieren zugrunde liegt.
Somit können solche Geräte dazu beitragen, die Grenzen gegenwärtiger (ZweiPhotonen) in vivo Bildgebungsexperimente zu überwinden, welche unter narkosebedingten Artefakten in den neuronalen und astrozytischen Aktivitätsmustern
leiden. Darüber hinaus können eng verwandte endoskopische Methoden hochauflösende Bildgebung in tiefen Hirnregionen ermöglichen, die andernfalls nicht für
optische Analysemethoden zugänglich sind. Im Rahmen dieser Doktorarbeit wurden verschiedenartige faseroptische Technologien angewendet, um hochauflösende Ein- und Zwei-Photonen-Fluoreszenz-Bildgebungsmethoden im Gehirn zu entwickeln und zu verbessern.
Im ersten Teil der Arbeit wurde ein miniaturisiertes Zwei-Photonen-Mikroskop
(Fasermikroskop) entwickelt, charakterisiert und in in vivo Bildgebungsexperimenten angewendet. Der distale Mikroskopkopf wog dabei nur 0.6 g (unseres Wissens
ist das Weltrekord) und es konnten Mikrometer-Auflösungen in Bildfeldern von
200 µm mit Bildwiederholfrequenzen von mehr als 25 Hz erreicht werden. Das
Gerät bestand aus einer photonischen Kristallfaser mit hohlem Kern für eine effiziente Zuführung von nahinfraroten Femtosekunden-Laserpulsen, einem SpiralFaserscanner für die resonante Strahlablenkung und einer Baugruppe aus Gradientenindexlinsen und Mikroprismen für die Fluoreszenz-Anregung, dichroitische
Strahlteilung und Signalsammlung. Das Fluoreszenz-Emmisionslicht wurde durch
eine Kunststoff-Faser mit großem Kerndurchmesser zum optischen Tisch geleitet
und proximal mit einem Photomultiplier nachgewiesen. Die Empfindlichkeit des
Instruments war ausreichend, um aktionspotential-evozierte Calciumtransienten in
Purkinje-Zellen im Rattenkleinhirn aufzulösen. Daher lässt sich folgern, dass das
Fasermikroskop gut geeignet ist, um zelluläre Aktivität in Gehirnstrukturen in vivo
zu beobachten. Ein Nachteil war jedoch, dass sich die photonische Kristallfaser (eine der optischen Kernkomponenten) als nicht robust genug herausstellte und weitere Experimente auf dem Weg zur Bildgebung in frei beweglichen Tieren durch
irreparable Kontaminationen dieser behindert wurden.
Basierend auf den Erfahrungen mit dem miniaturisierten Zwei-Photonen Fasermikroskop wurden im zweiten Teil dieser Doktorarbeit Kunststofffasern mit großem
Kerndurchmesser eingesetzt, um die Effizienz der Fluoreszenzsammlung in einem

konventionellen, stationären Zwei-Photonen-Mikroskop zu erhöhen. Da die Fluoreszenzanregung in nichtlinearen Mikroskopen auf die Nähe des optischen Fokuspunktes beschränkt ist, konnte ein richtig positionierter Ring aus Großkernfasern
die Lichtausbeute auf mehr als das Doppelte verbessern. Diese Effizienzerhöhung
wurde durch die Sammlung eines Teils derjenigen Fluoreszenzphotonen erreicht,
die zwar rückwärts (in Richtung des Mikroskopobjektivs) emittiert wurden, jedoch
nicht durch das Objektiv nachgewiesen werden konnten und somit in der Regel
verloren gingen. Wir bezeichneten diese Technologie als SUFICS, kurz für Supplementary Fiber-Optic Light Collection System. Die Studie umfasste eine ausführliche analytische Behandlung, numerische Monte-Carlo-Simulationen und experimentelle Verifikationen. Sowohl tiefe in vivo Bildgebungsuntersuchungen im
Maus-Neokortex als auch funktionelle Calcium-Bildgebungsexperimente profitierten erheblich vom Signalzugewinn durch SUFICS. Aufgrund seiner Einfachheit
und Universalität erwarten wir zahlreiche Anwendungen für SUFICS in verschiedenen Forschungsgebieten mit nichtlinearen Mikroskopen.
Als Alternative zu Methoden mit Zwei-Photonen-Fluoreszenzanregung wurde im
dritten Teil dieser Doktorarbeit die Ein-Photonen-Lichtscheibenmikroskopie auf
Faseroptik angepasst: Ein miniaturisiertes Selective Plane Illumination Microscope
(miniSPIM) wurde entwickelt, charakterisiert und für die biologische Bildgebung
angewendet. Konkret wurde das Anregungslicht dem Kopfteil durch eine SingleMode-Glasfaser zugeführt und damit eine Lichtscheibe mit einer zylindrischen
Gradientenindexlinse und einem rechtwinkligen Mikroprisma erzeugt. Demzufolge konnte die Fluoreszenz von der Seite in einer ganzen Ebene angeregt werden anstatt nur in einem Punkt oder Kegel von oben wie in konventionellen Mikroskopen.
Das Fluoreszenz-Emissionslicht wurde rechtwinklig zur Lichtscheibe durch eine
zweite Gruppe von Gradientenindexlinsen und ein kohärentes Faserbündel gesammelt und mit einer proximalen CCD-Kamera nachgewiesen. Im Gegensatz zum
herkömmlichen Betrieb zeigte das miniSPIM deutliche Überlegenheit bezüglich
Kontrast und axialem Auflösungsvermögen. Somit erwarten wir vom miniSPIM
neuartige endoskopische Möglichkeiten.
Zusammenfassend führte die Anwendung von Glasfaser-Technologien zur Entwicklung und Verbesserung von vielversprechenden Forschungswerkzeugen, welche neuartige Mikroskopieexperimente in der neurowissenschaftlichen Forschung
ermöglichen können.
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1. Introduction

Men ought to know that from nothing else but the brain come joys, delights,
laughter and sports, and sorrows, griefs, despondency, and lamentations.
And by this, in an especial manner, we acquire wisdom and knowledge, and
see and hear and know what are foul and what are fair, what are bad and
what are good, what are sweet and what are unsavory. . . And by the same
organ we become mad and delirious, and fears and terrors assail us. . . All
these things we endure from the brain when it is not healthy. . . In these ways
I am of the opinion that the brain exercises the greatest power in the man.
– Hippocrates, On the Sacred Disease, 4th century B.C.

Biological Motivation
How does the brain work? What are feelings? How is behavior generated? How
can a physical system like the brain experience anything? How does brain structure
influence function and vice versa? These are some questions that have been central to philosophers and scientists for many centuries. Some of these mysteries are
starting to be slowly unraveled by brain researchers, but the overwhelming majority is still fugitive. Although the brain’s coarse anatomical organization was identified relatively early (see figure 1.1 for examples), details on functional working
principles on the cellular level like information transmission, filtering, encoding,
processing, and storage still remain unsolved for the most part.

Figure 1.1: Historical exploration of the brain. (a) An over 7000 years old skull which was surgically opened while the owner was still alive. (b) Drawing from De humani corporis fabrica (1543)
with careful illustrations of the ventricles. (c) Early depiction of a nerve cell from 1865. All from
Bear et al. [1, Chapter 1].
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In the nineteenth century, cellular labeling techniques in combination with light
microscopy offered insight into some organizational principles in the brain, such
as a rich variety of morphologically different cell types (see figure 1.2 for some
examples). The brain was recognized as a highly interconnected network of many
billions of these cells. With electrophysiology, neurons (e.g., figure 1.2 (a) and (b))
were identified to be the main cell type involved in information processing. They
are electrically excitable and encode information as propagating changes in their
membrane potential. So-called action potentials (APs, elementary bits of information) propagate along the cells’ axons until they reach a synapse, i.e., a connection
terminal to the dendrite of a subsequent cell in the network. Upon AP-arrival, different neurotransmitters (chemical messenger molecules) can be released into the
synaptic cleft. These neurotransmitters can in turn lead to the opening of ligandgated ion-specific channels in the membrane of the postsynaptic cell and therefore inward or outward electrical currents. Depending on neurotransmitter and cell
type, these resulting currents can be either classified as excitatory (AP-promoting)
or inhibitory (AP-impeding). Postsynaptic neurons integrate all of these currents
and their corresponding changes in electrical potential (excitatory post-synaptic
potential, EPSP or inhibitory post-synaptic potential, IPSP), respectively. If a certain voltage threshold is reached in the postsynaptic cell, a new AP is created and
propagated to target neurons in the network. Typical biological neural networks
consist not only of feed-forward but also feed-back connections. Excitatory and
inhibitory cells form a complicated three-dimensional pattern which is furthermore
surrounded by a dense grid of glial cells. In contrast to neurons, these glial cells
(e.g., figure 1.2 (c) and (d)) are not electrically active and have long been regarded
as supporting cells which ensure homeostasis, regulate blood-flow, provide proper
electrical isolation of specific parts of neurons, and are part of the immune system
in the central nervous system (CNS). However, more recent research suggests that
glial cells, particularly astrocytes, could also have an active role in brain functions
and information processing (Allen and Barres [2]).

Figure 1.2: The brain consists of many different cell types. (a) Pyramidal cell, (b) Purkinje cell, (c)
astrocyte, (d) oligodendrocyte. Modified from Bear et al. [1, Chapter 1].

Detailed knowledge about networks and neural circuitry comprising neurons and
glial cells is essential for a comprehensive understanding of the computational principles in the brain. But not only morphological cell shapes are of interest. Na-
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ture does not discriminate between structure and function; therefore the mentioned
early microscopy techniques that were merely able to visualize static cell structure
are not sufficient. Other, functional methods have to be applied to gather a deeper
understanding of the brain dynamics.

Figure 1.3: In vivo electrophysiology approaches. (a) Intracellular recordings from cell somata
(maximum 2 simultaneously). (b) Single recording from an apical dendrite. (c) Recording with 4
electrodes (tetrode) sampling the extracellular field potential. (d) Cluster of 3 tetrodes for extracellular recordings from a wider field. Modified from Göbel [3].

So far, very little is known about the basic characteristics and operational principles
of neural network structures (see e.g., Grillner et al. [5], Silberberg et al. [6] for recent reviews of local networks) due to a lack of adequate experimental methods.
The investigation of population codes requires simultaneous functional recordings
from as many neurons as possible. These experiments are preferably conducted in
the intact brain of a behaving animal to minimize artifacts. Activity patterns can
then – as an ultimate goal – be related to sensory input and behavioral output. Several electrophysiological approaches (figure 1.3) are currently available and widely
used to measure cellular activity (e.g., multi-electrode or electrode-array methods,
Nicolelis and Ribeiro [7]). These methods provide information about cellular functions with excellent temporal resolution and signal-to-noise ratio (SNR). However,
only a small subset of the neurons of interest, which is typically also very poorly
defined, can be monitored with these strategies. Extracellular approaches are furthermore incapable of identifying non-active neurons. Therefore, functional optical imaging using novel in vivo fluorescence-labeling indicators (e.g., Stosiek et al.
[8], Nimmerjahn et al. [9], Garaschuk et al. [10], Nagayama et al. [11], Wallace
et al. [12], Dreosti et al. [13], Tian et al. [14], see also Mank and Griesbeck [15] and
Wilms and Häusser [16]) is a highly promising approach to gather structural and
functional information about local networks of identified cells with sub-cellular
resolution. Figure 1.4 provides an overview of functional imaging approaches to
gather spatial and temporal information about physiological events over a wide
range of scales.
Unfortunately, almost all established functional imaging approaches in brain research either lack spatiotemporal resolution or are limited to immobilized subjects
like anesthetized animals. However, because the latter limitation inevitably leads
to anesthesia-induced artifacts in cellular activation patterns, functional imaging
experiments are ideally conducted in awake, freely behaving animals. Two fundamentally different modalities exist for imaging in awake rodents (figure 1.5):

4

CHAPTER 1. INTRODUCTION

Figure 1.4: Functional brain imaging approaches. Both spatial and temporal information about
physiological events can be obtained by functional imaging approaches over a wide range of scales:
(a) Calcium compartmentalization in a single hippocampal spine (genetically encoded calcium sensor
and two-photon microscopy), (b) local calcium transient triggered by parallel-fiber synaptic input to
a fine spiny branchlet in the dendritic tree of a cerebellar Purkinje cell, (c) layer-2/3 pyramidal neuron
filled with a calcium dye and visualized in mouse visual cortex in vivo by two-photon microscopy,
(d) color-coded orientation map in rat visual cortex, (e) optical imaging of voltage-sensitive-dye
fluorescence allows investigation of receptive-field properties in cat visual cortex, (f) optical mapping
of the initiation site of an AP in layer-5 pyramidal neurons using voltage-sensitive dyes, (g) optical
monitoring of activity in rat visual cortex (calcium dye: green, astrocytic marker sulforhodamine101: orange, imaged using two-photon microscopy, calcium transients and reconstructed spiking
activity are shown). Modified from Scanziani and Häusser [4].

(i) Either a regular-sized, upright, table-mounted microscope can be employed.
In this case, the animals (e.g., mice with implanted cranial windows) are
head-restrained under the microscope objective lens while their limbs rest on
the upper surface of a spherical treadmill, consisting, e.g., of a large, airsupported Styrofoam ball (Dombeck et al. [17]). This approach can be combined with a virtual-reality (VR) system and is at the moment being used to
record hippocampal place cell activity in awake mice. In a recent publication, a similar system has been successfully employed to electrically record
from these cells (Harvey et al. [19]). During recording sessions, mice were
interacting with a computer-generated visual environment to simulate spatial
behaviors.

5

Figure 1.5: Fundamentally different fluorescence imaging modalities for awake recordings. (a)
The rodent is head-restrained under a regular, table-mounted microscope while its limbs rest on a
spherical treadmill. Optical mice sense rotations of the treadmill and are used to track the movement attempts of the animal. The system can be combined with a VR environment. Modified from
Dombeck et al. [17]. (b) Miniaturized head-mounted microscope. A miniaturized microscope headpiece is implanted onto the skull of a freely moving animal. A flexible tether is used to transmit
fluorescence excitation light, fluorescence emission light, and electrical control signals. Modified
from Helmchen et al. [18].

(ii) Alternatively to the head-fixation of the animal, the front part (“headpiece”)
of a microscope can be miniaturized and “mobilized” using optical fiber technology. This front part can then be mounted onto a rodent’s head and used
to monitor neural network activity during natural behavior of the animal. Although this approach was introduced nearly 10 years ago by Helmchen et al.
[18], it has only recently been employed for studies of microcirculation and
neuronal calcium dynamics (Flusberg et al. [20]), and calcium dynamics in
visual cortex (Sawinski et al. [21]).
Both of these two fundamental approaches for awake recordings, head-fixation and
fiber-microscopy, benefit from certain advantages and suffer from different drawbacks: Whereas the head-fixed approach is optically straightforward because a regular microscope can be used, it can be argued that behavior and neuronal activation
is altered by stress of the animals due to inevitable head-fixation. Furthermore,
although a VR environment may provide some interaction, a complete sensory
stimulation including sound, touch, smell, etc. is impossible. Therefore, this approach may be applicable to a limited set of behavioral paradigms only. Miniaturized microscopes on the other hand are mechanically and optically challenging
devices, they usually produce lower quality images from smaller fields-of-view
(FOVs). Nevertheless, animal behavior and interactions with the environment can
be expected to be much closer to nature compared to the head-fixed approach.
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In this Ph.D. thesis, I aimed to utilize fiber-optics technology to develop and advance functional high-resolution fluorescence brain imaging techniques. In a first
step, a miniaturized, flexible two-photon microscope was designed, built, characterized, and optimized. Subsequently, this fiberscope was applied to study neural
activity in brain slices in vitro and in rat cerebellum in vivo. Severe malfunctions of
one of the optical core components hampered further application of the fiberscope
to biological questions en route to imaging in freely moving animals. As a second,
closely linked project, a ring of optical fibers was employed to boost the detection
efficiency of a table-mounted two-photon microscope over two-fold. Deep tissue
imaging and functional imaging with improved signal-to-noise-ratio could be performed with this Supplementary Fiber-Optic Light Collection System (SUFICS).
Good detection efficiency is essential for spike reconstruction attempts from noisy
imaging traces. A similar implementation to SUFICS promised to increase the detection efficiency also in miniaturized two-photon microscopes. The third project
involved the fiber-optic exploration of single-photon light-sheet based fluorescence
microscopy (reviewed in Huisken and Stainier [22]). This technology was adapted
to fiber-optics operation, miniaturized, and successfully applied to image green
fluorescent protein-expressing interneurons in fixed tissue.
The following section lists specific goals for each of the individual projects:
• Miniaturized Two-Photon Fiberscope
• Supplementary Fiber-Optic Light Collection
• Miniaturized Light-Sheet Based Microscope

7

List of Specific Goals
• Technological development of a miniaturized two-photon microscope
– Planning, simulations, and calculations on different aspects of the microscope designs (SolidWorks for mechanical design, Mathematica for
different other calculations)
– Simulation of fiber resonance properties
– Evaluation (and ordering) of standard parts (optics, optomechanics,
amplifiers, filter-sets, data-acquisition-hardware)
– Design and manufacturing of custom mechanical and electronics parts
(in collaboration with Hansjörg Kasper/electronics workshop of the
Brain Research Institute (HIFO), Stefan Giger/mechanical workshop
HIFO, Reto Maier/mechanical workshop of the Physics Institute, University of Zurich)
– Development of custom microscope control software (LabVIEW/C)
– Assembly of beam scanners based on photonic-crystal fibers (collaboration including several visits at the Seibel-lab, University of Washington, Seattle, WA)
– Assembly and optimization of the two-photon fiberscope
– Characterization of the microscope by imaging subresolution fluorescent microspheres
– Application of fluorescence staining techniques to brain slices and in
vivo preparations
– Application of the microscope to biological imaging of brain slices and
cerebellum in vivo
– Development of custom MATLAB- and ImageJ-based data analysis
software
– Wrap-up, manuscript writing and submission, successful publication:
Engelbrecht et al. [23]
– Note: The application of the microscope en route to imaging in freely
behaving animals (e.g., to image hippocampal place cells) as originally
envisioned, turned out to be hampered by irreparable malfunctions of
the photonic-crystal fibers as one of the optical core-components
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• Technological development of a fiber-ring to enhance detection efficiency in
a table-mounted two-photon microscope: Supplementary Fiber-Optic Light
Collection System (SUFICS)
– Mechanical and optical design (SolidWorks for mechanical design)
– Analytical treatment of fiber coupling (Mathematica, MATLAB)
– Detection gain analysis in transparent samples, spatial gain dependence
– Numerical (Monte-Carlo) simulations of photon propagation in turbid
media (custom MATLAB implementation)
– Application of SUFICS to in vivo imaging experiments (in collaboration with Werner Göbel)
– Development of custom MATLAB- and IgorPro-based data analysis
software, data analysis (in collaboration with Werner Göbel)
– Wrap-up, manuscript writing and submission, successful publication:
Engelbrecht et al. [24]
• Technological development of a fiber-optic light-sheet based microscope:
miniaturized Selective-Plane Illumination Microscope (miniSPIM)
– Planning and calculations on the microscope design (ZEMAX for optical design, SolidWorks for mechanical design)
– Evaluation (and ordering) of standard parts (laser, camera, filter-sets,
optics, optomechanics)
– Design and fabrication of custom mechanical parts (in collaboration
with Stefan Giger/mechanical workshop HIFO)
– Mounting and polishing of fibers/fiber bundles (involving supervision
of a semester student, Fabian Voigt)
– Assembly and optimization of the microscope (involving supervision
of Fabian Voigt)
– Characterization of the microscope by imaging subresolution fluorescent microspheres
– Application of the microscope to image biological samples (involving
supervision of Fabian Voigt)
– Wrap-up, manuscript writing and submission: Engelbrecht et al. [25]
The following chapter 2 provides an overview of some of the underlying technological and physical aspects, whereas chapters 3 to 5 focus on the detailed implementations, results, and discussions for each of the three projects. Chapter 6
includes a general discussion and the individual projects are related to each other.

2. Technological and Physical Background

This chapter provides basic background information on the technological and physical fundamentals of the following chapters. First, some basics about optical fibers
are provided. Furthermore, Gaussian beam-optics is shortly introduced as an easy
way to calculate optimal fiber-coupling parameters. Second, linear and nonlinear fluorescence excitation modes and their impact on microscopy are shortly discussed. Third, the resolution in various microscopy techniques is characterized the
classical way and with an analytical theory based on the generalized uncertainty
principle. Fourth, gradient-index (GRIN) optics is introduced as an interesting alternative to standard optical elements. It is furthermore argued that GRIN optics is
particularly relevant for miniaturized optical systems.

2.1

Optical Fibers

The Royal Swedish Academy of Sciences awarded half of 2009’s Nobel Prize in
physics to Charles K. Kao “for groundbreaking achievements concerning the transmission of light in fibers for optical communication”. But optical fibers are a lot
more than an important conduit for modern telecommunication . . .
2.1.1

Solid-Core Single-Mode Fibers

Total Internal Reflection
Today, most optical fibers (with the exception of photonic-crystal fibers, section
2.1.3) guide light inside their innermost cylindrical glass rod (“core”) by means of
total internal reflection (TIR, see figure 2.1): A ray of light is totally reflected
at the boundary between media with two refractive indices n1 (“core”) and n2
(“cladding”) if n1 > n2 and the ray’s incident angle θ1 (measured with respect
to the normal at the boundary) is larger than a critical angle θc which is defined by
 
n2
θc = arcsin
.
(2.1)
n1
This relation is obtained from Snell’s law of refraction (Hecht [26, Chapter 4])
n1 · sin θ = n2 · sin θ 0
with an angle of refraction θ 0 = 90◦ .

(2.2)
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Figure 2.1: (a) Total internal reflection at the boundary of two media with refractive indices n1 and
n2 if light-ray-angle θ1 is larger than the material dependent critical angle θc = arcsin (n2 /n1 ). Snell’s
law of refraction with angles θ2 and θ20 , respectively. (b) Cross-sectional profile of a step-index fiber
with corresponding refractive indices n1 in core, n2 in cladding, and n3 in coating. Core-radius a,
cladding radius b. (c) Total internal reflection in a fiber core for rays with angles θ > θc . (d) Laser
bouncing up and down an acrylic rod for illustration of total internal reflection (from Wikipedia [27]).

Numerical Aperture
This critical angle θc for TIR directly corresponds to the so-called acceptance angle
α (or numerical aperture, NA = n0 · sin α) of the fiber as visualized in figure 2.2.
Only light rays lying within an acceptance cone ≤ α can be coupled into the fiber
and transmitted by TIR inside the fiber. The following equation for a fiber’s NA is
obtained by combining equations 2.1 and 2.2 appropriately:
q
NA = n0 · sin α = n21 − n22
(2.3)

Figure 2.2: Acceptance angle of a step-index fiber in (a) 2D and (b) 3D representations. Only light
rays in a cone with opening angle 2α can enter the core and obey the critical-angle-criterion for TIR
inside a step-index fiber with refractive indices n1 and n2 for core and cladding, respectively. (b)
Modified from Edmund Optics [28].

Technically, the refractive index variations in core and cladding are realized by
doping raw SiO2 material (glass fibers) with compounds that either increase or decrease the refractive index. This process can be tuned to create abrupt n-transitions
as discussed above (step-index fibers) or gradual variations (graded-index fibers).
For simplicity, only step-index fibers are discussed here. Table 2.2 provides specifications for fibers that were used for different applications during this Ph.D. thesis.
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Spatial Transmission Characteristics
Two parameters determine the spatial transmission characteristics of an optical
fiber (Agrawal [29, Chapter 1]): The relative core-cladding refraction index dif2
ference ∆ = n1n−n
and the normalized frequency
1
q
V = k0 a n21 − n22
(2.4)
with the wave number k0 = 2π/λ , the core-radius a, and the wavelength λ . Optical
fibers support a finite number of guided modes satisfying the wave equation in the
frequency domain
∇2 Ẽ + n2 (ω)

ω2
Ẽ = 0
c2

(2.5)

and all appropriate boundary conditions (Agrawal [29, Chapter 2]) for the electrical field Ẽ. Here, c is the speed of light in vacuum and n (ω) is the frequencydependent refractive index. After expressing equation 2.5 in cylindrical coordinates, it can be solved via separation of variables and introduction of an eigenvalue
equation. Please refer to Agrawal [29], Marcuse [30], Snyder and Love [31], Buck
[32] for details.
Many optical applications depend on single-mode fiber operation to obtain undistorted distal laser foci. Therefore, here, the single-mode cut-off condition V < Vc
where Vc is the smallest solution of the Bessel function J0 (Vc ) = 0 or Vc ≈ 2.405
is discussed. Due to increasing microbending losses for small V /Vc , single-mode
step-index fibers are typically designed such that V . Vc . The single-mode cut-off
wavelength λc is then obtained from k0,c = 2π/λc , Vc ≈ 2.405, and equation 2.4.
Single-mode propagation takes place only for wave numbers k0 < k0,c or wavelengths λ > λc . Typical values for λc in single-mode fibers (SMFs) are found in
table 2.2. The intensity distribution of the discussed fundamental fiber mode can
be well approximated by a 2D Gaussian function (figure 2.3) of the form


(x2 + y2 )
I (x, y) ∝ exp −
(2σ 2 )

(2.6)

that is also typically used to describe lateral intensity distributions of TEM00 -lasermodes. In equation 2.6, the standard deviation σ determines the distribution’s
width and it is connected to other width-measures via the following relations:
√
• the full-width-at-half-maximum: FWHM = 2 2 ln 2 σ ,
√
• the full 1/e-width: d1/e = 2 2 σ ,
• the full 1/e2 -width: d1/e2 = 4 σ .
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Figure
√ 2.3: Widths of a Gaussian distribution. (a) 2D Gaussian distribution (equation 2.6 with
σ = 2). (b) Corresponding 1D Gaussian distribution with widths FWHM, d1/e , and d1/e2 .

Power Losses in Optical Fibers
The attenuation constant αa provides a measure of light power loss during transmission in a fiber. Let P0 be the incident power, then, after traveling through a fiber
of length l, the transmitted power PT is given by
PT = P0 · exp (−αa l)

(2.7)

with the attenuation constant αa describing total fiber losses from all sources. Usually, αa is expressed in units of dB/km: αa,dB = 4.343αa (Agrawal [29, Chapter
1]). See section A.1 on page 105 for details on the definition of the dB-scale. Main
sources for attenuation in optical fibers are Rayleigh-scattering (αa,dB,R ∝ 1/λ 4 )
due to density fluctuations in the material and absorption due to material impurities. Typical αa,dB -values are in the range of 1 − 100 dB/km, see also table 2.2.
2.1.2

Pulse Broadening in Solid-Core Fibers

Efficient two-photon fluorescence excitation relies on laser pulses with temporal
widths in the range of 100 − 1000 fs (see chapter 2.2.2) due to the necessary focal peak intensities in the range of GW/cm2 − TW/cm2 . However, such short
laser pulses broaden as they travel through dispersive media like silica fibers. This
section introduces a mathematical treatment of these pulse broadening effects in
solid-core fibers and argues that additional pulse compressors or special fibers are
essential for miniaturized two-photon microscopes.
Propagation Equation
According to Agrawal [29, Chapter 2], the pulse propagation in dispersive, nonlinear media like optical step-index fibers can be studied using the following equation
∂A
∂A
i ∂ 2 A αa
+ β1
+ β2
+ A = iγ (ω0 ) |A|2 A
∂z
∂t
2 ∂t 2
2

(2.8)
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with A = A (z,t) being the slowly varying pulse envelope function, z being the spatial coordinate variable along thefiber axis,
 t being the temporal variable, αa being
d m β (ω)
the attenuation constant, βm =
being the coefficients of a Taylor
dω m
ω=ω0

series expansion of the wave number β (ω) around the carrier frequency ω0 from
(ω0 )ω0
ω0 = k0 · c, and γ (ω0 ) = n22cπσ
being the nonlinearity parameter for beams ap2
proximated with Gaussian intensity profiles.
The effects of fiber attenuation are described through αa , group velocity (pulse
envelope velocity) through vg = 1/β1 , group velocity dispersion (GVD) through
β2 , and nonlinear effects like self-phase modulation (SPM) through γ (ω0 ). By
using the transformation T = t − z/vg = t − β1 z and neglecting fiber attenuation
(αa = 0), equation 2.8 can be transformed into the so-called “nonlinear Schrödinger
equation”:

i

∂ A (z,t) β2 ∂ 2 A (z,t)
+ γ |A (z,t)|2 A (z,t) = 0.
− ·
∂z
2
∂T2

(2.9)

Note the similarity to i∂t Ψ = − 12 ∂x2 Ψ+κ |Ψ|2 Ψ (Polyanin and Zaitsev [33]), hence
the name. Higher-order nonlinear effects should be included for pulses < 1 ps
(Agrawal [29, Chapter 2]) because the spectral width of such pulses is so broad
that several approximations made in the derivation of equation 2.8 become questionable. Furthermore, additional effects like Raman-induced frequency shift move
the pulse spectrum towards the low-frequency side as the pulse propagates inside
the fiber. The so-called “generalized nonlinear Schrödinger equation”



2
2
|A|
∂
A
∂ A αa
β3
i
β2
∂|A| 
−
= iγ |A|2 A +
+ A+i
− TR A
(2.10)
2
3
∂z
2
2 ∂T
6 ∂T
ω0
∂T
∂T
∂ 2A

∂ 3A



takes into account some of these higher-order nonlinear effects, e.g., the effects of
third-order dispersion through the β3 -term, self-steepening of the pulses through
the ω0−1 -term, and the Raman-induced frequency shift due to delayed Raman responses via the TR -term.
Split-Step Fourier Method
Equations 2.9 and 2.10 are nonlinear partial differential equations (DEQs) and cannot generally be solved analytically. Therefore, different numerical approaches
have been developed; one that has been extensively used is the “split-step Fourier
method” (Agrawal [29, Chapter 2]): In general, dispersion and nonlinearity act together along the length of the fiber. Nevertheless, an approximate solution can be
found by assuming them to act independently over small distances h. Starting from
equation 2.10, it is useful to write
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∂A
∂z

=

with D̂

=

and N̂

=


D̂ + N̂ A

(2.11)

β3 ∂ 3
αa
iβ2 ∂ 2
+
−
2
3
2 ∂T
6 ∂ T
2


2
2
|A|
∂
A
i 1
∂ |A| 
iγ |A|2 +
− TR
.
ω0 A
∂T
∂T
−

Then, the pulse envelope is propagated further along the fiber from A (z = z0 , T ) to
A (z = z0 + h, T ) according to


A (z0 + h, T ) ≈ exp hD̂ exp hN̂ A (z0 , T )

(2.12)



with the differential (exp hD̂ ) and nonlinear (exp hN̂ ) operators thatare usually
evaluated in Fourier-space via phase-factor multiplications: exp hD̂ B (z, T ) =


FT−1 exp hD̂ (−iω) FT B (z, T ) (Agrawal [29, Chapter 2]). Please
 note
 that the
“≈” sign in equation 2.12 is due to the non-commuting operators D̂, N̂ 6= 0. This
can be used to estimate and improve the accuracy of the split-step Fourier method.

Figure 2.4: Schematic illustration of the symmetrized split-step Fourier method. The fiber length
is divided into segments of length h. Effects of dispersion and nonlinearity act independently from
each other on each segment h. Modified from Agrawal [29, Chapter 2].

Such an improved version with better accuracy is the so-called “symmetrized splitstep Fourier method” (SSFM) which is illustrated in figure 2.4:


zZ0 +h

 

h
h
D̂ exp 
D̂ A (z0 , T )
A (z0 + h, T ) ≈ exp
N̂ z0 dz0  exp
2
2


(2.13)

z0

Here, the effect of the nonlinearity is included in the middle of each fiber-segment
h rather than at its boundary. Table 2.1 and figure 2.5 provide results from pulse
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broadening calculations based on a custom SSFM-implementation in IgorPro from
Helmchen [34]. Here, 125 fs pulses at 830 nm were traveling through SMFs of
50 cm and 250 cm lengths, respectively.

FWHM after 50 cm SMF [fs]
FWHM after 250 cm SMF [fs]

low energy
pulse (0.1 mW)
580
2771

high energy
pulse (100 mW)
2200
11932

Table 2.1: Pulse widths as calculated from a custom implementation of the SSFM with input
pulse FWHM = 125 fs. Parameters were: λ = 830 nm, laser repetition rate 80 MHz, αa = 0 ,
β1 = 0 s/m, β2 = 350 fs2 /cm, β3 = 0 fs3 /cm, n1 = 1.455 , mode-field diameter = 5.5 µm, nonlinear n2 = 2.2 · 10−20 m2 /W, propagation step size 0.5 cm, total propagation length 320 cm. Number
of FFT-points/total simulation time were 4096 /4000 fs for 50 cm fiber/low power pulse, 8192 /8000 fs
for 50 cm fiber/high power pulse, 8192 /8000 fs for 250 cm fiber/low power pulse, 32768 /32000 fs for
250 cm fiber/high power pulse. See figure 2.5 for the corresponding pulse shapes.

Figure 2.5: Pulse shapes before and after solid-core fibers as calculated from a custom IgorProimplementation of SSFM. Input pulse widths were 125 fs FWHM. See table 2.1 for corresponding
FWHM-values. Fiber lengths L = 50 cm in (a) and (b), L = 250 cm in (c) and (d), average pulse
power P = 0.1 mW in (a) and (c), P = 100 mW in (b) and (d). All parameters as in table 2.1. Red:
incoming pulse, green: output pulse after fiber. Note the different scales. Additionally to the pulse
shapes, the spectra of the high energy pulses were changed by nonlinear effects (not shown).
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Pulse Prechirping
In summary, the last section revealed that the propagation of femtosecond pulses
through solid-core optical fibers induces severe broadening, particularly for highenergy pulses. Therefore, for efficient two-photon fluorescence excitation, pulseprechirping with negative GVDs using grating-pairs as in Treacy [35] or Shank
et al. [36] is essential to compensate for the positive fiber GVD. Alternatively to
using a pair of gratings, Fork et al. [37] proposed a prism array (multi-prism arrangement) that exhibits adjustable negative group velocity dispersion while power
losses are limited to Brewster surface reflections. Figure 2.6 provides a schematic
illustration of such a multi-prism arrangement approach (see also Nimmerjahn
[38]).

Figure 2.6: Schematic illustration of a multi-prism arrangement for pulse prechirping. Different
light frequencies in the pulse have to cover slightly different physical path lengths due to dispersion
in the prisms. Therefore, higher frequencies in the pulse get a head-start over lower frequencies
(negative GVD) before being coupled into the fiber. The amount of GVD can be adjusted by varying
the distance d between the prism wreaths (PWx).

Alternatively to pulse prechirping and the use of solid-core fibers, special hollowcore fibers without GVD (section 2.1.3, see also Göbel et al. [39]) are an interesting
option for pulse delivery in miniaturized two-photon microscopes, particularly because some nonlinear broadening effects cannot be easily compensated for by the
prechirping approaches introduced above.
2.1.3

Photonic-Crystal Fibers

As discussed in section 2.1.1, a conventional optical fiber consists of a central core
that is surrounded by a cladding of slightly lower refractive index, which confines
the light to the fiber core via TIR. Total internal reflection serves its purpose very
well in that it causes no losses other than intrinsic absorption and scattering (Cregan et al. [40]) (see equation 2.7). These losses and, more importantly for our
purposes, pulse broadening in solid-core optical fibers (see section 2.1.2) can be
largely avoided if the light is transmitted in a hollow (air- or gas-filled) core with
refractive index n1 = 1 instead of a solid core made of glass (figure 2.7). This goal
cannot be achieved with TIR or index guiding, however, because no solid cladding
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material exists with a refractive index n2 which is lower than that of air n1 = 1
(Cregan et al. [40]). However, there is another way. . .

Holey Fibers
There is some ambiguity in the literature concerning the nomenclature of fibers
relying on photonic crystals. Within this thesis, the term “photonic-crystal fiber”
(PCF) is used synonymously to photonic-bandgap fiber (PBG fiber, figure 2.7 (a)).
Here, the bandgap of a periodic structure of holes (photonic crystal) is used to
confine light inside a central hollow core. This bandgap-confinement is extremely
attractive because it enables low-loss light guiding with high pulse powers and
minimal dispersion (Göbel et al. [39], figure 2.11). Not part of this discussion
are index guiding fibers utilizing photonic crystals (e.g., fibers where a periodic
structure of holes is not employed for its bandgap but rather to create an effective
low-index cladding around a solid-core, figure 2.7 (b)).

Figure 2.7: Cross-sectional profiles of different holey fibers. (a) Hollow-core photonic-crystal
fibers (or photonic-bandgap fibers) guide light inside a central hollow air core by utilizing the
bandgap of the surrounding photonic crystal. (b) Solid-core index guiding fibers utilize surrounding
holes to create an effective low-index cladding around the core. Light is then conventionally trapped
inside the core by TIR. Modified from Joannopoulos et al. [41].

Photonic Bandgaps
To qualitatively understand the physics behind hollow-core guiding, it is worthwhile to look at the density of states of the radiation field in free space DFS (ω) =
ω 2V
vs. a photonic crystal (figure 2.8).
π 2 v3
While photons can travel freely in free space, there appears a frequency range
without electromagnetic eigenmodes in certain photonic crystals (figure 2.8 (b)).
Frequency ranges of this kind are called photonic bandgaps (PBG), since they correspond to bandgaps of electronic eigenstates in ordinary crystals (Sakoda [42]).
No photons can exist in this PBG. But then, how is this used to achieve lightguidance in a PCF?
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Figure 2.8: Schematic illustration of the density of states D (ω) in the radiation field (a) in free
space and (b) in a 3D photonic crystal. Note the frequency range without electromagnetic eigenmodes (photonic bandgap, PBG). Modified from Sakoda [42].

Propagation Diagrams
The complex structure in PCFs leads to a complicated mathematical treatment.
Therefore, numerical solutions of Maxwell’s equations are typically presented in
the form of propagation diagrams (see figure 2.9) with axes ωΛ/c vs. β Λ with
Λ being the interhole spacing, c being the speed of light, and β being the axial
wave vector component. At a fixed optical frequency ω, βmax is determined by
kn = ωn/c with n being the refractive index of the region under consideration.
Light is free to propagate for β < kn, it is evanescent for β > kn. Figure 2.9
(b) provides such a propagation diagram for a PCF with a triangular lattice (2D
photonic crystal) of circular air channels (air filling fraction 45 %) with full 2D
photonic bandgaps within the black-finger shaped regions. Light propagation in
vacuum or air filled cores is possible in those parts of the finger-shaped regions
which extend into a regime where β < k (Russell [43]). In other words, the full 2D
bandgap of the photonic crystal prevents photons from escaping the air-filled core.

Figure 2.9: Propagation diagrams for SMFs (a) and PCFs (b). (a) SMF with pure silica cladding and
Ge:silica core. (1) Light is free to propagate everywhere, (2) light propagates in core and cladding,
(3) light propagates in core, but not in cladding, (4) light is evanescent everywhere. Guided modes
form at points R where light is free to travel in the core but unable to penetrate the cladding due
to TIR. (b) PCF with triangular lattice of air channels in silica glass. (1) Light is free to propagate
everywhere, (2) light propagation is limited to the photonic crystal (PC) and silica glass, (3) light
propagation is limited to silica glass, (4) light is evanescent everywhere. Guided modes in solid-core
fibers form at point Q, in hollow-core PCFs at point P with β < k. Modified from Russell [43].
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Implementations of Photonic-Crystal Fibers
It should be noted that the correct choice and proper manufacturing of hole geometries are essential for the transmission characteristics of a PCF. Figure 2.10
provides scanning electron micrographs (SEM micrographs) of 3 different PCFs.
PCFs are manufactured similar to SMFs in drawing processes: In the first step, a
cm-sized preform is created. Next, the preform is heated and pulled, stretching it
into a thin fiber with a scaled-down version of the preform’s cross section. Thus,
hundreds of meters or even kilometers of fiber can be drawn from a single preform.

Figure 2.10: SEM micrographs showing the cross sectional profiles of PCFs. (a) Modified from
Russell [43], (b) SEM micrograph of a HC-800-01 PCF as used in chapter 3. From NKT Photonics
[44]. (c) SEM micrograph from a chirped PCF cross-section showing different cell sizes in the
photonic crystal. Different colors represent different intensities in a calculated mode field-pattern.
From Bethge and Steinmeyer [45]. Scale bars in (a) and (b) are 10 µm.

Pulse Delivery with Minimal Distortions
Most importantly for our purposes here, it has been shown by Göbel et al. [39]
that femtosecond pulses in the 800 nm range can be propagated in a hollow-core
PCF with almost preserved temporal and spectral profiles for pulse energies up to
∼ 5 nJ. Prechirping units (section 2.1.2) with their inherent disadvantages like limited power transmission and time-consuming and fragile adjustment are not necessary, although they can be used to shift the zero-dispersion wavelength. Figure
2.11 provides the broadening factor of a PCF as a function of wavelength and the
dependencies of temporal and spectral widths on average pulse power.
In summary it can be reasoned that hollow-core PCFs are extremely useful for fiber
delivery of femtosecond pulses in many applications, particularly in miniaturized
microscopes and endoscopes using multi-photon fluorescence excitation. However, a PCF-specific problem we encountered with our fibers was the breakdown
or contamination of the hole geometry at both ends of the fiber. See section 3.4.1
on page 57 for details.
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Figure 2.11: Propagation of femtosecond pulses in a PCF with almost preserved temporal and
spectral profiles. (a) Relative broadening of pulse widths compared to the corresponding input pulses
(170 − 290 fs). The widths are provided for low energy pulses (2 mW average output power, circles)
and for higher energy pulses (250 mW average output power, triangles). (b) Distortion-free highenergy pulse transmission through the hollow-core PCF. Output pulse widths (black) and spectral
widths (red) are provided for 812 nm input pulses as a function of transmitted average power. The
dashed lines indicate the width of the input pulse. No prechirping unit was used for the experiments
in this figure. Modified from Göbel et al. [39].

operating λ [nm]
numerical aperture
accept. angle α [◦ ]
core diam. 2a [µm]
clad. diam. 2b [µm]
coat. diam. [µm]
core index n1
clad. index n2
MFD (1/e2 ) [µm]
αa,dB [dB/km]
cut-off λc [nm]

MMF
EdmundOptics
NT02-536
vis.
0.51
30.7
980
1000
2200
1.492
1.402
n/a
150 − 300

SMF (vis) SMF (NIR)
PCF
Nufern
Nufern
NKT Photonics
460-HP
780-HP
HC-800-01
460 − 600 780 − 970
795 − 865
0.12
0.13
0.20
6.9
7.5
11.5
typ. < 4
typ. < 10
9.5 ± 1
125 ± 1.5
125 ± 1.5
135 ± 5
245 ± 15
245 ± 15
220 ± 50
∼ 0.99 (eff.)
3.5 ± 0.5
< 30
430 ± 20

5.0 ± 0.5
< 3.5
730 ± 30

8.8
< 300

Table 2.2: This table provides physical parameters for fibers that were used during this Ph.D. thesis.
Abbreviations used: MMF: multi-mode fiber, here equivalently used with large-core fiber (LCF),
SMF: single-mode-fiber, PCF: photonic-crystal fiber, MFD: mode-field diameter, vis: visible region
of the electromagnetic spectrum, ∼ 380 − 750 nm, NIR: near-infrared region of the electromagnetic
spectrum, ∼ 750 − 1400 nm.
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Gaussian Beam-Optics for Efficient Fiber Coupling

For the miniaturization of fluorescence microscopes, it is necessary to deliver sufficient power of fluorescence excitation light to the distal microscope headpieces.
During this thesis, optical single-mode fibers were used for this purpose. However,
to efficiently couple light into single-mode solid- or hollow-core fibers, the coupling angles and focus diameters have to be matched to the fibers. With a fixed
coupling lens, the effective numerical aperture (NA) can be varied within certain
boundaries by adapting the diameter of the incoming laser beam. This section
shortly introduces Gaussian beam-optics as an easy way to calculate the desired
beam diameters for given fibers and coupling lenses.
For a laser beam with perfect TEM00 -mode, i.e., a rotationally symmetric beam
with Gaussian intensity profile (see figure 2.3), the propagation can be described
by Gaussian beam-optics. This formalism leads to simple, analytical expressions
for the half 1/e2 -widths w (z) = 1/2 · d1/e2 (z) of the beam at different positions
along the optical axis z and for the radius of curvature R (z) of the wavefronts
(Saleh and Teich [46]):
s


λ0 z 2
w (z) = w0 1 +
(2.14)
n πw20
for z  zR : w (z)
R (z)

=

=

λ0 z
n πw0
"


n πw20
z 1+
λ0 z

(2.15)
2 #
(2.16)

Here, λ = λ0 /n is the laser wavelength in a medium with refractive index n and
w0 is the 1/e2 -radius of the laser at the focus (z = 0). The Rayleigh-length zR =
nπw20 λ0−1 is determined by the minimum/maximum radii of curvature of the wavefronts (R (zR ) = max./min.) and corresponds to a drop in laser intensity to I (zR ) =
1
2 I0 . Figure 2.12 illustrates these relations.
For our purposes, it is important to calculate the dependence of the beam diameter
dill in front of the fiber coupling optics as a function of coupling-NA or fiberMFD (mode-field diameter), respectively. In the first case, dill, NA is expressed as a
function of NA, index of refraction n, and lens focal length f as



NA
dill, NA = 2 f · tan arcsin
.
(2.17)
n
With the second definition, dill, MFD
 can be derived from the Gaussian far-field
λ0
divergence angle θ = arctan nπw0 and the fiber MFD = 2 · w0 as
dill, MFD =

4 f λ0
.
nπ MFD

(2.18)
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Figure 2.12: Definitions in Gaussian beam-optics. The upper panel provides an illustration of the
behavior of a Gaussian laser beam near its focus at z = 0. The 1/e2 -beam radius w = 1/2 · d1/e2 is
defined by equation 2.14. For large z  zR , the width of the beam can be asymptotically described by
the far-field divergence angle θ . The lower panel illustrates the radius of curvature R (z) as described
by equation 2.16. The following parameters were used to produce this figure (custom Mathematica
calculation): w0 = 3.09 µm, λ0 = 488 nm, n = 1.33 . Modified from Engelbrecht [47].

Table 2.3 provides coupling parameters for the single-mode solid- and hollow-core
fibers from table 2.2 that were calculated using equations 2.17 and 2.18.

λ [nm]
fiber NA
MFD [µm]
f [mm]
dill, NA [mm]
dill, MFD [mm]

SMF (vis)
Nufern
460-HP
488
0.12
3.5 ± 0.5
4.6
1.1
0.8

SMF (NIR)
Nufern
780-HP
830
0.13
5.0 ± 0.5
18.4
4.8
3.9

PCF
NKT Photonics
HC-800-01
813
0.20
8.8
18.4
7.5
2.2

Table 2.3: Fiber coupling parameters as calculated from Gaussian beam-optics (equations 2.17 and
2.18). λ : laser wavelength, f : coupling lens focal length, dill, NA : desired laser diameter as estimated
from the fiber NA, dill, MFD : desired laser diameter as estimated from the fiber MFD.
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Coherent Fiber Bundles

For the miniaturized Selective-Plane Illumination Microscope (miniSPIM) that is
described in chapter 5 of this thesis, a coherent fiber bundle was used to transmit
a fluorescence image from the distal microscope headpiece to a proximal CCD
camera. Such image guides or coherent fiber bundles (CFBs) usually consist of
several thousand optical fibers (pixels) that are arranged coherently and fused over
the length of the bundle. Thus, CFBs can transmit an image from their distal to their
proximal ends without distortions. Figure 2.13 illustrates the difference between
coherent and non-coherent fiber bundles. Typical specifications for CFBs that have
been used in this thesis can be found in table 2.4.

Figure 2.13: Coherent fiber bundles. (a) Coherent fiber bundles transmit an image from their distal
to proximal ends. All single fibers 1–7 run in “parallel” (top); an incoherent bundle “scrambles”
the image (bottom). Modified from Crisp [48]. (b) Cross-sectional profile (top) and photograph
(bottom) of a coherent fiber bundle. A number of up to 30000 fiber cores (pixels) are surrounded
by cladding (clad), the whole bundle is protected by a glass jacket (jack) and plastic coating (coat).
(c) A magnified image from (b) unveils the single cores when the distal end is illuminated. The
core-to-core distance in this particular fiber bundle was 4 µm.

Like in every pixel device, pixelation in CFBs can limit the achievable image resolution (Stelzer [50]). Depending on the (de)magnification of any lenses or lenssystem in front of CFBs, a CFB-based microscope’s resolution can be limited by
undersampling in the CFB instead of the optical resolution governed by the NA
of the microscope lens. According to the sampling theorem, the highest spatial
frequency that can be resolved when transmitted through a CFB is 1/ (2d) with
d being the core-to-core spacing (Göbel et al. [51]). According to this estimation, the bare CFBs from table 2.4 (without additional magnifying optics) can only
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number of picture elements [pixels]
coating diameter mm
glass diam. [mm]
image diam. [mm]
core distance d [µm]
numerical aperture
lattice defects [pixels]
allowable bending radius [mm]

Sumitomo
IGN-037/10
10000
0.45
0.37
0.333
4
0.35
< 10
20

Sumitomo
IGN-08/30
30000
0.96
0.8
0.72
4
0.35
< 30
40

Table 2.4: Typical CFB parameters as provided by Sumitomo Electric Industries [49].

resolve structures larger than 2d/M or 8 µm. Despite this limitation, CFBs are
extremely useful and commonly used devices in endoscopes and fiber-based (fluorescence) microscopes (e.g., Flusberg et al. [20], Engelbrecht et al. [25], Göbel
et al. [51], Vincent et al. [52], Lee et al. [53], see also chapter 5).
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Fluorescence Excitation Modes

Photons with energies Eex = hνexc (with h being the Planck constant and ν being
the light frequency) can induce an electronic transition in certain types of molecules
(“fluorophores”) by exciting them from one electronic state (ground-state, S0 ) to
a second, higher electronic state (excited state, Sn , n > 0). Each of the electronic
states Sn has a vibrational energetic substructure. Subsequently, after a short period
of time and potential non-radiative decays, fluorophores can spontaneously relax to
their electronic ground-state S0 , thereby emitting a fluorescence photon of energy
Eem = hνem (see figure 2.14). Typical fluorescence lifetimes in the excited state are
on the order of 1 − 10 × 10−9 s. Non-radiative decay-processes are much faster, on
the order of ≤ 10−12 s. Therefore, all electrons can be assumed to be in their lowest
vibrational states prior to S-transitions.

Figure 2.14: Jablonksi diagram of single- (1PE) and two-photon excitation (2PE). The electronic
energy states Sn and their vibrational substructures are shown as horizontal lines. Physical processes
like absorption of photons of energies Eexc = hνexc and emission of photon of energies Eem = hνem
are involved in transitions between these electronic states. Internal conversion (IC) and vibrational
relaxation (VR) are non-radiative processes. (a) Two 1PE events are shown, from S0 to S1 (photon energy E1 = hν1,1p-exc ) and from S0 to S2 (photon energy E2 = hν2,1p-exc ). Subsequently, the
molecules relax to one vibrational substate of S0 via emission of fluorescence photons Eem = hν1,em
or hν2,em . (b) One 2PE event from S0 to S2 is shown. Two photons of energies hν1,2p-exc and
hν2,2p-exc are necessary to excite the molecule. The short-lived virtual state Evirt is involved in this
transition. Subsequent emission of fluorescence photons as in (a). Modified from Oheim et al. [54].

Two fundamental excitation modes are distinguished: single-photon fluorescence
excitation (1PE, figure 2.14 (a)) with a single photon bridging the energy gap ∆E
between S0 and Sn , and multi-photon excitation (MPE, figure 2.14 (b)) with two
or more photons of smaller energies exciting the molecule. Here, the discussion
of multiphoton-processes is limited to the two-photon excitation (2PE) case, because it is the most commonly used one in biological multiphoton fluorescence
microscopy.
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Single-Photon Fluorescence Excitation

For 1PE to occur, the energy of an incoming photon Eexc = hν1p-exc has to match
an allowed electronic transition in a fluorophore: ∆E = ESn − ES0 , with h being the
Planck constant and ν1p-exc being the light frequency of the single excitation photon. As stated above, after electronic excitation and potential non-radiative internal
conversion (IC) and/or vibrational relaxation (VR), the molecule relaxes to one
of the vibrational ground state (S0 )-levels, thereby emitting a fluorescence photon
with energy Eem = hνem < hν1p-exc . The energy difference between the single fluorescence excitation photon (hν1p-exc ) and the fluorescence emission photon (hνem )
is called “Stokes-shift” and originates from the non-radiative decay processes prior
to emission of the photon. Stokes-shift enables microscopists to discern excitation
from emission photons via optical filtering. Figure 2.15 provides single-photon
excitation and emission spectra of enhanced green fluorescent protein (eGFP).

Figure 2.15: Single-photon excitation (green) and emission spectra (orange) of eGFP. The Stokesshift enables microscopists to discriminate excitation from emission photons. Spectral data from
Invitrogen Corp. [55].

2.2.2

Two-Photon Fluorescence Excitation

In contrast to single photon excitation, 2PE is based on quasi-simultaneous absorption of two photons of typically but not necessarily equal wavelengths within short
time-windows < 10−15 s. The electronic energy gap ∆E = ESn − ES0 in the fluorescent molecule is bridged
by these two photons with cumulative energy Eexc =

h ν1,2p-exc + ν2,2p-exc . Often, both photons have approximately half the frequency
(double the wavelength) of a corresponding single-excitation photon: λ1p-exc ≈

−1  −1
1
1
+
≈ λ22p
(Diaspro et al. [56]). The time window of simulλ1,2p-exc
λ2,2p-exc
taneous absorption of two photons can be derived from the lifetime of the virtual
state ∆τvirt between S0 and Sn (see figure 2.14 (b)) as calculated from Heisenberg’s
uncertainty principle ∆E · ∆τvirt ≈ h̄/2 (Heisenberg [57], h̄ = h/ (2π)). Theoretical
predictions of 2PE date back to the 1930s (Göppert-Mayer [58]), but the first experimental observation by Kaiser and Garret [59] had to wait for the invention of
the laser in 1960 by Maiman [60] because high light intensities in space and time
are necessary for efficient 2PE. The first application of multiphoton processes in
biological fluorescence microscopy was reported 30 years later by Denk et al. [61].
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How does the physics behind two-photon excitation differ from single-photon excitation and what unique properties result from the underlying physical concepts?
The following sections briefly discuss some of the important aspects.
Two-Photon Absorption Probability
According to Denk et al. [62], the probability pa that a fluorophore at the center of
the focus of a microscope lens absorbs a photon pair during a single laser pulse is
given (in paraxial approximation) by

pa
with ξ

=

=

2

δ hPi
P2
hPi2

Fp−1
=



NA2
2h̄cλ

(t1 − t2 )
R t2
t1

2
(2.19)

ξ

R t2 2
t1 P (t) dt

P2 (t) dt

2

with δ being the two-photon cross-section, hPi being the average laser power, NA
being the lens numerical aperture, Fp = (t1 − t2 )−1 being the laser pulse repetition
frequency, and λ being the wavelength. For Gaussian shaped pulses with temporal
FWHM τ p and a repetition frequency Fp , the so called two-photon advantage factor
is given by ξ ≈ (Fp τ p )−1 · 0.664 (Denk et al. [62]). In other words, the 2PE efficiency is increased by a factor 6.6 · 104 compared to continuous-wave illumination
for 100 fs pulses at a repetition rate of 100 MHz.
Two-photon Excitation Spectra
Quantum mechanical selection rules for two-photon absorption are different from
those for single-photon absorption. However, due to molecular vibrations, strict
selection rules do usually not hold for complex fluorophore molecules. Nevertheless, some heuristic rules for the expected 2PE spectra can be found when the 1PE
spectrum is known (Denk et al. [62]):
• Some 2PE is expected at a wavelength λ2p if 1PE occurs at λ1p = λ2p /2.
• Additional features might appear on the short-wavelength (bluish) side of
the 2PE-spectrum.
• 2PE spectra are generally broader than 1PE spectra.
• Good 1PE absorbers are typically very good 2PE absorbers,
poor 1PE absorbers are typically very poor 2PE absorbers.
Figure 2.16 provides a typical two-photon excitation and emission spectrum of
eGFP.
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Figure 2.16: Two-photon excitation (red) and emission spectra (orange) of eGFP. Data from Spiess
et al. [63] and Invitrogen Corp. [55]. The dashed spectrum (green) corresponds to the 1PE-excitation
spectrum from figure 2.15 with its peak red shifted to twice the excitation maximum (2 · 488 nm =
976 nm). It is provided for comparison only.

Average Excitation Power, Laser Pulse Repetition Rate, Pulse Width
As obtained from equation 2.19, the probability of a photon-pair absorption in
2
hP2 i
hP2 i
a single molecule scales with hPi2 · Fp−1 · 2 = Fp ∝ FhPi
2 τ . According to this
hPi
p p
relation, it can be argued that 2PE-efficiency increases quadratically with higher
average power hPi and decreases quadratically with pulse repetition frequency Fp
and linearly with pulse durations τ p . However, these relations are only true within
certain boundaries. First, average laser power hPi is limited by the damage threshold of the sample and saturation of the fluorophores. Second, pulse repetition frequencies Fp can only be decreased to a lower threshold that corresponds to at least
one laser pulse per imaging pixel (Helmchen and Denk [64]). Furthermore, the
resonator dimensions of commercially available Ti:sapphire laser systems (which
are typically used in modern two-photon microscopy) determine Fp , thus it cannot be changed easily. Third, there exists an optimal pulse duration τ p,opt that is
mainly governed by pulse broadening through group velocity dispersion (GVD,
“red” frequency components of a pulse typically travel faster through dispersive
materials than “blue” frequency components, see section 2.1.2). In addition, due
to the lower boundary of frequencies which are absorbed by the fluorophore, extremely short pulses (with extremely broad spectral widths) do not further increase
2PE-efficiency, even if GVD is fully avoided or compensated (Denk et al. [62]).
Unique Features of Two-Photon Microscopy
Resolution in two-photon microscopy is (at least theoretically, see section 2.3)
worse than in single-photon or even nanoresolution techniques (like STED (Hell
and Wichmann [65]), PALM (Betzig et al. [66]), STORM (Rust et al. [67]) and derived technologies) and Ti:sapphire lasers are expensive parts of equipment. Then,
why is two-photon microscopy still “more than a gimmick” (Denk and Svoboda
[68]), what is the reason for the “nonlinear magic” (Zipfel et al. [69])? The answer
is: its unique features provide certain advantages, especially for imaging deep inside turbid media: Due to the strong scattering properties of neural tissues for
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light at visible wavelengths (vis), traditional high-resolution optical microscopytechniques (widefield, confocal) cannot be used for functional imaging deep inside
(> 100 − 300 µm) intact mammalian brains as image-quality is heavily degraded.
The nonlinear light-matter-interaction in two-photon microscopy (2PM) leads to
sole excitation of fluorophores that are close to the focus of the excitation beam
(intrinsic optical sectioning like in light-sheet based microscopy, see chapter 5 and
figures 2.17 and 5.2).

Figure 2.17: Localized excitation by 2PE. (a) 1PE of fluorescein solution by focused vis light
(whole cone). (b) 2PE of fluorescein solution by focused near-IR femtosecond pulses (limited to the
focus). From Zipfel et al. [69].

This localized fluorescence excitation in two-photon microscopes results in qualitatively new imaging properties:
(i) A greatly improved tissue penetration depth due to reduced scattering of the
near-infrared (NIR) excitation photons,
(ii) reduced phototoxicity owing to the lack of significant endogenous one-photon
absorbers in most tissues (Helmchen and Denk [64]), and
(iii) a better signal-to-noise ratio (SNR) is expected from 2PM because all fluorescence photons can be collected and carry useful signal information.
Particularly the third aspect has been utilized extensively in chapter 4, where a
ring of optical fibers was developed to boost the detection efficiency of a 2PM
by collecting as many photons as possible. Also miniaturized two-photon fiberscopes could potentially benefit from improved fluorescence emission√collection
(see section 3.5.2). In a shot-noise limited system, it holds that SNR ∝ N with N
being the number of collected photons. Therefore, the higher the number of collected photons, the better the SNR that can be achieved (see also figure 4.10 (c)
and (d)). This relation is particularly important for functional studies when pixel
dwell-times are limited and frame averaging is not an option. Good SNRs are essential if spike patterns are to be reconstructed from noisy imaging traces by, e.g.,
template-matching (Kerr et al. [70]), first derivatives and thresholding (Smetters
et al. [71], Ramdya et al. [72]), or deconvolution (Yaksi and Friedrich [73]).
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Resolution Characterization in Fluorescence Microscopy
Classical Approach

Image formation in a fluorescence microscope is typically described by characterizing the blurred image of a perfect point source due to diffraction (Abbe [74]), the
so-called point-spread function (PSF). A convolution of the PSF with the sample
yields the image that is acquired by the microscope. According to Sheppard and Gu
[75], the 3D PSF of an aberration-free microscope can be expressed in normalized
radial and axial coordinates v = k · NA · r and u = k · NA2 · z, respectively:
Z1

PSF (v, u) = 2

2


P (ρ) J0 (νρ) exp −iuρ 2 /2 ρdρ

(2.20)

0

with J0 being the zeroth order Bessel-function, P (ρ) being the pupil function
(P (ρ) = 1 for uniform illumination), and k = 2πn/λ0 being the wave number.
Since a 2PE process relies quadratically on light intensities, the 3D PSF in a twophoton microscope (2PM) is given by
PSF (v, u)2p = PSF1p (v/2, u/2)2 .

(2.21)

Figure 2.18 provides PSFs for single- and two-photon microscopes calculated from
a custom numerical integration of equations 2.20 and 2.21 in Mathematica.

Figure 2.18: Point-spread functions according to equations 2.20 and 2.21 for (a) 1PE and (b) 2PE.
Uniform illumination is assumed. Custom Mathematica calculation.

The achievable spatial resolution of a fluorescence microscope is defined by a minimal contrast difference between PSFs of neighboring point sources. Depending
on detectability, the resolution limit is in the range of (Abbe [74])
∆r = 0.5

λ
n · sin α

(2.22)

with λ being the wavelength and n · sin α being the lens NA. Therefore, according
to equations 2.20 and 2.21, the theoretical resolution of two-photon microscopes is
inferior to single-photon techniques (2PE-PSFs are wider than 1PE-PSFs) due to
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their longer excitation wavelengths. However, contributions of practical limitations
like finite pinhole-sizes in confocal detection geometries or scattering in turbid media remain unconsidered here. References Jonkman et al. [76] and Engelbrecht and
Stelzer [77] are examples of theoretical resolution-overviews in different fluorescence microscopy techniques.
2.3.2

Analytical Theory

In fluorescence microscopy, it is often desirable to estimate the dimensions of focal light spots without being interested in the complete light distribution near the
focus of a lens with specific NA (as, e.g., calculated from equation 2.20). Sometimes, also the inverse problem arises: How can the (effective) NA of a specific lens
be calculated, when the focal spot sizes were experimentally determined? Further
question are: What are the contributions of the finite sizes of fluorescence microspheres which are typically used for resolution measurements? How do excitationPSFs and detection-PSFs contribute to the system-PSF of a fluorescence microscope? For all these questions, it would be advantageous to be able to rely on an
analytical theory to quantify resolution without any (paraxial) approximations . . .
Basic Concepts
According to Grill [78], Grill and Stelzer [79] and Stelzer and Grill [80], the resolving power of optical instruments can not only be calculated using the propagation
properties of electromagnetic waves. It is also possible to calculate the resolution
using a formalism which relies on the application of the generalized uncertainty
principle (Cohen-Tannoudji et al. [81])
∆A · ∆B ≥

1
| h[A, B]i |
2

(2.23)

with ∆A and ∆B being the standard
D deviationsE of the observables A and B with
2
the following definitions (∆A) = (A − hAi)2 and ∆B, respectively. Here, A is
a Hermitian operator (real eigenvalues) and hAi is the expectation value of A. As
it is well known from introductory lectures on quantum mechanics, equation 2.23
states that it is physically impossible to determine observables of a pair of noncommuting operators ([A, B] 6= 0) with arbitrary precision.
In this section, equation 2.23 is applied to calculate the standard deviations ∆ri
from electromagnetic field distributions (i.e., the “resolution”, see Grill [78]) near
the focus of an objective lens. Starting from an incoming plane electromagnetic
wave E = E0 e−i(k r+ωt) with its canonical variables k and r, the application of
equation 2.23 and the relation p = h̄k formally yield that
∆ri · ∆ki ≥

1
.
2

(2.24)
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The subsequent steps are similar to Fourier optics (e.g., Rohrbach and Stelzer [82],
Goodman [83]), where a generalized lens aperture function defines the light intensity distribution near the focus of an objective lens via inverse Fourier-transform.
Here, statistical moments of the photon-impulse distributions ki in this lens aperture
are used to estimate the lateral and axial focus dimensions ∆ri directly via equation
2.24. Therefore, no inverse Fourier-transform has to be utilized to calculate the
complete light intensity distribution. Please refer to Grill [78], Grill and Stelzer
[79], Stelzer and Grill [80], and Engelbrecht [47] for details on the derivation.
Cylindrical and Spherical Focusing
Applying the different steps that have been motivated above, it is found that the
focal FWHMs for cylindrically focused laser beams can be expressed as
FWHMlat (λ0 , n, α)

=

FWHMax (λ0 , n, α)

=

√
λ0 α

2n

p
and
2α − sin (2α)

λ0 α
q
.
2n 2α 2 + α sin (2α) − 4 sin2 (α)

(2.25)
(2.26)

Furthermore, the focal FWHMs for rotationally symmetric focusing (“spherical
focusing”) are determined by
FWHMlat (λ0 , n, α)

=

λ0
p
and
n 3 − 2 · cos α − cos (2α)

(2.27)

FWHMax (λ0 , n, α)

=

λ0
.
n (1 − cos α)

(2.28)

In equations 2.25 to 2.28, λ0 /n is the laser wavelength in the medium and α is
the maximum half-opening angle of the lens as calculated from NA = n · sin α.
The only assumption that has been made here was that focal light intensities can
be approximated by Gaussian distributions. Therefore, no further restrictions like
paraxial approximations apply.
As discussed in, e.g., Stelzer [50] or Engelbrecht and Stelzer [77], the calculation
of a system-PSF of a fluorescence microscope setup involves multiplication of the
excitation-PSF with the detection-PSF. Furthermore, as discussed in section 2.3.1,
the image formation in a microscope is described by a convolution of this systemPSF with the intensity distribution from the sample. Within this analytical theory,
these steps (multiplication of two PSFs, convolution of a PSF with a distribution
function) are achieved by the multiplication or convolution of two Gaussian functions g1 and g2 . Then, a new Gaussian function g3 with a new standard deviation
σ3 is obtained from the original standard deviations σ1 and σ2 .
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Multiplication of Two Gaussians
g3 (x) = g1 (x) · g2 (x)

=
∝

has a standard deviation σ3

=

2
2
2
2
C1 · e−x /(2·σ1 ) ·C2 · e−x /(2·σ2 )
 2 

x
1
1
(2.29)
exp − ·
+
2
σ12 σ22

1
r    .
2
2
1
1
+
σ1
σ2

(2.30)

Convolution of Two Gaussians
g3 (x) = g1 (x) ⊗ g2 (x)

=
∝

has a standard deviation σ3

=

2
2
2
2
C1 · e−x /(2·σ1 ) ⊗C2 · e−x /(2·σ2 )
!
x2

exp −
(2.31)
2 · σ12 + σ22
q

σ12 + σ22 .
(2.32)

Contributions of Microspheres
With the derivation of the standard deviations for combined Gaussians (equations
2.30 and 2.32), it is now possible to characterize the resolution of many different fluorescence microscopy techniques (Engelbrecht and Stelzer [77]), including
specialized microscopes utilizing annular apertures (Grill and Stelzer [79]). Furthermore, effective lens NAs can be inversely calculated from experimentally determined resolution values (section 3.3.1). To assess the contribution of finite diameters of microspheres which are frequently used to measure the resolution, it
is useful to define the standard deviations of intensity distribution functions from
such microspheres. A similar procedure as described above yields
√
σbead = r/ 5
(2.33)
for the standard deviation of a spherical bead. See Engelbrecht [47] for a detailed
derivation. As an application, table 3.1 estimates the contributions of 500 nm microspheres in the range of 3 − 4 % for 1 µm wide PSFs. For 3 µm wide PSFs and
1 µm microspheres, bead contributions are < 1.5 % (section 5.3.1).
In summary, the analytical resolution characterization theory introduced here provides an easy way to estimate focal spot dimensions in fluorescence microscopy
without (paraxial) approximations. Furthermore, system-PSF-widths are easily accessible (Engelbrecht [47]). The formalism was used multiple times within this
Ph.D. thesis to quantify effective NAs in the two-photon fiberscope (chapter 3) and
to assess contributions of fluorescent microsphere-sizes to observed PSF-widths.
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Gradient-Index Optics

In this section, gradient-index optics (GRIN optics) is introduced as an interesting alternative to standard optical elements which is particularly relevant for the
miniaturization of optical systems. After shortly discussing the mechanisms of
refraction, definitions of the pitch, working distance, focal length, and numerical
aperture of GRIN lenses are provided. This section ends with notes on fabrication
and applications.
2.4.1

Refraction in GRIN Lenses and Conventional Lenses

Ordinary lenses have two physical features that contribute to the way they interact with a ray of light (or a wavefront): the refractive-index differences between
lens (n1 ) and surrounding medium (n0 ), and the curvature of the lens surface S.
Light rays are traveling along straight lines outside of the lens and inside the lens
material. Therefore, changes in direction (refractions) take place only at interfaces according to Snell’s law of refraction (equation 2.2 on page 9). In contrast,
gradient-index lenses (GRIN lenses) are usually manufactured in a rod-like shape
with plane surfaces S but a varying refractive index profile n (x, y, z). Radial GRIN
lenses have a radially varying refractive index profile n (r) and lead to continuous
refraction of light inside the lens. Figure 2.19 provides an illustration.

Figure 2.19: Refraction in GRIN lenses and conventional lenses. (a) In a conventional lens, light
rays are refracted only at the lens surfaces S due to mismatched refractive indices n0 (surrounding
medium) and n1 (lens material). Light rays travel on straight lines in- and outside of the lens material.
Tracings from ZEMAX with custom lens designs. (b) Light rays are continuously refracted as they
are traveling through a radial GRIN lens with refractive index profile n (r) along its optical axis z.
Additional refraction takes places at the lens surfaces S when rays enter or leave the lens material.
n0 is the refractive index of the surrounding medium.
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Refractive Index Profiles of Radial GRIN Lenses

The refractive index profile n (r) of a GRIN lens has to match an ideal shape to
achieve optimum imaging quality (GRINTECH GmbH [84]). The ideal n (r) for
focusing lenses is described by
n (r) = nc sech (gr)



g2 2 5g4 4
n (r) ≈ nc 1 − r +
r − . . . = nc 1 − Ar2 + Br4 − . . . , (2.34)
2
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the ideal n (r) for diverging lenses by
r 

n (r) = n2c 1 + (gr)2

(2.35)

with nc being the refractive index at the center of the lens, g being the gradient
constant, and r being the radial coordinate. Figure 2.20 provides a qualitative description of n (r) from equations 2.34 and 2.35 for focusing and diverging lenses,
respectively.

Figure 2.20: Qualitative refractive index profiles n (r) for (a) focusing and (b) diverging GRIN
lenses. Parameters were nc = 1.6289, g = 0.5866 mm−1 . (a) Red: ideal shape of n (r) according to
equation 2.34, green: polynomial approximation up to O r2 . (b) Ideal shape of n (r) for diverging
lenses according to equation 2.35.

2.4.3

The Pitch in Focusing GRIN Lenses

As shown in figure 2.19, light rays are traversing a focusing GRIN lens on sinusoidal trajectories. The pitch P of a GRIN lens determines how many periods of
these sinusoidal functions fit inside the lens. In a GRIN lens with length L and
gradient constant g, the pitch P is defined by
P=

gL
.
2π

(2.36)

Here, a pitch P = 1 means a full sinusoidal period, a pitch P = 0.5 means half a
sinusoidal period, and so on. Figure 2.21 has examples from a ZEMAX-simulation
on 4 different pitches in a lens with otherwise unchanged parameters.
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Figure 2.21: ZEMAX simulations for GRIN lenses with 4 different pitches P = 1, P = 0.5, P =
0.25, and P = 0.23. All other lens parameters are unchanged. Note the distance between focal plane
and lens surface (“working distance”) for the P = 0.23 lens.

2.4.4

Working Distance, Focal Length, and Numerical Aperture

Variations in L (or P according to equation 2.36) at given values of g lead to different properties of the lens, e.g., P = 0.25 leads to either collimation of a focused
beam or focusing of a collimated beam, depending on the direction of light traveling through the lens (see figure 2.21). Slight variations of P furthermore introduce
“working distances” wd. Similar to conventional lenses, focal length f and working distance wd are defined as
f

=

(nc g sin (2πP))−1

(2.37)

wd

=

(nc g tan (2πP))−1 .

(2.38)

Figure 2.22 illustrates these definitions.
Similar to optical fibers (equation 2.3), the maximum acceptance angle αa of a
focusing GRIN lens with lens diameter d can be expressed as
q
q
2
2
NA = n0 sin αa = nc − nR = nc 1 − sech2 (gd/2).
(2.39)

2.4.5

Fabrication and Applications

Small diameter GRIN rod lenses are usually fabricated via ionic diffusion processes. Glass with a homogeneous refractive index is immersed in a liquid salt
bath for a long time during which ions slowly diffuse into and out of the glass,
thereby gradually changing the refractive index. Typical ions used are silver (Ag+ )
for high-NA or Lithium (Li+ ) for lower-NA GRIN lenses (GRINTECH GmbH
[84]). An alternative to the radial GRIN lens with flat surfaces is the axial GRIN
lens with refractive index variations along the optical axis z. These devices are
generally polished with spherical surfaces similar to bi-aspheric lenses but without
the need to create complex surfaces.

2.4. GRADIENT-INDEX OPTICS
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Figure 2.22: Definition of working distance wd and focal length f in a custom imaging objective
lens consisting of two different GRIN lenses. A higher NA lens with length L, gradient constant
g, and center refractive index nc is used for imaging (left), the distance between focal plane and
lens surface is the working distance wd, the distance between focal plane and principal plane H is
the focal length f . A GRIN lens with lower NA (length L0 , gradient constant g0 , center refractive
index n0c ) is used for image relay (right). Working distance wd 0 , focal length f 0 and position of the
principal plane H 0 are different from the first lens. Simulation from ZEMAX involving numerical
optimizations for collimation and focal spot diameter. Parameters used in ZEMAX simulations:
L = 1.932384 mm, nc = 1.6289 , A = −0.34405 , B = 0.062 , L0 = 5.812295 mm, n0c = 1.52392 ,
A0 = −0.050602 , B0 = 1.49 · 10−3 .

Today’s GRIN devices provide nearly diffraction limited optical performance in
monochromatic on-axis operation, polychromatically they offer substantial benefits over classical aspherics (Hecht [26, Chapter 6]). Furthermore, they have typical
diameters between 0.2 and 2.0 mm and reach NAs of up to 0.85 with additional
correction elements (Messerschmidt [85], Barretto et al. [86]).
The optical imaging devices (two-photon fiberscope, miniSPIM) that have been designed and implemented in this Ph.D. thesis benefited considerably from one great
advantage of radial GRIN lenses over standard optical elements. The small diameter of GRIN devices in combination with their high lateral and axial resolutions
made these lenses particularly interesting for miniaturized optical instruments. At
least equally important was their ease of assembly, because no curved surfaces are
necessary for image formation. Therefore, lenses could be favorably combined to
complicated systems including, e.g., beam splitters (two-photon fiberscope) and
microprism deflectors (miniSPIM) using optical adhesive. Fragile adjustment was
reduced to a minimum.

3. Two-Photon Fiberscope

3.1

Introduction

As motivated in the introductory chapter, advances in the development of miniaturized fiber-optic imaging devices are opening new avenues for biomedical research
and clinical imaging. Flexible catheter-like probes for video endoscopy (Seibel
et al. [87, 88]) or optical coherence tomography (e.g., Low et al. [89], Yaqoob
et al. [90]) enable minimally invasive medical imaging, diagnosis, and potential
treatment. While these applications rely on large fields-of-view (FOVs), microscopic approaches require a high spatial resolution in order to resolve cellular structures. Various approaches have been explored to build miniature high-resolution
microscopes, including the design of microendoscopes, miniature confocal laserscanning microscopes, coherent fiber bundle (CFB) imagers, and nonlinear fluorescence microscopes (reviewed in Lee et al. [53], Helmchen [91], Mehta et al.
[92], Flusberg et al. [93], Fu and Gu [94], Wilt et al. [95]). Besides their potential impact for clinical applications, fiber-optic devices have great promises as new
tools in neuroscientific research. In combination with fluorescent dyes for optical
probing of neural activity and miniaturized GRIN lens designs, they allow in vivo
endoscopic imaging of cells in deep brain structures (e.g., Barretto et al. [86], Jung
et al. [96], Levene et al. [97]), as well as the recording of optical bulk signals
(Adelsberger et al. [98], Murayama and Larkum [99]), and structural or functional imaging of cellular activities in freely behaving animals (Helmchen et al.
[18], Flusberg et al. [20], Sawinski et al. [21]). Two-photon microscopy is well
suited for imaging deep inside biological tissue (Helmchen and Denk [64], Denk
and Svoboda [68], see section 2.2.2 for a discussion). Therefore, miniaturization of
2PE microscopes has gained particular interest. Following the first demonstration
of a fiber-optic 2PE microscope by Helmchen et al. [18], various instruments of
decreasing size have been presented. Key technological achievements have been
(i) the application of miniature optical components such as GRIN lenses (see
section 2.4 and references Engelbrecht et al. [23], Göbel et al. [51], Barretto
et al. [86], Knittel et al. [100], Jung and Schnitzer [101]),
(ii) the use of special optical fibers for efficient laser pulse delivery (Engelbrecht
et al. [23], Göbel et al. [39], Ouzounov et al. [102], Helmchen et al. [103],
Flusberg et al. [104], see sections 2.1.2 and 2.1.3) and fluorescence collection
(e.g., Myaing et al. [105], Fu et al. [106]), respectively,
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(iii) and the development of compact laser scanning devices. Three fundamental
scanning methods for 1PE and 2PE fiberscopes have prevailed:
(1) mechanical deflection or (resonant) vibration of fiber cantilevers as in,
e.g., Helmchen et al. [18], Sawinski et al. [21], Engelbrecht et al. [23],
Flusberg et al. [104], Sawinski and Denk [107], and
(2) microelectromechanical systems (MEMS) with small mirrors (e.g., Dickensheets and Kino [108], Piyawattanametha et al. [109], Fu et al. [110],
Hoy et al. [111], Piyawattanametha et al. [112]).
(3) Alternatively, a CFB (see section 2.1.5) circumvents the need for distal
scanning at the microscope headpiece, albeit at the cost of reduced spatial
resolution (Flusberg et al. [20], Göbel et al. [51]).
Figure 3.1 provides an illustration of these three scanning approaches.

Figure 3.1: Fundamental scanning methods in miniaturized laser-scanning microscopy. (a) Scanners based on resonant or nonresonant fiber movements. Piezoelectric actuators are typically used to
deflect a fiber tip. Modified from Helmchen et al. [18]. (b) Scanners based on microelectromechanical systems (MEMS) with reflective surfaces. From Hoy et al. [111] and Piyawattanametha et al.
[112]. Scale bars are 600 µm and 120 µm in insets A and B. (c) Scanning with a “macroscopic”,
standard beam steering device BSD at the proximal end of a CFB.

Despite these technical advances, only few functional measurements have been
demonstrated with miniature fiberscopes, possibly because of challenges in terms
of sensitivity and stability. Published functional studies comprise blood flow imaging in rodent brains (Helmchen et al. [18], Flusberg et al. [20]) and measurements
of neuronal activity using fluorescent calcium indicators in anesthetized (Helmchen
et al. [18], Engelbrecht et al. [23], Vincent et al. [52]) and awake animals (Flusberg
et al. [20], Sawinski et al. [21]).
In this chapter, our design of an ultra-compact 2PE fiberscope combining a miniature fiber scanner and optical components suitable for 2PE fluorescence excitation
is discussed. After an optical characterization of the instrument, in vitro biological
imaging and in vivo calcium imaging of dendritic activity in Purkinje cells of rat
cerebellum are demonstrated.
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Two-Photon Fiberscope Design
Fiber Scanner Design

One of the core parts of the 2PE fiberscope is the miniaturized distal beam scanner.
It relies on an axially symmetric design that was originally developed for clinical
endoscopy applications at the University of Washington’s (UW’s) Human Interface
Technology Lab in the group of Prof. Eric Seibel (Lee et al. [53], Seibel and Smithwick [113], Seibel et al. [114, 115]). In this beam scanner design, a SMF or PCF
is used for NIR-light delivery. The optical fiber is attached to a piezoelectric tube
with quadrant electrodes at a point close to the fiber’s distal end (figure 3.2). The
length of the fiber extending beyond the piezo-tube acts as base excited cantilever,
its length can be adjusted to match the desired scanner frequency (figure 3.4 (a)).
Opposite quadrant electrodes on the piezo-tube are used to excite resonant vibrations in the fiber cantilever in their respective directions. Due to the low damping
and resonant conditions (figure 3.7), the small piezo-tube bending is amplified into
large fiber-tip displacements (Smithwick et al. [116]) in the range of 1 mm or more.

Figure 3.2: Basic design of a Seibel-type beam scanner. Perspective representation of the core
scanner parts from computer-aided design (CAD). The distal end of the optical fiber extends beyond
a piezo-tube with quadrant electrodes and acts as a base excited cantilever with length L. Electrode pairs on the piezo-tube can be driven in x- and y-directions independently and induce resonant
vibrations in the cantilever.

Possible Scan Modes
Different scan patterns are possible with such an axially symmetric scanner by
appropriately driving the piezo electrodes. In this project, a “spiral” pattern was
used (figure 3.3 (a)) as obtained from the following drive signals:
x (t)

= t · sin (ωt)

y (t)

= t · cos (ωt)

(3.1)
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An alternative “propeller” trajectory (figure 3.3 (b)) would be obtained by signals
in the form of x (t) = sin (t) · sin (ωt) and y (t) = cos (t) · sin (ωt). Other scan modes
like Lissajous-patterns as in Helmchen et al. [18] or Flusberg et al. [104] are not
practical with rotationally symmetric scanners because two different fiber resonance frequencies are necessary. This would require a symmetry breaking in one
axis and therefore enlarge the scanner.

Figure 3.3: Different scanner modes (top) for an axially symmetric beam scanner as obtained from
corresponding drive signals (bottom). (a) Spiral trajectory as described by equation 3.1, (b) optional
propeller trajectory. Custom Mathematica simulations. After Smithwick et al. [116]. The spiral
trajectory from (a) was used in our experiments with the 2PE fiberscope.

Equation of Motion, Resonance Frequencies
According to Shabana [117, Chapter 7], transverse (flexural, bending) vibrations
in a slender (Euler-Bernoulli) beam are described by the following DEQ
ρA

∂ 2 v (x,t)
∂ 4 v (x,t)
+
EI
= F (x,t) ,
z
∂t 2
∂ x4

or, in the case of free vibrations with F (x,t) = 0 by
∂ 2 v (x,t)
+
∂t 2



EIz
ρA



∂ 4 v (x,t)
=0
∂ x4

(3.2)

with v (x,t) denoting the transverse displacement of the beam, E being the modulus of elasticity, Iz = πR4 /4 being the moment of inertia of a cylindrical crosssection with radius R about the symmetry-axis, ρ being the mass density, and
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A = R2 π being the cross-sectional area of the cantilever beam. Equation 3.2 can be
solved via separation of variables with an ansatz v (x,t) = φ (x)·q (t) = C0 exp (λ x)·
(C1 sin (ωt) +C2 cos (ωt)), thus leading to
∂ 2 q (t)
φ (x)
+
∂t 2



EIz
ρA



∂ 4 φ (x)
q (t) = 0.
∂ x4

(3.3)

Using appropriate boundary conditions for a cantilever beam, it can be shown
(Shabana [117, Chapter 7]) that the fundamental spatial mode shapes φ j (x) are
described by
φ j (x)

∝

with D j

=

and η j

≈

[sin (η j x) − sinh (η j x) + D j (cos (η j x) − cosh (η j x))] (3.4)
cos (η j L) + cosh (η j L)
sin (η j L) − sinh (η j x)


1
j−
πL−1 .
2

Figure 3.4 (b) – (d) illustrates the first 3 fundamental mode shapes of free vibrations
in an Euler-Bernoulli beam.
The temporal factor q (t) ∝ cos (ωt) in equation 3.3 is found using appropriate
initial conditions. Therefore, the full solution v = φ (x) · q (t) for equation 3.2 can
be written as
v ∝ cos (ω j t) · [sin (η j x) − sinh (η j x) + D j (cos (η j x) − cosh (η j x))]

(3.5)

with D j and η j being defined as in equation 3.4 and the fundamental natural frequencies ω j of the system being
s
ω j = η 2j

EIz
≈
ρA

s
2
j − 21 π 2 R
E
· 2·
.
2
L
ρ

(3.6)

Typical parameters in our scanners were: fiber radius R = 65 µm, cantilever length
L = 4.3 mm, mass density ρ = 2.3 g/cm3 , elasticity module E = 75 GPa, and first
fundamental mode operation (η1 L = 1.875). Resulting fiber resonance frequencies
ω
were expected in the range of νres = 2π
≈ 5.6 kHz from these parameters.
Smithwick et al. [116] presented a sophisticated treatment of the dynamics in a
Seibel-type beam scanner using a nonlinear state-space model. In addition to the
free cantilever vibration introduced here, their work also includes attenuation and
base excitation effects.

44

CHAPTER 3. TWO-PHOTON FIBERSCOPE

Figure 3.4: Length dependence of resonance frequency and first 3 mode shapes. (a) L−2 dependence of the resonance frequency νres = ω/(2π) for free transverse vibrations in an EulerBernoulli cantilever with length L according to equation 3.6. First fundamental mode (see (b)). (b)
to (d) First 3 fundamental transverse vibrational modes in such a fiber cantilever according to equation 3.5, 5 time points are shown for each mode. Custom Mathematica simulation, parameters were
η1 L = 1.875, η2 L = 4.694, and η3 L = 7.855, ρ = 2.3 g/cm3 , E = 75 GPa.

3.2.2

Fiberscope Design

Fiber Coupling
Near-infrared (NIR) laser pulses (λ = 812 nm, τ ∼ 100 fs) generated by an ultrafast Ti:sapphire laser system (Tsunami and Millenia-X, Spectra-Physics, CA)
were intensity modulated by a Pockels cell (Conoptics Inc., CT) and coupled into
a hollow-core PCF (HC-800-01 or -02, NKT Photonics A/S, Denmark) for efficient pulse delivery with minimal distortions (Göbel et al. [39], see section 2.1.3
for details). The laser beam was expanded and collimated with two mirror telescopes (concave mirror pairs with focal lengths f1 = 50 mm and f2 = 100 mm,
respectively, figure 3.5). It was coupled to the PCF with an f = 18.4 mm aspheric
lens (Geltech). Adapting the laser beam size to match the NA of the PCF maximized coupling efficiency (table 2.3, see section 2.1.4 for an overview on Gaussian
beam-optics to calculate fiber coupling parameters). Stable 30 − 40 % transmission
through the fiber with maximum average laser power levels of ∼ 300 mW at the
sample could be achieved over several hours.
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Figure 3.5: Proximal optical system for the 2PE fiberscope. A laser beam was intensity modulated
by a Pockels cell PC, expanded by two mirror telescopes M, coupled into a PCF, and guided to the
distal fiberscope headpiece (red). Fluorescence emission photons (green) were guided back from the
headpiece in a large-core fiber LCF, passed an emission filter EF and were detected by a photomultiplier tube PMT. The analog PMT current-signal was amplified by a transimpedance amplifier AMP
and digitized with a data acquisition board DAQ (analog-to-digital conversion, ADC). This board
also created the drive signals PDS for the miniature distal beam scanner (digital-to-analog conversion, DAC). Images modified from Femto Messtechnik GmbH [118] (AMP), National Instruments
Corp. [119] (DAQ), Hellenic Students Association at Cornell University [120] (computer), and Mee
and Thompson [121] (rat).

Fiberscope Headpiece
Laser pulses were guided through the PCF to the fiberscope headpiece (figure 3.6).
An ultra-thin (< 1 mm diameter) Seibel-type spiral-pattern fiber scanner as described in section 3.2.1 was used for beam scanning. The design was reduced to
essential optical components and could therefore be implemented ultra-compact.
Due to the ultra-thin fiber scanner and the 1 mm dimensions of the optical components, the total weight of the fiberscope headpiece was only 0.6 g. Resonance
frequencies νres ≈ 5.3 − 5.7 kHz were found experimentally, close to expected values. Resonator quality factors were in the range of Q ≈ 50 − 70 as calculated from
Q = νres /∆ν. Figure 3.7 provides a resonance curve for a single axis in one of
our beam scanners. The curve was acquired by measuring the fiber amplitudes and
phases as a function of a ramped piezo-tube excitation frequency.
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Figure 3.6: Schematic (a) and perspective representations from CAD (b) and a photograph (c) of
the ultra-compact fiber-optic 2PM headpiece. A hollow-core PCF guides ultrafast NIR laser pulses
(red) to the headpiece. The fiber cantilever is scanned in a spiral pattern by applying appropriate
piezo drive signals (PDS) to a resonant fiber scanner (RFS). The motion of the fiber cantilever is imaged onto the sample (S) by a custom-designed combination of GRIN lenses and micro-beamsplitter
prisms (BSP). Fluorescence emission light (green) passes the GRIN objective lens and the BSP, is
guided through a large core fiber (LCF) and detected by a proximal photomultiplier tube. All optical
components in the headpiece have millimeter dimensions. (a) and (b) from Engelbrecht et al. [23].

Figure 3.7: Beam scanner resonance curve for a single axis in a Seibel-type beam scanner. Fiber
amplitudes (black) and phases (red) are shown as a function of piezo-tube excitation frequency ν.
This particular scanner had a resonance frequency of 5.4 kHz and a Q-factor of ∼ 62 . The curves
were acquired by imaging the fiber motion onto a position sensitive detector (Hamamatsu S5991-01).
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Imaging Drive Signals
Application of sinusoidal drive signals (equation 3.1 and figure 3.3 (a)) near the
resonance frequency of the system with a phase shift of φ = 90 ◦ between x- and ydirection to the piezo-tube induced cyclic spiral motions in the fiber cantilever. Appropriate amplitude modulation using linear (or optionally sinusoidal) segments as
envelopes was used to create a spiral scan pattern (Myaing et al. [105], Seibel et al.
[114], figure 3.8, equation 3.1). Specifically, expanding outward spirals were used
for the imaging portions. Each imaging period was followed by shorter periods
of retrace and fiber settling. The durations of the three phases could be arbitrarily
chosen. To create 128 × 128 – 512 × 512 pixel images, 64 − 520 expanding spiral
cycles, ∼ 25 cycles for retracing, and 50 − 100 settling cycles were used. These
parameters resulted in frame rates of up to 36.8 frames per second (fps). In the in
vivo experiments discussed below, typically used scanning cycles were near video
rate (25 Hz), producing 128 × 128 pixel images with 80 − 130 expanding spirals,
25 retrace spirals, and 50 − 100 settling spirals. Optional online averaging could
be used to efficiently reduce noise, albeit at the cost of decreased frame rates.

Figure 3.8: Beam scanner imaging drive signals. (a) Spiral pattern resulting from drive signals (b).
Three periods are distinguished: Expanding outward spirals for imaging (green), braking (br) spirals
for retracing (red), and settling (set) time. Subsequently, the scanner is ready for the next imaging
cycle.

Custom GRIN-Assembly with Beam-Splitting Microprisms
The spiral motion of the fiber cantilever was imaged to the sample plane by a
custom-designed assembly of GRIN lenses with 1 mm diameter and 1 mm dichroic
beam-splitting prisms (GRINTECH GmbH, Jena, Germany). The dichroic coating
was designed to reflect ∼ 93 % of the NIR excitation light while transmitting ∼
95 % of the fluorescence emission light in the visible regime (∼ 530 nm). Both
values are for mixed s- and p-polarized light. Figure 3.9 (a) shows the spectra.
The back GRIN lens had a pitch of . 0.25 , i.e., it served as a collimator lens for
the diverging light from the PCF (working distance 450 µm in air). Furthermore,
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it had a maximum NA of 0.2 . The front objective lens (maximum NA = 0.5 , pitch
. 0.25 ) had a working distance of 300 µm in water. Therefore, the GRIN-assembly
had a (de)magnification factor of 2.5×. FOVs of up to 200 µm in diameter could
be achieved with the instrument.

Figure 3.9: Transmission spectra of the dichroic beam-splitting microprism (BSP) and the proximal
BG39 emission filter. (a) NIR reflectance of ∼ 93 % at λ2PE = 813 nm and vis-transmission of more
than 93 % at 495 nm < λemission < 625 nm (green shaded area, dashed lines) were achieved for mixed
s- and p-polarized light with the BSP. At the peak fluorescence emission wavelength of OGB1-AM
at λem, max, OGB1-AM = 526 nm, 95 % transmission was achieved (solid green lines). Data provided
by GRINTECH GmbH [122]. (b) A proximal 2 mm thick BG39 emission filter transmitted > 92 %
vis at λem, max, OGB1-AM = 526 nm while it blocked λ2PE = 813 nm with OD > 9.8. Data kindly
provided by AHF Analysentechnik AG [123].

Fluorescence Emission Detection
Fluorescence emission photons in the visible regime were coupled to a large-core
step-index fiber (LCF) with an outer diameter of 1 mm (Edmund Optics, Karlsruhe, Germany, see table 2.2) and were proximally detected by a photomultiplier
tube (PMT, RU5600, Hamamatsu, Japan) after passing a 2 mm thick BG39 color
glass as emission filter (AHF Analysentechnik, Tübingen, Germany). The analog PMT current-signal was amplified by a variable gain current amplifier (Femto
Messtechnik GmbH, Berlin, Germany) and digitized at 12 bits and 8 − 10 MHz
with a multifunction data acquisition board (PCI-6115, National Instruments, TX).
Figure 3.5 provides an overview of the proximal optical system.
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Image Reconstruction, Pixel Lookup-Tables
For image generation, the sampled fluorescence intensity values were assigned to
their corresponding pixels based on a static lookup-table (LUT, figure 3.10). The
bottom row of figure 3.11 (a) shows 2PE images of 10 µm fluorescent microspheres
obtained with the fiberscope. Individual microspheres are clearly discernible but
image distortions (e.g., angular lag and pin-cushion distortions) are clearly noticeable near the center of the left image. These distortions were caused by phase
and amplitude deviations of the actual fiber cantilever motion from the “ideal”,
calculated trajectory defined by the drive signals (figure 3.8). This effect is exaggeratedly illustrated in the top row of figure 3.11 for a small number of spiral
lines. However, the distortions of the scan trajectory could be compensated for by
applying a remapping LUT similar to the approach described by Seibel et al. [114].
The method was based on direct measurement of the actual cantilever motion using a 2D position sensitive detector (S5991-01, Hamamatsu) prior to the imaging
experiments. The lower right image in figure 3.11 shows the same 10 µm microspheres with a previously measured LUT applied. After remapping, microspheres
had similar diameters near the center and at the periphery of the FOV and only minimal distortions remained in the center, which were only noticeable when slowly
moving the FOV laterally. However, for functional imaging from specific cellular
structures, correction of image distortions is optional. Scan signal generation, data
acquisition, and image reconstruction were controlled by a custom coded software
package (chapter A.5) in the LabVIEW-environment (National Instruments, TX).

Figure 3.10: Static lookup-tables (LUTs) are used for image reconstruction. (a) Samples from
the ADC are represented as dots along the fiber trajectories (line). They are integrated and mapped
onto their respective pixels (shaded rectangles). Two fiber trajectories are shown (red, green). (b)
Zoomed-in view on a 3 × 3 pixel array from (a). The n = 2 ADC values with index “1” are averaged
and mapped onto “pixel 1”, the n = 3 values with index “2” onto “pixel 2” and so on. Static LUTs
were implemented with “ideal”, calculated fiber trajectories or “real”, experimentally measured trajectories to efficiently correct for image distortions. See figure 3.11 for examples.
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Figure 3.11: “Ideal”, calculated vs. “real”, measured LUTs. The approach of using an experimentally determined LUT is exaggeratedly illustrated. (a) Top: “Ideal” LUT from spiral calculation,
the red dots symbolize analog PMT-signal sampling points from the ADC. Bottom: Corresponding
image of 10 µm fluorescent microspheres. (b) Top: “Real” LUT from measurements using a 2D
position sensitive detector prior to imaging (remapping LUT). Bottom: Corresponding image of the
same 10 µm fluorescent microspheres. Most image distortions could be corrected by using such an
optional remapping LUT. Laser power at sample: 1 mW, 10× averaging, scale bars are 20 µm.

3.3. RESULTS FOR THE TWO-PHOTON FIBERSCOPE
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Results for the Two-Photon Fiberscope
Resolution and NA Characterization

Functional imaging of cellular and subcellular activity requires micrometer spatial
resolution. Therefore, the spatial resolution of the 2PE fiberscope was characterized by imaging subresolution (500 nm diameter) fluorescent microspheres at
different positions throughout the FOV (figure 3.12). According to our analytical resolution characterization theory (section 2.3.2), the contribution of the finite
sizes of the microspheres was negligible (in the range of 3 − 4 % with ∼ 1 µm
PSFs, see table 3.1). Focusing was achieved by attaching the fiberscope headpiece
to a 3-axes micromanipulator and moving the fiberscope headpiece with respect
to the sample. The widths of the fluorescence intensity profiles were analyzed
along lateral and axial directions. Specifically, intensity profiles were fitted with
1D Gaussian-shaped functions (equation 2.6) to determine the lateral and axial
FWHMs of the 2PE-PSFs (figure 3.12). Mean PSF-FWHMs were determined to
be 0.98 ± 0.09 µm laterally and 7.68 ± 1.30 µm axially (mean ± standard deviation
(S.D.), n = 10 beads).

Figure 3.12: Micrometer resolution of the 2PE fiberscope. (a) Two-photon image of 500-nm fluorescent microspheres. Fluorescence intensity profiles of one microsphere along the lateral (b) and
the axial (c) direction. Red traces are Gaussian-shaped curves fitted to the data points. Average laser
power levels of 25 mW and 3× averaging were used. Scale bar 3 µm. From Engelbrecht et al. [23].

bead diameter [nm]
500
500
500
500
500

true PSF-FWHM [nm]
500
1000
1500
7000
7500

relative error [%]
13.0
3.4
1.5
< 0.1
< 0.1

Table 3.1: Finite bead sizes contributed to the observed 2PE-FWHMs in the range of 3 − 4 %.
Custom Mathematica calculations using the analytical theory from section 2.3.2.

The analytical resolution theory was also used to translate the measured FWHM
values to “effective lens NAs”. Starting from equations 2.27 and 2.28, the widths of
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√
theoretical 2PE-PSFs were calculated according to FWHM2p = FWHM1p · 1/ 2
assuming Gaussian intensity distributions:
FWHMlat (λ0 , n, α)

=

1
λ0
√ · p
2 n 3 − 2 · cos α − cos (2α)

(3.7)

FWHMax (λ0 , n, α)

=

1
λ0
√ ·
2 n (1 − cos α)

(3.8)

with λ0 /n being the laser wavelength in the medium and α√being the half opening
angle of the lens according to NA = n sin (α). The factor 1/ 2 can be derived from
a 2PE-Gaussian with σ2PE that results from multiplication of two 1PE-Gaussians
with σ1PE (see equation 2.30 and Engelbrecht [47]).

Figure 3.13: Characterization of the effective NAs in the 2PE fiberscope from the observed lateral
(left, red) and axial (right, blue) FWHMs from figure 3.12. Horizontal lines represent mean ± S.D.
The shaded areas correspond to estimated error ranges of the calculated NAs in lateral and axial
directions, respectively. Modified from Engelbrecht et al. [23].

Equations 3.7 and 3.8 were numerically solved for α following insertion of the experimentally determined FWHM values from above. The resulting effective NAs
were 0.34 ± 0.03 and 0.38 ± 0.03 for the lateral and axial direction, respectively
(figure 3.13). For comparison, the maximum NA of the front lens was specified
as 0.5 (with plane wave illumination). In summary, the Gaussian beam emerging
from the PCF nearly filled the back aperture of the front GRIN lens. In conclusion, the 2PE fiberscope provides micrometer resolution and is thus well suited for
imaging activity of cellular structures. Table 3.2 summarizes the experimentally
determined resolution values and corresponding NAs.

resolution FWHM [µm]
corresponding NA

lateral
0.98 ± 0.09
0.34 ± 0.03

axial
7.68 ± 1.30
0.38 ± 0.03

Table 3.2: Resolution FWHMs and their corresponding NAs for the 2PE fiberscope as quantified
from imaging of subresolution fluorescent microspheres.
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Imaging in Brain Slices

To test the imaging properties of the 2PE fiberscope, the instrument was first applied to image astrocytes and neurons in rat hippocampal slice cultures. For fluorescence staining of astrocytes, the cultures were incubated with sulforhodamine-101
(SR-101, Nimmerjahn et al. [9], 200 µM) for ∼ 10 min at room temperature. After
staining, the fiberscope was lowered onto the slice and imaging was performed.
Figure 3.14 provides images of astrocytes. Not only the cell somata are visible
as bright spots, but also thin astrocytic processes could be resolved with the 2PE
fiberscope, which are potentially enveloping neuronal synapses.

Figure 3.14: SR-101 imaging in brain slices with the 2PE fiberscope unveils astrocytes. Scale bars
are 10 µm. The images were brightness and contrast adjusted for better visibility.

In a second step, the functional calcium imaging capabilities of the miniaturized
2PE fiberscope were tested on slice cultures stained with Oregon Green-BAPTA
1-AM (OGB1-AM) (Molecular Probes, CA), an unspecific, cell membrane permeant calcium indicator. Calcium responses were pharmacologically triggered by
application of 20 nM methacholine and are potentially of mixed, neuronal and glial
origin. Figure 3.15 provides examples of obtained ∆F/F traces. Specifically here,
we concluded that the sensitivity and SNR of the 2PE fiberscope were sufficient to
resolve calcium signals from OGB1-AM-labeled cells.

Figure 3.15: Functional OGB1-AM imaging in brain slices with the 2PE fiberscope unveils calcium
signals after application of 20 nM methacholine. (a) Unspecific OGB1-AM labeling. (b) Color-coded
∆F/F snapshot image. (c) Functional ∆F/F traces from several experiments as in (a). Scale bars in
(a) and (b) are 10 µm. The images were brightness and contrast adjusted for better visibility.
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In Vivo Imaging of Calcium Signals

Blood Flow Imaging
To test the 2PE fiberscope in a first in vivo imaging experiment, 0.6 ml fluoresceindextran (5 %, 70 kDa molecular weight) were injected into the tail-vein of an anesthetized Long-Evans rat. Before injection, a craniotomy was performed above cortex, the dura was left intact during these procedures. Directly after injection, the
2PE fiberscope headpiece was lowered onto the surface of the exposed dura and
time-lapse imaging was performed. Figure 3.16 shows 3 snapshots from a timelapse movie.

Figure 3.16: In vivo blood flow imaging with the 2PE fiberscope. Three single time-points of a
time-lapse imaging experiment are shown. Scale bars are 15 µm. Early experiment with low frame
rate of ∼ 1.5 fps.

Functional Calcium Imaging in Rat Cerebellum
To demonstrate the suitability of the ultra-compact 2PE fiberscope for functional
measurements of neural activity in vivo, the fiberscope was applied to measure
dendritic calcium signals in Purkinje cells of the rat cerebellum. Long Evans
rats (43 − 49 days old) were anesthetized by an intraperitoneal injection of urethane (1.5 g/kg body weight). A craniotomy was performed above cerebellum as
described by Sullivan et al. [124]. The dura was carefully removed and the exposed brain surface superfused with Normal Rat Ringer (NRR) solution (in mM:
135 NaCl, 5.4 KCl, 5 HEPES, 1.8 CaCl2 , pH 7.2 with NaOH). Population staining
with the fluorescent calcium indicator OGB1-AM was performed using the multicell bolus loading technique as described in Stosiek et al. [8] and Sullivan et al.
[124]. Briefly, 50 µg of OGB-1 AM were dissolved in 20 % Pluronic F-127 (BASF,
Florham Park, NJ) in DMSO and diluted in NRR to a final concentration of 1 mM.
This solution was pressure injected directly into the molecular layer of cerebellar
cortex, about 100 − 150 µm below the surface. Within one hour, multi-cell bolus
loading unspecifically stained various cellular components in the molecular layer
including dendrites of Purkinje neurons (Sullivan et al. [124], Göbel and Helmchen
[125]).
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Figure 3.17: In vivo rat cerebellum imaging. (a) The cerebellar cortex has a well-defined anatomical organization with flat dendritic trees of Purkinje cells lying in parasagittal planes. In top view,
dendritic excitation is evident as a band-like structure of calcium signals. Three snapshots from a
∆F/F-movie of 33 s total duration are provided. (b) and (c) Examples of spontaneous ∆F/F-traces
in regions-of-interest (ROIs) comprising different dendrites. Note the different time scales. All scale
bars are 15 µm. Modified from Engelbrecht et al. [23].

The fiberscope headpiece was lowered onto the surface of the exposed cerebellum
without penetrating the tissue. Time-lapse imaging was performed in the upper
molecular layer at effective frame rates of 7 − 15 fps (2 − 3 frames averaged) and
with ∼ 150 − 200 mW laser power at the sample. Spontaneous fluorescence intensity fluctuations in parasagittal stripes were observed, reminiscent of previously
reported calcium signals in Purkinje cell dendrites (Sullivan et al. [124], Göbel and
Helmchen [125]) (figure 3.17 (a)). These calcium signals were expressed as relative fluorescence intensity changes (∆F/F) after background subtraction. Gaussian blurring was used to remove shot noise from the PMT. Pseudocolor-coded
movies of fluorescence changes were subsequently rendered in ImageJ (NIH, MD)
by merging the time series of ∆F/F images (as hue H and saturation S) with the
average fluorescence image (as brightness B) into a single HSB-movie (figure 3.17
(a)). The time course of calcium signals was analyzed in manually selected regionsof-interest (ROIs) corresponding to putative Purkinje cell dendrites.
Independent Component Analysis for Semi-Automatic ROI-Selection
Due to the weak contrast between background and dendritic structures, a semiautomated procedure for ROI-selection was developed to simplify manual ROI selection. The algorithm is based on independent component analysis (ICA, JADE,
Cardoso [126]), which blindly separates signals from different sources. Effectively,
pixels with a time course similar to a particular signal source (based on correlation
analysis) were grouped into separate ROIs (figure 3.18 (a)). In 4 animals, brief
calcium transients were found in putative Purkinje cell dendrites overlaid on top of
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slower calcium oscillations (figure 3.17 (b), (c), and figure 3.18 (b)). Signal amplitudes and noise levels were comparable to standard two-photon imaging studies.
The fast signals were characterized by 10 − 25 % ∆F/F amplitudes and an average
decay time constant of τ = 0.20 ± 0.08 s (mean ± S.D., n = 15). Slow oscillations
typically lasted 5 − 8 seconds and occurred every 10 − 15 seconds. These findings are in agreement with previous in vivo imaging studies on Purkinje neurons
(Sullivan et al. [124], Göbel and Helmchen [125]).

Figure 3.18: Semi-automated ROI-definition in in vivo imaging datasets. (a) Example of semiautomated ROI-definition by ICA. (b) Corresponding ∆F/F-traces color-coded according to the ROI
selections in (a). The scale bar is 15 µm. Modified from Engelbrecht et al. [23].
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Discussion and Conclusion

In my opinion, our 2PE fiberscope design combines most suitable technologies
from different fields. The following section will discuss these technologies shortly
and disclose options for potential improvements in specific areas.
3.4.1

Photonic-Crystal Fibers

PCFs were used for highly efficient, almost distortion-free femtosecond pulse delivery to the fiberscope headpiece (section 2.1.3). On the other hand, although
fiber coupling parameters were tried to be optimized (table 2.3), coupling efficiencies and therefore delivered average laser power levels seem to be generally lower
in PCFs than in SMFs (see also attenuation αa,dB in table 2.2). With the development of today’s very high-power ultrafast NIR oscillators (> 3.5 W at λ ≈ 810 nm),
this limitation might be tolerable, however. More severely, PCFs were found to be
highly susceptible to malfunctions from contamination of the hollow waveguide.
Contamination in Photonic-Crystal Fibers
In our hands, such contaminations inside the hollow core light guide turned out to
be a major problem with PCFs. These severe malfunctions also prevented further
applications of the fiberscope en route to imaging in freely behaving animals. According to the PCF manufacturer (NKT Photonics A/S), material impurities during
the manufacturing processes of the PCFs might have led to contamination of the
raw glass material which in turn contaminated the waveguide by outgassing. Interestingly, the contamination seemed to reproducibly occur after my voyages back
from UW, which indicated a link to airplane transportation. However, because all
PCF-based scanners were airborne at some point, a full explanation remains elusive. Furthermore, similar contaminations on the proximal ends of the PCFs (figure
3.19 shows the proximal ends before and after cleaning with isopropanol) suggests
a different contamination mechanism. NKT Photonics A/S stated furthermore that
they were currently trying to better understand the physics behind the contamination processes, but that these malfunctions were “quite difficult to get rid of” (NKT
Photonics A/S [127]). After all, propagation of NIR laser pulses was not possible
any more through contaminated PCFs.
While the contamination of the proximal end of the PCF seemed to be effectively
removable by the cleaning procedure described in figure 3.19, it was not suitable
for the proximal end of the fiber. Here, the bare PCF extends beyond the piezotube (see section 3.2.1 for details on the fiber scanner design) and thus, it cannot
be cleaned with any liquid solvent without contaminating the hollow waveguide
even more (capillary action). Proposed treatment with 500 ◦ C hot nitrogen (NKT
Photonics A/S) is not an option in our case, because the beam scanner would not
survive this procedure. Figure 3.20 shows the distal end faces of a contaminated
beam scanner and a piece of bare, uncontaminated PCF for comparison.
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Figure 3.19: Contamination of the proximal end of a PCF. (a) Proximal PCF configuration for the
PCF-based beam scanners. A short piece of SMF (blue) was fusion spliced to the PCF (red) for
waveguide protection. The fibers were ordered pre-connectorized using an FC/PC connector from
the PCF manufacturer NKT Photonics A/S. Sketch modified from Thorlabs GmbH [128]. (b) End
face of the FC/PC connector ferrule after leaving the plane back from UW. (c) Closeup view of
the inner part of (b) showing the end face of the SMF. (d) Same view as in (c) after cleaning with
isopropanol and lens cleaning tissue. White glares are probably internal reflections from the fiber
microscope. Scale bars in (b)-(d) are 30 µm.

Figure 3.20: Contamination of the distal end of a PCF, i.e., inside the beam scanner. (a) Contaminated hollow light guide prevents laser light from being guided through the fiber. (b) Freshly cleaved
PCF for comparison. Direct mechanical cleaning approaches using liquid solvents are not an option
here because the hollow waveguide is not sealed as on the proximal end of the PCF. Scale bars are
30 µm.

As a potential alternative solution to using PCFs, the use of SMFs in combination
with pulse prechirping units as in Fork et al. [37], Nimmerjahn [38], or Sawinski
et al. [21] (see also section 2.1.2 and figure 2.6) could lead to distal 2PE fluorescence, although it remains questionable in my opinion, if excitation efficiencies
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would be comparable to PCF-based systems. Therefore, despite any technical difficulties with PCF contaminations, (improved) PCF-based beam scanners remain
the most suitable choice for miniaturized two-photon microscopes. Sealing of both
ends of the PCF by fusion splicing short pieces of SMF to the PCF might alleviate
the issues described here or at least greatly facilitate cleaning attempts. Figure 3.21
illustrates the proposed configuration.

Figure 3.21: Sealing of both ends of a PCF. (a) Principle configuration with a sealed PCF inside
the proximal FC/PC connector as in figure 3.19 (sketch modified from Thorlabs GmbH [128]) and
a sealed distal PCF-end at the fiber scanner. (b) Top: Commercial fusion splicer which might be
suitable to perform the actual splicing process. Care has to be taken not the melt the waveguide
during the splicing. Bottom: Potentially suitable fusion splicing geometry (modified from Thapa
et al. [129]).

3.4.2

Distal Beam Scanners

Seibel-type spiral scan engines rely on resonant fiber vibrations and permitted
beam steering with full frame acquisition rates near video-rate in our implementation of the 2PE fiberscope. Improved fiber drive strategies are currently being
developed in Eric Seibel’s group at UW (see also Lee et al. [53]). These strategies use virtual electrode pairs as linear combinations of physical pairs, thus allowing more effective fiber braking schemes. Therefore, in combination with
shorter cantilevers, considerably higher frame rates will become possible with
the same scanner design. In contrast to previous Lissajous-pattern-based fiberscanners (e.g., Helmchen et al. [18], Flusberg et al. [104]), our spiral scanner does
not rely on an additional stiffening piece on the fiber for breaking spatial symmetry and creating two different resonance frequencies. Therefore, the spiral scanner
can be designed ultra-thin with outer diameters as small as < 1 mm. Alternative
scanning approaches such as MEMS-based scan engines (Dickensheets and Kino
[108], Piyawattanametha et al. [109], Fu et al. [110], Hoy et al. [111], Piyawat-
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tanametha et al. [112]) and “piezolever” fiber scanners (Sawinski et al. [21], Sawinski and Denk [107]) enable galvanometric-like beam-steering and potentially
random-access scanning albeit the cost of considerably larger diameters, slower
scan speeds and expensive, complex, time-consuming manufacturing processes.
Fiber trajectory distortions could be successfully corrected for in our scanners by
application of an experimentally determined LUT with sufficient stability. Another
option would be an angular lag function as in Myaing et al. [105]. Based on experience with the endoscopy-version of the scanner at UW, it can be expected that
the integration of a temperature stabilization unit could further improve scanner
stability. This is particularly relevant if laser power modulation with expanding
spiral radius is used to increase image brightness homogeneity. At the moment,
the image is brighter in the center because pixel dwell times are shorter in the
periphery of the images due to higher fiber velocities with larger radius. The integration of a closed-loop controller including real-time fiber position sensing would
significantly increase scanner size and complexity and is therefore not desirable.
3.4.3

Miniature GRIN Optics

In the two-photon fiberscope, GRIN optics was used in combination with microprisms with custom dichroic coatings for beam-splitting. While the GRINassemblies did not give any cause for complaints, the instrument would benefit
from recently introduced high-NA GRIN-objective lenses as described in Messerschmidt [85] or Barretto et al. [86]. In such designs, a stainless steel tube with an
outer diameter of 1.4 mm is used for mounting and adjustment of the optical components. Therefore, these designs would also benefit from increased mechanical
stability. The latest version of the 2PE fiberscope was already implemented with
such an L-shaped high-NA GRIN design (see figure 3.23 in section 3.5.2) which
potentially delivered higher optical resolution and increased primary fluorescence
emission detection at the cost of smaller FOVs in pilot studies. A comprehensive
characterization and optimization is, however, still pending. Furthermore, preliminary imaging experiments (in collaboration with Dr. A. Gundlfinger) utilizing a
high-NA GRIN-objective lens in a conventional, table-mounted 2PM (similar to
Barretto et al. [86]) indicated that these lenses can provide excellent images.
3.4.4

Remote Focusing

Future studies on freely behaving animals could benefit from a distal focusing
mechanism (see section 3.5.1 for one possible preliminary design) because the
present requirement of pre-experimental positioning and fixation of the fiberscope
headpiece on the skull of the animal might limit applicability. However, mechanical stability and position reproducibility could be an issue with previously implemented minimotor-shuttle based designs. Therefore, one promising alternative
focusing approach that should be considered is the movement of the whole microscope headpiece with linear piezomotors.
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Outlook on Alternative Fiberscope Designs

In addition to the 2PE fiberscope design that was discussed above and that has been
used for imaging in slice cultures and in vivo, alternative microscope designs have
been evaluated and built. This section shortly introduces 3 of these preliminary
designs together with a short discussion of their potential advantages and issues.
3.5.1

Design including Remote Focusing

The present 2PE fiberscope design is suitable for imaging in a single 2D plane.
However, because pre-experimental z-positioning and subsequent fixation of the
microscope headpiece might limit practicability of the instrument, a remote focusing mechanism can be desirable for in vivo experiments. The simplest focusing
mechanism relies on adjustment of the distance between fiber scanner and collimator GRIN lens as illustrated in figure 3.22.

Figure 3.22: Proof-of-concept of remote focusing in a 2PE fiberscope. (a) Top: NIR light is
focused into the back-focal plane of a GRIN-assembly (GRIN-AS) via a regular table-top microscope
objective lens OL. The working distances wd of GRIN-AS on the sample side could be changed by
moving OL relative to GRIN-AS, i.e., changing the objective distances od between OL and GRINAS. Bottom: The same principle could be applied with an optical fiber. (b) Objective distances od
and observed normalized sizes of 10 µm fluorescent microspheres as a function of wd. Here, GRINAS consisted of a collimator lens with a design od/fd = 160 µm and a focusing lens with a design
wd = 300 µm (dashed lines). A linear fit through od yielded a slope of 7.0 ± 0.1 which was in
excellent agreement with a theoretical value of M 2 = 7.0 from the squared GRIN-AS magnification.
(c) 2PE fiberscope design that was implemented based on this approach. A miniature spindle-motor
moved a shuttle attached to the resonant fiber scanner RFS along its optical axis. GRIN-AS (not
shown) remained fixed in the bottom of the detachable part of the microscope. As a counterpart, a
head-plate was fixed onto on the skull of the animal.
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While the principle focusing mechanism seemed to work nicely in an implementation of the minimotor-based design from figure 3.22 (c), mechanical issues arose
from instability of the custom shuttle mechanism. Furthermore, it turned out that
the minimotor-spindle-combination (Faulhaber 0308, Z0006, gear ratio 125 : 1 )
was not powerful enough for smooth mechanical operation of the shuttle. For this
purpose, a very interesting alternative to spindle/shuttle-based designs are recently
developed linear piezomotors, e.g., from PiezoMotor Uppsala AB [130] with travel
ranges of several mm and speeds of up to 100 mm/s.
3.5.2

Designs with Potentially Improved Detection Efficiency

Good sensitivity is an essential ingredient in biological fluorescence microscopy,
particularly if high SNR in combination with high frame rates are required as in
functional calcium imaging. Therefore, various efforts have been made to boost
the sensitivity of the 2PE fiberscope and nonlinear microscopy in general (see also
chapter 4). Figures 3.23 and 3.24 show two alternative fiberscope designs that
have been implemented with the aim of improved fluorescence emission detection
efficiencies.
Remote Photodetection
The first miniaturized microscope design introduced here relied on a remote photodetector (Hamamatsu S10362-33-050C) that was included in the fiberscope headpiece (figure 3.23). The detector is based on recently developed technology and
consists of multiple avalanche photodiode pixels which are operated in Geiger
mode and read out accumulated. This detector design combines advantages of conventional PMTs (high internal gain) with relatively low bias operation (< 100 V)
in a compact and rugged packaging. My idea behind this large-area detector (active area 3 × 3 mm) was that “ballistic” fluorescence emission light could be detected through the GRIN-assembly whereas multiply scattered fluorescence emission photons could still reach the detector through a transparent bottom of the
fiberscope headpiece. The GRIN-assembly design that was utilized for the implementation of this 2PE fiberscope depended on a high-NA GRIN-objective lens
(NA . 0.8 , Messerschmidt [85], Barretto et al. [86]) and therefore promised higher
optical resolution and increased ballistic fluorescence emission detection. It was
realized in an L-shaped design. Due to the capacitance of the shielded signal cable
connection from the distal fiberscope to the proximal data acquisition system (RG
179 cable, C = 19.2 pF/ft), a remote electrical amplifier circuit had to be integrated
on the headpiece. Pilot studies indicated high potential signal gains, but the design
in its current form is limited to single-color detection.
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Figure 3.23: Alternative 2PE fiberscope design with the aim of improved detection efficiency
utilizing a remote photodetector. Extra detection of ballistic and scattered fluorescence emission
photons is potentially achieved with a remote photodetector (PD). A BG39 color glass is used as a
remote emission filter (EF). Resonant fiber-scanner (RFS), GRIN collimator lens (GRIN-CL), beamsplitter microprisms (BSP), and high-NA GRIN-objective lens (GRIN-OL) are arranged in an Lshaped design.

Figure 3.24: Alternative 2PE fiberscope design with the aim of improved detection efficiency utilizing multiple additional large-core fibers. (a) An extra plastic detection lens (blue) is placed around
the GRIN-assembly with the goal to detect additional (scattered) fluorescence emission photons from
the sample. Extra large-core fibers (LCFs, 2 extra fibers are shown in addition to the primary LCF)
guide some of these photons to the proximal PMT on the optical table. (b) Proximal multicolor fluorescence emission detection system. Light from the fiberscope headpiece is guided to the optical
table through one or more LCFs. After passing a collimator lens CL, residual NIR light is blocked
by an emission filter EF0 and the light is spectrally separated by a dichroic mirror DC1 . Two color
photodetection is performed in 2 separate channels, each consisting of emission filter EFx and PMTx .
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Multi Large-Core Fiber-Based Design
The multi large-core fiber-based 2PE fiberscope design from figure 3.24 (a) relied
on an extra plastic lens that was positioned around the GRIN-assembly from figure
3.6. The idea here was that this lens could couple additional (multiply scattered)
fluorescence emission photons from the sample to a ring of extra LCFs. These photons could then be projected to the proximal PMT(s) and thus potentially provide
additional signal. In pilot studies, the design seemed to exhibit only medium detection gains, but mechanical and electronic simplicity and the option for multi-color
detection as illustrated in figure 3.24 (b) were clear advantages. Such multicolor
detection schemes might become important with the future use of (genetically encoded) ratiometric calcium sensors (see, e.g., the review by Mank and Griesbeck
[15]) for which the fluorescence signal needs to be read out in two spectral channels. These indicators are typically applied via viral transfections or electroporation methods and are advantageous in terms of their intrinsic cell specificity, they
do not need to be re-applied in long-term imaging experiments, and they promise
reduced noise from movement artifacts.
In summary, it can be concluded that a variety of different options exists for further two-photon fiberscope implementations. The suitability of specific implementations will be largely governed by the detailed experimental requirements and
goals.

4. Supplementary Fiber-Optic Light Collection

4.1

Introduction

Nonlinear optical microscopy is the current gold standard for high-resolution in
vivo imaging deep inside biological tissue (Zipfel et al. [69], Mertz [131]). Most
prominently, two-photon excited laser scanning microscopy (2PLSM, Denk et al.
[61]) is widely applied in the life sciences, particularly in neuroscience (Helmchen
and Denk [64], Svoboda and Yasuda [132]). A key advantage of nonlinear fluorescence excitation is its 3D confinement to the focus of the microscope objective,
resulting in a point-like, isotropically emitting fluorescence source (see figure 2.17
on page 29). As a consequence, all fluorescence photons – whether scattered or
not – carry useful signal information and as many of them as possible should be
collected on the photodetector
to maximize the signal-to-noise ratio (SNR, Denk
√
et al. [62], SNR ∝ N, N number of collected photons). Several approaches have
been devised to optimize fluorescence collection. First, whole area detection in
non-descanned positions is used by default nowadays. Second, low magnification, high numerical aperture (NA) objectives with large effective fields-of-view
(FOVs) are especially well suited for epi-fluorescence collection from scattering
tissue (Oheim et al. [133], Beaurepaire and Mertz [134]). Third, an up to 3 × gain
in fluorescence can be achieved for tissue slices by additional fluorescence collection through a high-NA condensor in the trans-illumination pathway (Koester et al.
[135], Mainen et al. [136]). The latter method cannot be utilized, however, for in
vivo imaging experiments because photon collection from intact tissue is restricted
to the “epi”-hemisphere that is oriented towards the objective.
Despite the general acknowledgment of the importance of maximizing fluorescence collection, many signal-carrying photons are still wasted in current implementations of two-photon microscopes. For example, in vivo imaging experiments typically require long working-distance objectives with NAobj in the range
of 0.8 − 1.0 . For such objectives and for transparent samples, the maximum collection efficiency ηobj is only 10 − 17 % (normalized to the full solid angle 4π).
Thus, considering epi-fluorescence collection only, a 3 − 5× signal gain is possible in principle. Additional photons can be collected outside of the objective.
Such an “external detection” scheme (Denk et al. [62]) may be realized with the
help of reflective surfaces as in Vucinic et al. [137] or Combs et al. [138]. In this
chapter, a simple alternative approach for a Supplementary Fiber-Optic Light Col-
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lection System (SUFICS) is introduced and discussed. The system is based on
large-core optical fibers (LCFs) similar to those used for fluorescence collection
in the miniaturized 2PE fiberscope (chapter 3). It is demonstrated theoretically
and experimentally that a ring arrangement of multiple optical fibers efficiently
collects fluorescence photons and provides an extra imaging-channel that is even
brighter than the image obtained through a 40 × /0.8W objective lens. Using in
vivo two-photon microscopy of mouse neocortex, we show that this > 2 × signal
gain (total collected fluorescence divided by fluorescence in objective channel) is
maintained throughout the cortical depths and that it improves the signal-to-noise
ratio of calcium measurements from neuronal populations.

4.2

Principle Design

The fundamental principle of our method is to collect photons that emerge into the
epi-hemisphere, but outside of the collection cone of the objective. The idea is to
use a set of LCFs (table 2.2) and direct their tips towards the fluorescence source
(figure 4.1). A custom-built 2PLSM with a Ti:sapphire laser system (Tsunami and
Millenia-X, Spectra-Physics) was used. Laser pulses were prechirped with a pair
of SF10 prisms to compensate for pulse broadening in the microscope beam path.
Laser intensity was modulated with a Pockels cell (Conoptics) and beam size was
expanded with a lens telescope (Thorlabs). For single fiber characterization, a 10×
air objective (UPlanFLN, NA 0.3, Olympus) was used. For all other experiments,
a 40 × water immersion objective (LUMPlanFl/IR, NA 0.8 , Olympus) was employed. Fluorescence images were acquired with custom software written in the
LabVIEW environment (National Instruments). The normal epi-fluorescence detection pathway included a dichroic mirror (KS 93/45 ◦ , Linos), a large collector
lens (01 LAG 014/066, Melles Griot), a secondary collector lens (G063012000,
Linos), and a condensor lens (G063097000, Linos) in front of the photomultiplier
tube (PMT).
For fiber-optic fluorescence collection, optical grade LCFs from Edmund Optics
(Karlsruhe, Germany) as in table 2.2 were used. These fibers exhibited low attenuation (0.15 dB/m) and had numerical apertures of NA f = 0.51 (according to
equation 2.3). For single fiber measurements, a 1.5 mm diameter fiber (NT02-535,
1.47 mm core diameter) was used. Guided by theoretical analysis (section 4.3.1), 8
LCFs (1 mm outer diameter; r0 = 0.49 mm; NA f = 0.51 ) were arranged in a ring
such that their tips were touching each other to maximize fiber collection (figure
4.1 (a)). The remote ends of the fibers were bundled by inserting them into an array
of holes in a custom Teflon piece and projected their output light onto an additional
PMT (figure 4.1 (b)). This detection scheme thus provided a 2nd “fiber-ring” signal
channel in addition to the regular “objective” channel. To make collection conditions as similar as possible, identical PMTs (R6357, Hamamatsu) were employed
in the two channels with always the same supply voltage. A 2 mm thick BG39
color glass served as emission filter in both detection pathways.
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Figure 4.1: Supplementary epi-fluorescence collection through a ring of optical fibers. (a) Top:
CAD-drawing of a custom fiber-ring holder placed under an objective. Bottom: Closeup view showing the ring arrangement of the fiber tips. Only 5 of 8 fibers are shown for clarity. Fluorophores are
two-photon excited in the focus of an infrared laser beam (red), causing isotropic fluorescence emission (green). Right: Top view of the ring arrangement of 8 1 mm diameter fibers. (b) Dual-channel
detection in a custom 2PLSM setup. Optical fibers were bundled and placed in front of a 2nd PMT.
Modified from Engelbrecht et al. [24].

For imaging in non-scattering tissue, our custom fiber-ring consisted of 8 fibers
with 1 mm diameter (NT02-534, 0.98 mm core diameter, fiber radius r0 = 0.49 mm)
with tilt angles φ = 23 ◦ (figure 4.2). Collection efficiencies were characterized
with a single fiber or the fiber-ring that had been attached to a 3-axes micromanipulator (Luigs&Neumann, Germany) for horizontal and vertical positioning with
respect to the sample. For imaging transparent samples, the fiber-ring holder could
in principle be attached to the microscope objective. For collecting photons emerging from scattering tissue, however, it was advantageous to place the fiber-ring at
a fixed position near the tissue surface, in particular for future SUFICS-enhanced
functional imaging in 3D (e.g., Göbel et al. [139]). As the fiber ring could not be
lowered below the tissue surface, the fiber-ring holder had to be adapted for subsurface in vivo imaging by slightly increasing the tilt angle to φ = 30 ◦ so that the
fiber axes pointed towards a location about 250 µm below the surface (figure 4.7).
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Modeling Approaches
Analytical Theory

Fluorescence Collection through a Single Large-Core Fiber
To understand the properties of a fiber-based SUFICS, we first analyzed fluorescence collection through a single LCF theoretically and experimentally. For any
optical detection system, two factors determine the collection efficiency: (1) the
fraction of photons that reaches the entrance pupil and (2) the fraction of these
photons that is actually accepted by the system. The first factor is given by the
solid angle of the entrance area of the detection system with respect to the position
of the fluorescence source. The second factor depends on the maximum acceptance angle of the system, which is related to its numerical aperture (NA), as well
as on source position. In the following, an analytical expression for the dependence
of fiber-collection efficiency η f on source position for transparent (non-scattering)
media is derived. Coupling or transmission losses are neglected in this treatment.

Figure 4.2: Theory of fiber-optic fluorescence collection. (a) Large-core optical fibers with a tilt
angle φ positioned outside of the acceptance cone of a microscope objective. Maximum acceptance
angles of objective and fibers are αobj and α f , respectively. (b) Fiber collection from an arbitrarily
positioned source. The fiber solid angle Ω f depends on the core radius r0 , the source distance R and
the off-axis angle γ. Modified from Engelbrecht et al. [24].

The physical dimensions of the front aperture in a microscope objective lens are
typically larger than the size of the accepted light cone at the front lens as given by
the NA (ensuring high-NA imaging over a certain FOV). In our configuration, the
point-like fluorescence source is excited through the same objective; therefore it
will always be at focal distance and within the FOV so that the solid angle ΩNA,obj ,
defined by the half-opening angle αobj = arcsin(NAobj /n), is the only limiting factor (figure 4.2 (a); n being the refractive index of the immersion medium). The
light collection efficiency of an objective lens (normalized to 4π) is thus given by
ηobj =


ΩNA,obj
1
=
1 − cos αobj .
4π
2

(4.1)
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Deriving a general equation for the collection efficiency of an optical fiber is more
complex as the fluorescence source may be located anywhere relative to the fiber
tip. Both the solid angle covered by the fiber entrance (Ω f ) and the fraction of
photons that are accepted (A f ) need to be taken into account. Both factors depend
on the fiber core radius r0 and the position of the source relative to the fiber tip, i.e.,
its distance along the fiber axis z0 and its off-axis position r0 (figure 4.2 (b); primes
refer to the fiber coordinate system).
For a single fiber, the solid angle Ω f is given by S/R2 where S is the area of a cap
(in general of ellipsoid shape) cut out by the fiber entrance from a sphere of radius
R (R being the distance of the source from the center of the fiber end; figure 4.2
(b)). If the source is located on the fiber axis, the solid angle is given by

Ω f r0 = 0, z0 = 2π (1 − cos β )

(4.2)

with β = arctan (r0 /z0 ). For off-fiber-axis positions, only the projection of the
fiber entrance area is relevant, which scales with the cosine of the off-axis angle
γ. Formally, this can be approximated by substituting r0 with a base radius rγ =
√
r0 cos γ (assuming a circular instead of elliptic projection with identical areas). In
addition, the distance R scales with cos γ, thus yielding


 r 

γ
= 2π 1 − cos arctan
Ω f r 0 , z0
R




rγ
.
(4.3)
= 2π 1 − cos arctan 0 (cos γ)3/2
z
For small angles γ, equation 4.3 simplifies to

Ω f r0 , z0 = 2π (1 − cos β ) (cos γ)3 .

(4.4)

The solid angle that can contribute to light collection is, however, limited by the
maximal collection efficiency of the fiber ηmax , which can be expressed as a maximum solid angle ΩNA, f , defined by the maximum acceptance angle of the fiber
α f = arcsin (NA f /n) (NA f is the numerical aperture of the fiber):
ηmax =

ΩNA,f
1
= (1 − cos α f ) .
4π
2

(4.5)

It is useful to define z0 = r0 / tan α f as characteristic length scale along the fiber
axis. Depending on the source’s distance from the fiber, two cases need to be
distinguished (figure 4.3 (a)): if the source is relatively close to the fiber (z0 < z0 ),
then the maximal number of transmittable photons is limited by ΩNA, f (NA-limited
case); if the source is far away (z0 > z0 ), the photon number is limited by Ω f , i.e., by
the physical size of the fiber (fiber-limited case). In general, the maximum possible
transmission is determined by the smaller one of the two solid angles, ΩNA, f or Ω f .
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Figure 4.3: Theory of fiber-optic fluorescence collection. (a) The maximum acceptance angle α f
determines the transmitted fraction of photons that hit the fiber core, indicated by the circle-circle
intersection area (green). Top: fiber-limited case with a distal source; the fiber core size (red area)
limits the maximum number of transmitted photons. Bottom: NA-limited case with a proximal
source; the maximum solid angle determined by the NA (green area) limits light collection. Theoretical dependence of single fiber collection efficiency η f on axial source position (b) and on lateral
position (c) for 3 axial distances (0.5 · z0 blue, 1.0 · z0 black, 1.5 · z0 red; vertical lines). Efficiencies
are normalized to ηmax , z0 to z0 , and r0 to r0 . Modified from Engelbrecht et al. [24].

The second factor to keep in mind is that photons that reach the fiber core will only
be transmitted if their entrance angle is smaller than α f . This acceptance criterion
is illustrated by the overlap of the circular fiber core with a circular area in the same
plane determined by a cone with opening half-angle α f that is oriented parallel to
the fiber axis (figures 4.2 (b) and 4.3 (a)). Only photons reaching the fiber entry
within the intersection area of these two circles fulfill the angle criterion (indicated
by the dark green areas in figure 4.3 (a)). Effectively, this problem can be described
by solving a circle-circle intersection problem to reveal the percentage fraction of
photons that are transmitted (A f ). In section A.3, a general expression of A f as a
function of normalized fiber coordinates u = r0 /r0 and v = z0 /z0 (figure 4.3 (b) and
(c)) is provided. In summary, the collection efficiency of a single fiber is given by
η f (u, v) =

min (Ω f (u, v) , ΩNA, f ) · A f (u, v)
.
4π

(4.6)
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Measurement of Collection Efficiency
To verify equation 4.6 experimentally, fluorescence collection through a single
LCF was measured using two-photon excitation of fluorescent beads. For this
experiment, 1 µm fluorescent beads were embedded in a block of agar that was
placed on a microscope slide. Subsequently, fluorescent beads located at the edge
of the agar block were excited with the two-photon microscope (10 × /0.3 air objective) and fluorescence light was collected through the fiber in air (figure 4.4 (a)).
Axial and off-axis positions of the bead relative to the fiber end were systematically varied. For comparison with the analytical theory, detected photocurrents
were normalized to the maximum current, which was reached for short distances
(z0 < z0 ) on the fiber axis. In addition, we normalized the radial and axial distances
to r0 and z0 , respectively. Collection efficiency η f decreased for large axial distances as well as for lateral displacements (figure 4.4 (b), (c)). Experimental data
agreed very well with the theoretical predictions except for a “soft edge” around
z0 = z0 , the characteristic length of the fiber. These results highlight the importance
of the exact position and orientation of the fibers relative to the fluorescence source
in order to achieve maximum collection efficiencies. In particular, it is crucial to
position the fiber ends at a distance of about the characteristic length or closer to
the source.

Figure 4.4: Experimental verification of fiber-optic fluorescence collection. (a) Experimental setup
for single fiber characterization. Theoretical dependence (lines) from figure 4.3 and experimental
datasets of single fiber collection efficiency η f on axial source position (b) and on lateral position
(c) for 3 axial distances (0.5 · z0 blue, 1.0 · z0 black, 1.5 · z0 red; vertical lines). Efficiencies are
normalized to ηmax , z0 to z0 , and r0 to r0 . Experimental data points were obtained from fluorescent
bead measurements (n = 5 beads; S.D. error bars). Data points were normalized to the plateau level
for z0 < z0 . Modified from Engelbrecht et al. [24].

Ring of Optical Fibers
Because an individual fiber, even with relatively high NA f , has a rather limited
collection efficiency (e.g., ηmax = 3.8 % for NA f = 0.51 ), multiple fibers were
combined in a ring arrangement. From equations 4.1 and 4.6, the theoretically
expected signal gain G of a fiber-ring containing N fibers can be calculated as
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G=

ηobj + N · η f (u, v)
min (Ω f (u, v) , ΩNA, f ) · A f (u, v)
= 1+N ·
.
ηobj
ΩNA,obj

(4.7)

If the maximal collection power of the fibers is exploited, the maximum theoretical
gain of a fiber ring is given by
Gmax

=

=

ηobj + N · ηmax
ηobj
1+N ·

1 − cos α f
1 − cos αobj

q
1 − 1 − (NA f /n)2
q
= 1+N ·
2 .
1 − 1 − NAobj /n

(4.8)

Figure 4.5: Large signal gain by epi-fluorescence collection through a ring of optical fibers. (a)
Signal gain obtained with the fiber-ring. Pollen grain images in objective and fiber-ring channels
at various axial offsets ∆z. (b) Comparison of theoretical and experimental gains as a function of
∆z (solid red curve: analytical prediction; solid red symbols: Monte-Carlo simulation; black curve:
experiment). (c) Objective channel intensity as a function of axial offset ∆z of the fiber-ring. The
signal only decreased when the elevated fiber-ring partially obstructed the objective’s light cone as
schematically indicated. Modified from Engelbrecht et al. [24].

For a fiber-ring of 8 fibers with NAobj = 0.8 and NA f = 0.51 in water immersion
Gmax = 4.04 . N = 8 was chosen because the polar half-angle available for each of
the touching fiber tips (360◦ /N = 22.50 ◦ ) matched the NA-governed α f = 22.54 ◦ .
In addition, αobj was well complemented by this arrangement (αobj + 2 · 22.5 ◦ =
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82 ◦ ) so that the objective’s light cone was not obstructed by the fiber-ring (figure 4.5 (c)). The distance of the fiber tips from the intersection of all fiber axes
(1.31 mm) was, however, slightly longer than z0 for this fiber type (1.28 mm), thus
reducing Gmax to 3.6 (figure 4.5 (b)). In general, there is no ideal number of fibers
and the choices of N, NA f , and r0 critically depend on the objective used and
the additional geometrical constraints. For example, for a 20 × /0.95W objective,
we calculated Gmax = 2.46 for an appropriate design consisting of 10 fibers with
NA f = 0.39 and r0 = 0.4 mm. To derive an explicit expression of G as a function
of the fiber-ring offset ∆z (distance of the fiber-axes intersection from the objective’s focal plane), we expressed r0 and z0 as a function of ∆z (r0 = ∆z cos φ and
z0 = ∆z sin φ + d f ) and inserted this coordinate transformation into equation 4.7.
The resulting function G(∆z) described the theoretically expected signal gain for
the fiber-ring and is plotted in figure 4.5 (b). We measured the signal gain as a
function of ∆z by two-photon imaging of a fluorescent pollen grain through a 40 ×
water-immersion objective (NAobj = 0.8 ). The fiber-ring was attached to a 3-axes
micromanipulator for vertical and horizontal positioning independent of the objective. Pollen grains were placed on the tip of a glass pipette, which was glued
vertically onto a microscope slide. This arrangement provided sufficient space to
vary the height of the fiber-ring both below and above the microscope’s focal plane.
For analysis, fluorescence intensity was averaged over the pollen grain after background correction. The gain factor G was determined by dividing the sum of the
fluorescence intensities in the two channels by the fluorescence intensity in the objective channel at ∆z = 0 . Consistent with theory, the fiber-ring channel displayed
maximum intensity when the fiber axes were aligned with the objective’s focus
(∆z = 0 ) and decreased for both downward and upward displacements (figure 4.5
(a), (b)). The shape of the experimental curve was similar to the theoretical one
but the maximum gain was lower than predicted (2.2 compared to Gmax = 3.6 ).
This difference was presumably due to coupling and transmission losses which are
not considered here. Nonetheless, it is remarkable that around ∆z = 0 fluorescence
intensity was brighter in the fiber-ring channel than in the objective channel.
The fiber-ring could potentially obstruct the illumination and detection pathway
through the objective. However, with the fiber-ring centered on the microscope
axis, no obstruction occurred except for very high elevations of the fiber-ring above
the focal plane (figure 4.5 (c); see also figure 4.5 (a), ∆z = +1.0 mm). We furthermore characterized the spatial distribution of the SUFICS gain-factor by systematically moving the fiber-ring laterally in x- and y-directions (figure 4.6). The signal gain was defined relative to the non-obstructed objective collection efficiency
with the fiber-ring centered. A false reference to a locally reduced objective signal would otherwise lead to an artificially high gain factor. We found an almost
homogeneous gain within a central area of about 0.8 mm diameter (figure 4.6 (b))
with reduced values toward the edges of the FOV. Therefore, we conclude that
SUFICS employing a simple ring of 8 fibers can substantially (> 2 ×) enhance the
fluorescence signal in 2PLSM over a broad imaging field.
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Figure 4.6: Spatial dependence of individual channel intensities and SUFICS signal gain. (a) Horizontal map of the fluorescence intensity for objective (left) and fiber-ring channel (right) as a function
of lateral x- and y-offset of the fiber-ring (fiber-axes intersection aligned with objective’s focal plane).
Fluorescence intensity decreased when the objective’s light cone was partially obstructed by fibers as
indicated. (b) Left: Horizontal map of the gain factor determined relative to the central fluorescence
intensity of the non-obstructed objective channel. Right: Surface map of the gain factor within the
fiber-ring arrangement. A non-obstructed field with a diameter of ∼ 0.8 mm was obtained. Modified
from Engelbrecht et al. [24].

4.3.2

Monte-Carlo Simulations

We next examined whether SUFICS could provide similarly large signal enhancements for deep imaging in highly scattering samples like intact biological tissue.
While the analytical theory described above (section 4.3.1) successfully predicts
SUFICS gain in the transparent, non-scattering case, it is not applicable under
scattering conditions. In this case, light collection efficiencies for both objective
lens and fiber-ring can no longer be easily derived from geometrical relations. Instead, an inhomogeneous light distribution at the tissue surface has to be taken into
account. Furthermore, this distribution critically depends on various scattering parameters, e.g., the scattering length ls and the anisotropy factor g. We therefore
used custom Monte-Carlo (MC) simulations to characterize epi-fluorescence collection from turbid media. This statistical method permitted us to assess ηobj , η f ,
and the corresponding gain factors G for scattering tissue.
A custom MC simulations similar to previous implementations (Oheim et al. [133],
Beaurepaire and Mertz [134], Wang et al. [140]) was used. Fluorescence emission
photons were launched isotropically from a point light-source at depth zs on the mi-
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Figure 4.7: Monte-Carlo simulation of SUFICS in scattering tissue. (a) General setup used for MC
simulations. Photons were launched from a fluorescence source at different imaging depths zs . After
being scattered within the tissue (grainy area), photons either reached the objective (red trajectory)
or one of the fiber cores (blue trajectory) or they missed any of them. (b) Collection efficiencies
η from MC simulations for fiber-ring (blue) and objective (red) as a function of imaging depth zs
for smooth tissue-surfaces. The fiber-ring position was assumed to be fixed to the tissue surface in
all simulations, whereas the objective was moved along the z-axis. Analytical curves for transparent
samples are displayed for comparison. Note that the analytical curve for the objective is constant (red
line). Collection efficiencies were normalized to 4π. (c) Gain factors as a function of imaging depth
zs for different values of the anisotropy factor g (g = 0.95 black squares; g = 0.90 black triangles up;
g = 0.85 black circles; g = 0.70 black triangles down). Values above the tissue surface (zs < 0) are
academic (no fluorescence staining) and provided for consistency check only. The analytical curve
for non-scattering tissue is provided for comparison (line). From Engelbrecht et al. [24].

croscope’s optical axis inside a semi-infinite 3D block of scattering medium mimicking nervous tissue. The photons then followed a random walk trajectory through
the tissue, eventually reaching the surface of this tissue block. A scattering event
took place statistically every scattering length ls . Scattering lengths were drawn
from an exponential distribution with an average value of ls = 75 µm. Scattering zenith angles were drawn from a Henyey-Greenstein distribution (Henyey and
Greenstein [141]) with anisotropy factors g = 0.70 , 0.85 , 0.90 , or 0.95 . Azimuth
angles were drawn from a uniform distribution between 0 and 2π . Typical absorption lengths of la = 1 cm were assumed. For computational reasons, we limited
random walks to 1 × 105 scattering events. Furthermore, an initial intrinsic weight
was assigned to each photon. Depending on the tissue albedo A = µs /(µs + µa )
with µs = 1/ls and µa = 1/la , photons lost some of this weight with every scat-
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tering event and underwent a roulette game once their weight dropped below a
certain threshold. Total photon energy was properly conserved (Jacques and Prahl
[142]). Two sets of simulations for different depths zs were run, assuming the tissue surface to be perfectly smooth (exit angles unchanged) or perfectly rough (exit
angles randomized), similar to Beaurepaire and Mertz [134]. After reaching the
surface, each photon was tested whether it hit the objective or any of the fibers.
Moreover, an additional check for obedience of the NA-related acceptance angle
criterion was performed. For the objective, the acceptance angle was adjusted with
surface position preserving collecting power (Beaurepaire and Mertz [134]). Refractive index mismatches at the surface were not considered. The following optical parameters were used for the simulations in figure 4.7: NAobj = 0.8 ; objective
working distance = 3.3 mm; objective front aperture diameter = 5.5 mm; objective
FOV-diameter = 0.6 mm; NA f = 0.51 ; fiber radius r0 = 0.49 mm; fiber tilt angle
φ = 30 ◦ . A typical simulation involved launching 10 − 100k photons at 15 − 65
z-planes and took between 5 minutes without scattering and 14 hours for scattering
tissue. Simulations were run in parallel on all 4 CPU cores of an Intel Core 2 Quad
(2.4 GHz) desktop PC running Microsoft Windows XP and MATLAB.
Epi-fluorescence collection from scattering tissue was substantially different from
the transparent case (4.7 (b), (c)). For instance, epi-collection was enhanced near
the tissue surface. The reason is that photons originally emitted in the downward
direction can be backscattered and eventually may reach a detector. Nevertheless,
collection efficiencies decreased at large imaging depth because “memory” about
the initial angular distribution was progressively lost. Only few photons emerging
from the diffusely fluorescing surface entered the objective’s pupil and the fiber
cores below their maximum acceptance angles. The surface enhancement of collection was particularly evident for smooth surfaces, reaching down to a depth of
about the FOV radius of the objective (figure 4.7 (b)). With rough surfaces, the
additional randomization of angles led to a steeper decline of collection efficiency
(data not shown for clarity). The resulting signal gain was around 3× near the
tissue surface (figure 4.7 (c)). The absolute gain remained relatively constant with
increasing depth, while the exact shape of the depth-dependence varied considerably with simulation parameters, as shown for different anisotropy factors g in figure 4.7 (c). In summary, these results of the MC simulations indicate that SUFICS
can substantially enhance fluorescence signals not only for transparent samples but
also under highly scattering conditions.
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Biological Methods and Results

To demonstrate the advantages of SUFICS for deep in vivo imaging, we applied
the fiber-ring to two-photon imaging of neurons and neuronal activity in mouse
neocortex (figures 4.9 and 4.10). The tips of the fibers were positioned on the
neocortical surface using a special holder that allowed flexible positioning of the
fiber tips within the cranial window (figure 4.8).

Figure 4.8: Custom fiber ring holder for in vivo imaging with SUFICS. (a) Perspective CAD representation of the fiber-ring holder, objective lens (OL), 4 fibers, head-plate, 2 (of 4) springs, O-ring,
and mounting screws in side view. (b) Top-view photographs of the fiber-ring holder (left) and
the fiber tips (right) centered above an exposed surface area of mouse neocortex. Modified from
Engelbrecht et al. [24].

4.4.1

Animal Preparation

All biological experiments were performed in collaboration with Werner Göbel.
C57BL/6 mice (P35-40) were anesthetized with urethane (∼ 1.5 g/kg body weight)
and a stainless steel plate was secured to the exposed skull with dental acrylic. The
skull was thinned over an area of about 3 mm diameter and a small cranial window
with < 1 mm diameter above the somatosensory area of neocortex was opened.
Subsequently, the dura within the cranial window was carefully removed and the
exposed brain was superfused with NRR solution (see section 3.3.3). The depthdependence of the SUFICS signal gain was assessed by imaging YFP-expressing
deep-layer pyramidal neurons in transgenic mice (C57BL/6, thy1-YFP/line H, section 4.4.2). For SUFICS-enhanced functional Ca2+ -imaging (section 4.4.3), cell
populations in the supragranular layers of neocortex were stained with OGB1AM as described above (section 3.3.3) using the multi-cell bolus loading technique
(Stosiek et al. [8]). Alexa-594 (20 µM) was included in the pipette solution for visualization. For subsurface in vivo imaging, the fiber-ring holder was mounted with
2 screws on the head-plate against 4 springs (figure 4.8 (a)), which allowed careful
lowering of the fiber tips onto the cranial window. Slot holes enabled centering of
the fiber-ring above the target brain area within the craniotomy. We estimated that
the lower edges of the fibers were placed 0 − 100 µm above the pial surface. A
custom O-ring made of rubber between fiber-ring holder and head plate prevented
leakage of the objective lens immersion.
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Signal Gain for Deep In Vivo Imaging

The depth-dependence of the SUFICS signal gain was assessed from image stacks
of YFP-expressing deep-layer pyramidal neurons in transgenic mice (figure 4.9).
Z-step distances were 2 µm. Intensity values from 9 consecutive planes were averaged to obtain the gain plot in figure 4.9 (c). Laser intensity was increased with
depth. In both the objective and the fiber-ring channel, the apical dendrites were
bright and could be followed down to the cell somata about 650−800 µm below the
pial surface (figure 4.9 (a), (b)). In all 3 transgenic mice tested, the fiber-ring channel was brighter than the objective channel at all depths resulting in a nearly constant, > 2 × signal gain over the entire depth range (figure 4.9 (c)). Experimental
gain factors were slightly lower than predicted values. The shape of the depth dependence matched best MC simulations of a smooth surface with g = 0.85 . Rough
surfaces led to steeply increasing gain factors with depth, which were not consistent with experiments. We conclude that SUFICS signal enhancement persists even
at large imaging depths in scattering tissue and that SUFICS may therefore help to
resolve very deep structures, even though excitation effects might eventually limit
depth penetration (see Theer and Denk [143], Leray et al. [144]).

Figure 4.9: Signal gain and deep imaging with SUFICS in vivo. (a) Two-photon image stack
of YFP-expressing neocortical pyramidal cells. Sample images for both objective and fiber-ring
channel are shown at identical grey scales for 3 focal depths as indicated. (b) Maximum-intensity
side projections of the image stacks shown in (b) for both objective and fiber-ring channel. (c) Signal
gain as a function of imaging depth (black circles: experimental data; red: theoretical prediction by
MC simulation with smooth surface and g = 0.85 ). Modified from Engelbrecht et al. [24].

4.4.3

Noise Improvements for In Vivo Calcium Imaging

Finally, we examined whether SUFICS can improve SNR in typical in vivo calcium
imaging experiments. The occurrence of neuronal action potentials can be indirectly inferred from the associated calcium signals (e.g., Kerr et al. [70]), however,
the amplitude of action potential evoked calcium transients is small and any noise
reduction is therefore highly beneficial. A cell population in layer 2/3 of mouse
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Figure 4.10: Noise reduction of neuronal calcium transients in vivo. (a) Images of OGB1-AMstained layer 2/3 cells in mouse neocortex for the objective channel (top), the fiber-ring channel
(middle), and the combined channel (bottom; all identical grey scales). (b) Examples of spontaneous
calcium signals in the 4 cells marked in (a). (c) Left: Closeup views of the Ca2+ -transient indicated
in (b). Right: Histograms with Gaussian fits of high-frequency baseline noise ( f > 0.5 Hz). (d) Mean
widths of fits to noise histograms (3 mice, n = 20 cells each) were reduced in the combined channel
compared to the objective channel. Modified from Engelbrecht et al. [24].

somatosensory cortex was loaded with OGB1-AM as described above. Fluorescence signals in individual cells were subsequently acquired and analyzed from
defined ROIs in both the objective and fiber-ring channel and, in addition, in a combined SUFICS channel that was obtained by adding the two background-corrected
channels in ImageJ (Rasband [145]). Similar to the YFP-mice, stained cells were
brighter in the fiber-ring channel compared to the objective channel in almost all zplanes (2.47 ± 0.16 near the surface and 1.90 ± 0.15 at 290 µm depth; n = 3 mice,
figure 4.10 (a)). Movies of spontaneous calcium signals from cortical layer 2/3neurons were acquired at 10.4 frames/sec (128x64 pixel, 1.5 ms/line). To minimize contamination of cellular signals with neuropil calcium signals that reflect
ongoing cortical activity (Kerr et al. [70], Göbel and Helmchen [146]), we used
small ROIs for analysis (less than half of the apparent cell diameter). Calcium signals in all channels were expressed as relative fluorescence changes ∆F/F (figure
4.10 (b)). The background signal was estimated from an unstained region, typically
a blood vessel lumen. The noise levels were quantified as the widths σ of Gaussian
fits to the histogram of baseline ∆F/F fluorescence (figure 4.10 (c)). To correct
for slow drifts in the fluorescence traces, histograms were calculated from highpass filtered traces (> 0.5 Hz cut-off frequency). Comparable ∆F/F traces were
observed in the two detection channels, but baseline noise was reduced by about
23 % in the combined channel as judged from the width of the baseline histogram
(figure 4.10 (d); S.D. of baseline: 5.3 ± 2.3 % objective, 5.5 ± 2.6 % fiber-ring,
4.3 ± 1.9 % combined; n = 60 √
cells from 3 mice). This value is comparable to the
expected value of 29 % (1 − 1/ 2) noise reduction for a gain of 2 in a shot-noise
limited system. Overall, these examples clearly demonstrate two key benefits of
SUFICS for in vivo imaging: facilitated deep imaging and improved SNRs.
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Discussion and Conclusion

Motivated from a two-photon fiberscope design with multiple large-core fibers for
potentially improved detection efficiency (figure 3.24 (a)), this chapter introduced
SUFICS as a simple, inexpensive, and generally applicable method to enhance signal collection in nonlinear microscopy. A > 2 × signal gain was achieved for both
non-scattering and scattering samples. In particular, a signal gain of 2 × was still
present at about 800 µm depth in mouse neocortex with the fiber-ring positioned
on the brain surface. Moreover, a noise reduction was associated with the signal
gain that will be helpful for optical recordings of neural activity.
Although the principal possibility of external fluorescence detection (outside of
the normal detection pathways through either objective or condensor) has been
recognized early (Denk et al. [62]), only few theoretical concepts or experimental
designs have been reported. Vucinic et al. [137] proposed a novel concept of hybrid
objective lenses, in which large portions of the epi-fluorescence light are captured
by a reflector built around an inner refractive or reflective lens system for excitation.
This theoretical concept promises large signal gains if most of the fluorescence
emerging in the epi-hemisphere can be redirected to a detector. Its realization
will, however, require a custom design of such an objective lens. An alternative
design by Combs et al. [138] is based on a parabolic reflector that redirects extra
fluorescence photons to a photomultiplier in the transillumination pathway. While
this design has been built and shown to provide signal enhancement, its current
form is solely applicable to extracted tissue, i.e., brain slices. Unlike SUFICS, it
cannot be used for in vivo imaging. Therefore, SUFICS is the only approach that
is easy to implement as an add-on to existing microscope setups, which at least
doubles the microscope’s fluorescence collection efficiency. Besides the fiber-ring
that should be designed to allow easy positioning, only one extra PMT is necessary.
It is also possible to project the output of the extra detection fiber bundle onto the
same PMT that receives the fluorescence collected by the objective. This could be
beneficial in terms of further minimizing detector noise.
Similar to Combs et al. [138], our measured gain factors were lower than the theoretically calculated values, most probably due to unconsidered coupling and transmission losses in the LCFs. Although we attempted to match conditions in the
two detection pathways, we cannot fully exclude slight differences due to aperture
effects and surface reflections. In practice, it is advisable to maximize the total
detection efficiency by optimizing both channels independently. The benefits of
SUFICS or other fiber collection schemes (Seibel et al. [114], McMullen and Zipfel
[147]) may be further increased by optimization of the fiber-ring holders, by using
special light guides, or by combinations of LCFs with different diameters covering even larger solid angles. Moreover, custom-shaped photodiode arrays (see also
figure 3.23) arranged in a similar ring-like fashion may enable comparable or even
higher gain factors for miniaturized and table-mounted nonlinear microscopes.

5. Miniaturized Light-Sheet Based Microscope

After our detour to boost fluorescence emission collection efficiencies in nonlinear microscopes, let us now return to the development of miniaturized fiber-optic
microscopes in this chapter. Unlike in the previously described fiberscope designs
from chapter 3, here, single-photon fluorescence excitation (1PE, section 2.2.1) is
utilized. Therefore, as discussed in section 2.2.2, no intrinsic optical sectioning capability can be expected from such an instrument. In combination with the strong
scattering properties of neural tissue for light at visible wavelengths, this inevitably
leads to heavily degraded image quality and high fluorescence backgrounds. There
is another solution however. . .

5.1

Introduction to Light-Sheet Based Microscopy

Light-sheet based microscopy (reviewed by Huisken and Stainier [22]) is a fluorescence microscopy technique that depends on the decoupling of the optical systems
for fluorescence excitation and emission detection. A thin, weakly focused lightsheet is created and selectively illuminates the specimen from the side. The optical
axis of this low-NA excitation light path is rotated by 90 ◦ with respect to the optical axis of the higher-NA detection objective lens (figure 5.1). Thus, fluorescence
excitation is restricted to the focal plane of the detection system; light-sheet based
microscopy exhibits intrinsic optical sectioning, but without depending on nonlinear light-matter interactions (like 2PM) or rejection of out-of-focus fluorescence
emission by a pinhole in the detection pathway (like confocal microscopes).

Figure 5.1: Fundamental principle of light-sheet based fluorescence microscopy in schematic (a),
zoomed-in (b), and perspective views (c). A low-NA light-sheet (half opening angle αLS , cyan) is
created by, e.g., a cylindrical lens (ill-CL) and excites fluorescence in a plane of the sample S that
coincides with the focal plane of a detection objective lens det-OL with NAdet-OL = n sin αdet . A
widefield microscope setup consisting of det-OL, emission filter EF, tube lens TL, and CCD-camera
is used for detection. Part (c) modified from Huisken and Stainier [22].
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Figure 5.2: Fluorescence excitation (top row) and emission detection (bottom row) schemes in
confocal (a), nonlinear (b), and light-sheet based microscopy (c). The focal plane of a (illumination/detection) objective lens (ill-/det-OL) is indicated by the white dashed line. In (a) and (b), a
focused laser beam is scanned over the sample. During this, fluorophores in the whole sample are
excited in (a) (cyan color, cone excitation from figure 2.17 (a)); optical sectioning is achieved by
rejection of out-of-focus contributions by a pinhole in the detection pathway of a confocal microscope (not shown). In contrast, nonlinearity leads to sole excitation of the focal plane in (b) (intrinsic
optical sectioning, cyan color, point excitation from figure 2.17 (b), the (red) rest of the sample is
evenly illuminated with NIR light but not excited). This localized 2PE enables the use of whole area
detectors in non-descanned positions as well as advanced detection schemes like SUFICS. In (c), the
excitation and emission detection systems are decoupled as described in figure 5.1, planar fluorescence excitation from the side via ill-CL leads to intrinsic optical sectioning as in (b), but detection
relies on parallel (widefield) recording schemes with CCD-cameras. Parts (a) and (c) modified from
Huisken and Stainier [22].

It was argued so far that nonlinear point-scanning techniques like 2PM benefit from
their intrinsic optical sectioning capabilities and low susceptibility to scattering
(Helmchen and Denk [64]). Nevertheless, they suffer from high costs and mechanical complexity, particularly when distal beam-scanning is involved for miniaturized
microscope heads (see figure 3.1 and section 3.2.1). Not to mention vulnerability
due to PCF contamination as discussed in section 3.4.1. Furthermore, although
large efforts were made to increase the speed of point-scanning microscopy techniques (see Lillis et al. [148], Otsu et al. [149], Reddy et al. [150] and the review
by Grewe and Helmchen [151]), these microscopes are still fundamentally limited
in their temporal whole frame resolution (Holekamp et al. [152]) due to their inevitable need for beam scanning. In contrast, it can be argued that epi-fluorescence
widefield technologies that are based on 1PE provide considerably faster parallel
recording schemes using for example (EM-)CCD cameras. However, these widefield microscopes lack optical sectioning capability and therefore suffer from high
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background fluorescence, low contrast, and weak axial resolution (Engelbrecht and
Stelzer [77]). Light-sheet based microscopy tries to combine advantages of both
(fluorescence excitation) worlds: “intrinsic optical sectioning meets widefield image acquisition”.
The basic principle behind light-sheet based microscopy has been reinvented, implemented, and utilized several times with slight technological variations but highly
ambiguous terminology and different acronyms:
• Orthogonal-Plane Fluorescence Optical Sectioning
(OPFOS, Voie et al. [153], 1993),
• Thin Light-Sheet Microscopy
(TLSM, Fuchs et al. [154], 2002),
• Selective-Plane Illumination Microscopy
(SPIM, Huisken et al. [155], 2004),
• Ultramicroscopy
(Dodt et al. [156], 2007),
• Objective Coupled Planar Illumination microscopy
(OCPI, Holekamp et al. [152], 2008),
• Digital Scanned Laser light-sheet fluorescence Microscopy
(DSLM, Keller et al. [157], 2008),
• Highly Inclined and Laminated Optical sheet microscopy
(HILO, Tokunaga et al. [158], 2008),
• Oblique Plane Microscopy
(OPM, Dunsby [159], 2008), and
• single-lens SPIM
(Wolleschensky [160], 2008)
Figure 5.3 illustrates 4 of these implementations and puts them in relation with
conventional widefield microscopy.
The application of the discussed light-sheet excitation principle results in very
good 3D resolution (Engelbrecht and Stelzer [77]), high-contrast imaging, parallel (EM-)CCD-based image acquisition, and decreased photobleaching (Reynaud
et al. [161]). Furthermore, photomanipulation optics can be integrated into lightsheet based microscope setups via the detection pathway (Engelbrecht et al. [162]).
Recently, a first approach to shrink the size of a light-sheet based microscope using GRIN lenses for fluorescence excitation has been reported by Turaga and Holy
[163]. An “overall miniaturization” using fiber-optics with potential applications
in in vivo brain imaging in freely behaving animals or clinical endoscopy is, however, still pending. This chapter describes the development of such a miniaturized, fiber-optic version of a Selective-Plane Illumination Microscope (miniSPIM)
that is based on custom 1 mm diameter GRIN lenses for light-sheet creation and
fluorescence detection. In addition to the light-sheet based “miniSPIM-mode”, a
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Figure 5.3: Different implementations of light-sheet based microscopy. In an epi-widefield setup
(a), a single objective lens OL is used for fluorescence excitation and emission collection from a
sample S. In light-sheet based techniques (b) to (e), fluorescence is excited from the side, either
through one (b) or two (c) cylindrical lenses cyl, a cylindrical GRIN lens GRIN-CL (d), or by a
rotationally symmetric mirror cap (e). Modified from Huisken and Stainier [22].

traditional “epi-illumination mode” was implemented for comparison to standard
coherent fiber bundle (CFB) endomicroscopes. The project involved supervision
of a semester-student, Fabian Voigt, who was involved in the preparation of the
components (fiber mounting, polishing, inspection), the assembly, optimization,
and fixation of the microscope, and its application to biological imaging.
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miniSPIM Design
Proximal Optical System

The experimental miniSPIM setup is shown in figure 5.4 (a) and (b). The proximal
optical system consisted of a laser for fluorescence excitation, a tunable beamsplitter setup, beam-shaping and coupling optics, and a microscope setup for fluorescence emission detection. Figure 5.4 (c) and (d) visualizes epi- and miniSPIMfluorescence excitation modes in fluorescein solution.

Figure 5.4: Miniaturized Selective-Plane Illumination Microscope (miniSPIM). (a) Proximal optical system consisting of laser L, mirror M, half-wave plate λ /2, polarizing beam splitter cube PBS,
fiber coupling lens CL, Galilei beam expander L1 and L2, projection lens L3, dichroic mirror DCM,
objective lens OL, emission filter EF, tube lens TL, and CCD camera. Single-mode fiber SMF and
coherent fiber bundle CFB connect the proximal optical system (a) to the miniaturized distal frontpiece (b). The frontpiece consists of two adjacent GRIN-assemblies GRIN-CL and GRIN-OL for
miniSPIM-excitation and for epi-illumination and fluorescence collection, respectively. (c) and (d)
Photographs of the front part of the frontpiece taken in fluorescein solution to visualize epi-excitation
(c) and miniSPIM-excitation (d) modes. Modified from Engelbrecht et al. [25].

Vertically polarized laser light from a Sapphire 488 Optically Pumped Semiconductor Laser (λ = 488 nm, power tunable 5 − 75 mW, Coherent) was distributed
between the miniSPIM- and the epi-excitation beam path via a combination of
an achromatic half-wave plate (λ /2, AHWP05M-630, Thorlabs) and a polarizing
beam splitter cube (PBS, NT49-002, Edmund optics). At a rotation angle φ , the
λ /2 plate rotated the polarization of the laser beam by an angle 2 · φ . Depending on
this polarization angle, the PBS either transmitted the beam to the miniSPIM-path,
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or it reflected the beam into the epi-excitation path. In the miniSPIM-path, laser
light was then coupled into a single-mode fiber SMF (S460, Thorlabs, see table
2.2 on page 20) and then guided to the distal miniSPIM-frontpiece for light-sheet
creation. In the epi-excitation beam path, the laser beam was first expanded by
a Galilei-beam expander and subsequently focused via a projection lens L3 and a
dichroic mirror (DCM, BS R488 (F38-488), AHF Analysentechnik, Germany) into
the back focal plane of the objective lens OL (Fluar 10 × /0.5, Zeiss). Laser light
was coupled into a CFB (IGN-08/30, Sumitomo Electric Industries, see table 2.4 on
page 24 for specifications) in front of OL. Over-illumination of the proximal end of
the fiber bundle minimized intensity variations within the FOV. In both excitation
modes, fluorescence emission was collected through the CFB. The proximal end
of the fiber bundle was imaged onto a Peltier-cooled CCD-camera (pco.2000, pco
AG, Germany) via a widefield microscope setup consisting of OL, DCM, emission
filter (EF, Razoredge LP 514, Semrock), and tube lens (TL, 452960, Zeiss).

Figure 5.5: Spectral considerations in the miniSPIM detection pathway. (a) Spectral characteristics
of the excitation laser (488 nm nominal, cyan curve), CFB emission due to autofluorescence and
Raman scattering (red curve), and OGB1-AM emission (green curve) for comparison. Laser and
CFB-spectra from own measurements, OGB1-AM emission spectrum from Invitrogen Corp. [55].
(b) Absorbance of EF and DCM in the emission path of the microscope. The shaded area is blocked
by the emission filter > OD 6.5. Filter spectra from AHF Analysentechnik AG [123] and Semrock
Inc. [164].

One issue that was encountered during miniSPIM implementation was that the
CFB showed autofluorescence and inelastic Raman scattering that created a wavelength-dependent background signal (Udovich et al. [165]) when the setup was
used in epi-excitation mode. Therefore we decided to employ a 514 nm long-pass
emission filter instead of the theoretically advantageous 488 nm long-pass emission
filter. The slight loss in, e.g., OGB1-AM fluorescence emission light was more than
outweighed by blocking almost the entire autofluorescence background from the
CFB in epi-excitation mode (figure 5.5). In pure miniSPIM-mode, however, CFBautofluorescence is not an issue because the CFB is then used for fluorescence
emission collection only, no laser illumination through the CFB is necessary. In
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this case, a 488 nm long-pass emission filter would slightly increase fluorescence
emission collection efficiencies and thus lead to a brighter image.
5.2.2

Miniaturized miniSPIM Frontpiece

The distal miniSPIM frontpiece consisted of two adjacent GRIN lens assemblies
with a total weight of less than 1.5 grams (figure 5.4 (b), figure 5.7 (c); this value
included all mounting material and sealing epoxy). The miniSPIM-excitation assembly GRIN-CL consisted of a rotationally symmetric collimator lens (NA 0.11 )
at the distal end of SMF, a cylindrical GRIN lens for light-sheet generation (design
divergence αLS = ±2.6 ◦ in water), and a microprism-deflector to enable fluorescence excitation from the side (figure 5.6 (a)). The objective assembly GRIN-OL
for epi-illumination and fluorescence collection consisted of two rotationally symmetric GRIN lenses with NA 0.2 for CFB-coupling and NA 0.5 for imaging (figure 5.6 (b)). Resulting demagnification from the CFB to the sample was 2.5 ×,
the front working distance of GRIN-OL was 0.3 mm in water. Illumination in epimode utilized the CFB for both excitation light delivery and fluorescence emission
detection. This mode caused fluorescence excitation in a large cone in front of
GRIN-OL (figure 5.4 (c)). In contrast, illumination in miniSPIM-mode used decoupled excitation through SMF and GRIN-CL while fluorescence emission was
conventionally detected through GRIN-OL and CFB. Fluorescence excitation was
therefore restricted to the light-sheet that coincided with the focal plane of GRINOL (figure 5.4 (d)). Thus, the instrument could exhibit intrinsic optical sectioning
capability. Figure 5.6 provides ZEMAX calculations on the discussed GRIN designs.

Figure 5.6: ZEMAX designs for the miniSPIM GRIN assemblies. (a) GRIN-CL: miniSPIM fluorescence excitation assembly in xz- and yz-views. SMF, collimator GRIN lens, cylindrical GRIN
lens, glass spacer, and microprism deflector are shown. ZEMAX simulation was originally performed by GRINTECH GmbH [166] and modified for this figure. (b) GRIN-OL: rotationally symmetric epi-excitation and detection assembly in xz- and yz-views. Two rotationally symmetric GRIN
lenses are positioned in front of a CFB. Own ZEMAX simulation, lens data from GRINTECH GmbH
[166], modified.

88

5.2.3

CHAPTER 5. MINIATURIZED LIGHT-SHEET BASED MICROSCOPE

miniSPIM Assembly

The excitation assembly (GRIN-CL) and objective assembly (GRIN-OL) needed
to be mechanically adjusted with respect to SMF and CFB and also with respect
to each other. Subsequent fixation and sealing of all parts prevented constant defocusing of the microscope and mechanical protection. These tasks turned out to
be rather challenging, primarily due to the small 1 mm dimensions of the optical
components and mechanical instabilities. Thus, several different mounting and
adjustment approaches had to be tested and evaluated. During final microscope
assembly, the following steps were performed as illustrated in figure 5.7:
(1) The SMF was mounted inside a standard ferrule from an FC/PC connector
(Thorlabs) and polished according to Thorlabs GmbH [167].
(2) This ferrule was machined down on one side to provide enough space for later
miniSPIM-assembly steps.
(3) The custom ferrule with SMF was carefully positioned near the center of the
input collimator lens on GRIN-CL such that the resulting light-sheet was centered on the microprism deflector and emerged as little tilted as possible (figure
5.7 (a)). These conditions were checked with an upright microscope setup and
a plumb from the lab ceiling.
(4) Optical grade UV curing adhesive (NOA61, Thorlabs) was used to glue the
ferrule to GRIN-CL.
(5) The CFB was concentrically adjusted to GRIN-OL in a custom aluminum Vprofile that was also used as the miniSPIM base plate in the final assembly
(figure 5.7 (b)).
(6) The separate excitation and detection assemblies were aligned with respect to
each other using a 3-axes micromanipulator (Luigs&Neumann, Germany) and
additional manual microstages.
(7) After careful optimization under optical control, the complete miniSPIM frontpiece was fixated and sealed with low-shrinkage epoxy (Epo-Tek 302-3M,
Polyscience, Switzerland) inside a U-shaped aluminum profile for additional
protection (figure 5.7 (c)).
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Figure 5.7: miniSPIM frontpiece assembly. Perspective CAD representations and photos of the
fluorescence excitation assembly GRIN-CL (a), the fluorescence emission detection assembly GRINOL (b), and the completely assembled miniSPIM frontpiece (c) are provided. The custom aluminum
V-profile from (b) was used as a base plate in the final microscope whereas the temporary mount from
(a) was used for initial GRIN-CL gluing only. After adjustment and optimization, the miniSPIM
frontpiece was fixated and sealed with low-shrinkage epoxy and a U-shaped aluminum profile as
illustrated in (c). Photos were originally taken by F. Voigt and modified for this figure.
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miniSPIM Results
miniSPIM Characterization

Light-Sheet Characterization
In light-sheet based microscopy, the thickness of the excitation light-sheet determines the axial resolution of the microscope via multiplication of excitation and
detection PSFs (Engelbrecht and Stelzer [77]). Therefore, the full-widths at halfmaximum (FWHMs) of the miniSPIM light-sheet were systematically characterized (figure 5.8). Experimental thickness values were furthermore fitted in IgorPro with a Gaussian beam width that has been adapted to cylindrical focusing
(equation 5.1, Engelbrecht [47]): Starting from equation 2.14 on page 21, the inclusion of a horizontal
z0 -shift, cylindrical focusing (·1.22−1 ) and conversions to
√
FWHMs = w0 · 2 ln 2 yielded
s


1
λ0 (2 ln 2) (z − z0 ) 2
FWHM (z) =
FWHM0 1 +
.
(5.1)
1.22
n π FWHM20
The light-sheet FWHM was measured to be 4.6 µm in the center and 6.7 µm at
the edges of the detection-FOV which had a diameter of approximately 300 µm.
These values were obtained by directly imaging the light-sheet onto a CCD camera, analyzing the intensity profile, and assessing the FWHM via Gaussian fits (see
inset in figure 5.8). The central thickness was slightly larger than an expected minimum thickness in the range of 3.8 µm as estimated from a fiber MFD of 2.1 µm
FWHM and a GRIN-CL demagnification factor of ∼ 1.8 ×. It is also larger than
the FWHM0 = 3.6 µm as obtained from the Gaussian fit described above. This
deviation is most probably due to imperfect coupling, and lens aberrations.
Resolution and Contrast Characterization
To quantify resulting lateral and axial resolution of the miniSPIM-microscope and
to assess achievable contrast, 1 µm diameter fluorescent microspheres (Fluoresbrite YG, 17154, Polysciences) were embedded in 1 % agarose gel and imaged
with the microscope. According to our analytical resolution theory (section 2.3.2),
the contribution of the finite sizes of the microspheres was negligible (in the range
of < 1.5 % with 3 µm PSFs). The miniSPIM-frontpiece was attached to a 3-axes
micromanipulator and two separate image stacks (∆z = 1 µm) were acquired one
after another for epi- and miniSPIM-mode by moving the frontpiece with respect to
the sample. Image stacks were then rescaled to isotropic voxel size using ImageJ
(Rasband [145]). Gaussian blurring with 2 pixel radius (≈ 1.5 µm) was applied
to the raw xy-images for smoothed visualization and analysis. An alternative depixelation method would be a bandpass-rejection filter in the Fourier domain as
described in Dickens et al. [168].
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Figure 5.8: Characterization of the miniSPIM fluorescence excitation light-sheet. Squares are
experimentally determined values, line is a fit function as in equation 5.1. Inset: Procedure that was
used to characterize the light-sheet (from right to left): (1) the light-sheet emerging from the GRINCL microprism was directly imaged onto a CCD camera through a microscope objective lens OL
and a tube lens TL; (2) the intensity profile was analyzed along the line (dashed) perpendicular to the
light-sheet; (3) Gaussian fits of the line-profile from (2) yielded the light-sheet FWHM. The distance
d between the microprism and OL was systematically varied and steps (1) to (3) were repeated for
each d to obtain the plot in this figure.

Figure 5.9: Spatial resolution and contrast characterization of miniSPIM. (a) 1 µm fluorescent
microspheres were used to quantify lateral and axial miniSPIM-resolutions. Left column: raw, pixelated xy-image. Center column: depixelated xy-image using a Gaussian blur filter. Right column:
xz-projection after isotropic rescaling. (b) 1 µm fluorescent microsphere imaged in epi-mode. Same
columns as above. All images are maximum intensity projections and were brightness/contrast adjusted. Scale bar is 10 µm. (c) Line profiles through depixelated xy-images of beads and Gaussian
fits for miniSPIM- (red) and epi-mode (black). Maximum and minimum intensity values are indicated. (d) Axial profiles through beads with Gaussian fits for miniSPIM- (red) and epi-mode (black).
From Engelbrecht et al. [25].
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To assess the miniSPIM resolution, line intensity profiles through individual beads
were measured both laterally and axially in the xy- and xz-planes with highest
maximum intensities and were fitted with Gaussian curves (figure 5.9). The lateral
resolution was not significantly different for miniSPIM- and epi-mode (3.2 µm vs.
3.3 µm FWHM, respectively; P > 0.7 from an unpaired two-tailed t-test). These
experimental values corresponded well to the expected resolution of 3.2 µm, which
was limited by undersampling in the CFB (calculated from 2d/M, see Göbel et al.
[51], core spacing d = 4 µm, GRIN-OL (de)magnification M = 2.5 ×). In contrast,
axial resolution was significantly improved in the miniSPIM-mode (5.1 µm vs.
11.5 µm FWHM for miniSPIM- vs. epi-mode, P  0.0001 ). This result directly
demonstrates the superior optical sectioning capability of the miniSPIM-mode.
Furthermore, the analytical theory from section 2.3.2 was applied to estimate expected miniSPIM resolutions. The following parameters were assumed: excitation
wavelength 488 nm, detection wavelength 520 nm, n = 1.33 , excitation NA = 0.04
as obtained from a linear fit of the far-field divergence angle of the light-sheet in
figure 5.8, detection NA = 0.34 as assumed from table 3.2 because a comparable
GRIN-OL front lens was used for the 2PE fiberscope, pixelation FWHM 3.2 µm
from 2d/M, and bead diameter 1 µm. Calculations yielded resolution values of
3.4 µm laterally, and 4.9 µm vs. 11.8 µm axially for miniSPIM vs. epi-mode, respectively. These results are in good agreement with experimentally determined
FWHMs. Table 5.1 summarizes the measured and calculated miniSPIM resolution
results. Even more important for a potential application of miniSPIM in strongly
scattering tissue than resolution is the achievable contrast. Therefore, the Michelson contrast was characterized from C = (Imax − Imin ) / (Imax + Imin ). Contrast values from bead images were significantly larger in miniSPIM-mode compared to
epi-mode (C = 0.27 vs. C = 0.69 , P  0.0001 ). We can therefore conclude that
axial miniSPIM resolution and contrast are superior to conventional epi-excitation
mode and that miniSPIM should be well suited for imaging in turbid media.

lateral FWHM [µm]
axial FWHM [µm]
contrast C

miniSPIM
experiment
3.2 ± 0.4
5.1 ± 1.0
0.69 ± 0.05

epi-mode
experiment
3.3 ± 0.4
11.5 ± 2.3
0.27 ± 0.07

miniSPIM
theory
3.4
4.9

epi-mode
theory
3.4
11.8

Table 5.1: Resolution and contrast for the miniSPIM are provided as quantified from imaging of
subresolution fluorescent microspheres. Furthermore, FWHMs from analytical theory are provided
for comparison. The lateral resolution is limited by undersampling in the CFB (pixelation).

5.3. MINISPIM RESULTS

5.3.2

93

miniSPIM Applications to Biological Imaging

Cells in the Ventricular Wall
For a first test of miniSPIM on biological specimen and to compare epi- and
miniSPIM-modes, a transgenic mouse line expressing eGFP under the chicken
actin promoter (C57BL/6-Tg(CAG-EGFP)1Osb/J) was kindly provided by Dr. M.
Thallmair. The specific mouse line was selected because it was expected to show
strong fluorescence in many cells. After isoflurane anesthesia, a 6 month old male
mouse was decapitated and its brain was carefully removed. Subsequently, 3 −
4 mm thick coronal brain slices were cut with a scalpel knife and transferred into a
plastic Petri dish filled with agarose gel. Normal Rat Ringer (NRR) solution was
used for immersion. Then, z-stacks were acquired in epi-excitation and miniSPIMmode from different sites in these slices. Cells in the ventral wall of the lateral
ventricle were clearly resolvable in both excitation modes but miniSPIM-imaging
was highly advantageous in terms of fluorescence background and contrast due
to its optical sectioning capability. Figure 5.10 provides single planes from these
z-stacks for comparison of epi- and miniSPIM mode.

Figure 5.10: Application of miniSPIM to image eGFP expressing cells in the ventral wall of the
lateral ventricle of a mouse brain. The cells are clearly visible in both excitation modes, but epiexcitation (a) suffers from strong fluorescence background whereas miniSPIM-mode (b) provides
optically sectioned imaging with superior contrast and fluorescence background. Scale bars are
50 µm. Incoming light-sheet direction for miniSPIM-mode is indicated by an arrow. The exact
imaging depth was hard to assess in this experiment because of the beveled ventricular wall with its
unknown exact orientation.

Fixed GAD67-GFP Expressing Interneurons
The transgenic mouse line that was used for the imaging experiment above turned
out to be unsuitable for a proof-of-concept application to image cortical neurons
or glial cells due to its abundant eGFP expression. Therefore, a different transgenic mouse line sparsely expressing eGFP in GAD67-positive cells (Tamamaki
et al. [169]) was used for a second, more “neuroscience-related” application of
the miniSPIM instrument. As above, after isoflurane anesthesia, a mouse was decapitated and its brain was carefully removed. Subsequently, the brain was fixed
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in 4 % paraformaldehyde (PFA) in 0.1 M PBS at 4 ◦ C overnight. Using a scalpel
knife, 4 mm thick coronal brain slices were cut and transferred into a plastic Petri
dish filled with agarose gel. Bracing with agarose from the sides was used to
stabilize the brain slices in their upright position (figure 5.11 (a)). Subsequently,
z-stacks with a spacing of ∆z = 2.5 µm were acquired for both excitation modes
by moving the miniSPIM frontpiece with a 3-axes micromanipulator as described
above. At superficial depth of z ≈ 120 µm below the brain surface, GFP-expressing
GABAergic interneurons were visible in both epi- and miniSPIM-mode, but background fluorescence was considerably reduced and contrast was notably increased
in miniSPIM-mode (figure 5.11 (b)). At a deeper level of z ≈ 230 µm, cells were
hardly discernible in epi-mode because of weak contrast and high fluorescence
background whereas they were still clearly visible in miniSPIM-mode (figure 5.11
(c)). Thus, miniSPIM-mode readily enabled imaging down to a depth of 300 µm,
which is the maximum that is possible due to the limited GRIN-OL working distance. To conclude, this result clearly demonstrates the benefits of miniSPIM for
deep imaging in strongly scattering biological tissue.

Figure 5.11: Application of miniSPIM to eGFP-expressing interneurons in fixed mouse neocortex.
(a) Schematic sketch (top) and photograph (bottom) of the geometrical arrangement that was used for
imaging. (b) Images acquired at depths of z ≈ 120 µm (top row) and z ≈ 230 µm (bottom row) below
the brain surface. Left: epi-mode, right: miniSPIM-mode. All images are single planes from z-stacks
and were brightness/contrast adjusted for better visibility. A slight lateral shift is noticed between
the miniSPIM- and epi-stacks. Incoming light-sheet direction for miniSPIM-mode is indicated by
an arrow. Laser powers at the sample were 0.4 mW for miniSPIM- and 0.5 mW for epi-mode. Scale
bars in (b) and (c) are 50 µm. Modified from Engelbrecht et al. [25].
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Discussion and Conclusion

In summary, this chapter introduced the first miniaturized implementation of a
single-photon light-sheet based microscope as a potential alternative to miniaturized nonlinear microscopes. Spatial resolution and contrast were characterized and
found to be significantly improved compared to conventional widefield epi-illumination. Lateral resolution in the miniSPIM was limited by the CFB-core spacing
which resulted in a lower spatial resolution compared to non-miniaturized lightsheet based microscopes (Engelbrecht and Stelzer [77]). However, the lateral resolution could be improved by using a CFB with smaller intercore-distances or a
larger magnification factor of the GRIN-OL-optics, this albeit at the expense of a
reduced FOV. In general, the combination of optical resolution (NA of front lens in
GRIN-OL), magnification factor (GRIN-OL NA-ratio) and CFB-sampling density
determine the achievable lateral miniSPIM resolution. The effect of the NA of the
GRIN-OL back lens on CFB coupling efficiency should be considered, however.
A field of potential improvement of the instrument would be the implementation of
a remote focusing mechanism. The challenge here is that – unlike in microscopes
employing a single optical path for fluorescence excitation and emission detection
– both illumination and detection beam paths need to be refocused simultaneously
and with micrometer precision. Thus, relatively simple focusing mechanisms using
a single micromotor and a shuttle as proposed in section 3.5.1 are not sufficient with
this microscope. Nevertheless, implementations which move the entire miniSPIM
frontpiece with linear piezomotors could be feasible and might enable remote zstack acquisition.
Further miniaturization of the instrument, possibly in combination with the use of
longer-wavelength fluorescent dyes, may furthermore lead to reduced scattering of
the excitation light-sheet and of the fluorescence emission light and could thus further increase contrast and imaging depth in turbid biological tissue. Additionally,
the maximum imaging depth in formaldehyde-fixed cortical tissue was reported to
be typically less than that in in vivo preparations (Tsai et al. [170, 171]). Therefore, we expect that promising potential applications of miniSPIM in neuroscience
include calcium imaging of neural activity in neocortex, cerebellum, and other
brain areas (Engelbrecht et al. [23]), endoscopic imaging in hippocampus (Flusberg et al. [20]), and potentially other cellular imaging studies in freely behaving
animals (Flusberg et al. [20], Sawinski et al. [21]). Depending on the target area in
the brain, microprism-insertion into the tissue may be unavoidable. Nevertheless,
recent reports by Chia and Levene [172] and Murayama and Larkum [99] indicate that such an insertion might not interfere severely with cell function at several
hundred microns distance.

6. Summary, General Discussion, and Outlook

In the three previous chapters 3, 4, and 5, fiber-optic technologies were applied to
develop or improve fluorescence brain imaging techniques. Each of these chapters
ended with a discussion of advantages, challenges, and potential ways of improving each specific technological implementation. In this chapter, a more general discussion about each project is provided together with a short summary of relevant
advantages and weaknesses. Furthermore, the reader is pointed to links between
the three projects that were carried out during this Ph.D. thesis. In the second part
of this chapter, an even broader look on the perspectives of the use of fiber-optic
technologies in neuroscience and beyond is provided.

Summary and General Discussion
Two-Photon Fiberscope
By combining the best technologies from different fields (photonic-crystal fibers,
Seibel-type scan engines, and gradient-index optics), an ultra-compact two-photon
fluorescence fiberscope could be developed as described in chapter 3. The compactness and weight of the instrument will be hard to beat. Furthermore, micrometer resolution in video-rate imaging experiments with fields-of-view of 200 µm
could be achieved and microscope versions with potentially improved fluorescence
emission detection efficiencies were implemented. However, a problem we encountered was that photonic-crystal fibers were highly sensitive to waveguide contaminations which hampered further applications en route to imaging in freely behaving animals. Furthermore, photonic-crystal fiber-based fiber-scanners could not
be repaired or replaced here in Zurich, because various custom parts and proprietary manufacturing technologies were necessary to assemble a Seibel-type beam
scanner. These parts and technologies were only available at the University of
Washington, however.
The optical sensitivity of the two-photon fiberscope was sufficient to resolve action
potential-induced calcium transients in cerebellar Purkinje cell dendrites in anesthetized rats. However, these cellular structures lie relatively superficial (less than
100 µm deep) in the cerebellum. Therefore it is questionable in my opinion if the
current fiberscope’s sensitivity would be good enough to resolve calcium transients
in deeper brain structures like cortical layer 2/3 cells. Our fiberscope implemen-
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tations with potentially improved detection efficiencies might alleviate this limitation, however. One of these improved versions utilized several optical large-core
fibers to detect additional fluorescence emission photons. The exact same principle
was used later to develop our Supplementary Fiber-Optic Light Collection System
(SUFICS).
In summary, I think that many additional challenges (e.g., contamination in photonic-crystal fibers, techniques for fixation of the fiberscope frontpiece on the head
of the animal, software for movement-artifact correction, constant and reliable
beam-scanner supply, animal training and habituation) need to be tackled before
the microscope can be routinely used to image neural network dynamics in freely
behaving animals.
Supplementary Fiber-Optic Light Collection
Using a ring of optical large-core fibers, we introduced SUFICS as a simple, inexpensive, and generally applicable method to enhance the signal collection in nonlinear microscopy in chapter 4. We achieved a more than 2 × signal gain for both
non-scattering and scattering samples. In particular, a signal gain of 2 × was still
present at about 800 µm depth in mouse neocortex with the fiber-ring positioned
on the surface of the brain. Enhancing signal detection in nonlinear microscopy is
highly significant for multiple reasons:
(i) The sensitivity for detection of dim objects is increased.
(ii) Lower excitation powers can be used to obtain sufficiently bright signal intensities. Thereby, photodamage and phototoxicity is reduced (Koester et al.
[135], Hopt and Neher [173]).
(iii) Signal-to-noise ratios are improved in dynamic measurements. Good signalto-noise is essential for the reconstruction of spike patterns from imaging
traces.
Furthermore, SUFICS can also be combined with proposed schemes for optimization of fluorescence excitation, either in terms of fluorescence yield as in Donnert
et al. [174] or in terms of reducing photobleaching and photodamage as described
in Ji et al. [175]. SUFICS may therefore help to either further reduce the excitation
intensity that is necessary to achieve a certain signal level or to compensate for
signal losses associated with special excitation modes. Finally, SUFICS is applicable to and may prove highly beneficial for other nonlinear imaging modalities such
as second- or third-harmonic generation microscopy (see, e.g., Mertz [131] and
Debarre et al. [176]) and coherent anti-Stokes Raman scattering microscopy (see,
e.g., Cheng et al. [177]). Overall, we envision numerous applications of SUFICS
in many research fields.
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For me, the development and physical characterization of SUFICS was a challenging but an extremely interesting experience, particularly as the SUFICS-foundations were the logical consequence from the proposed improved fiberscope implementations. Furthermore, the combination of mechanical design and optimization,
optical considerations, analytical modeling, and numerical simulations turned out
to be highly satisfying. I also think that in the long run, this technology is the
most promising of my Ph.D. projects because of its generally applicability and
very broad demand.
Miniaturized Light-Sheet Based Microscopy
Over the last years, single-photon light-sheet based microscopy was reinvented
several times and has proven to be a highly relevant technology in biological fluorescence imaging. Here, the very first miniaturized implementation of a light-sheet
based microscope was introduced in chapter 5. The instrument was based on a
single-mode fiber, GRIN-optics, and a coherent fiber bundle, providing a simple
and mechanically robust alternative to more complicated miniaturized two-photon
microscopes. Lateral resolution was worse than in the two-photon fiberscope due
to pixelation in the bundle, but it was still in the 3 µm-range. However, axial resolution was slightly better than in the nonlinear fiberscope and both axial resolution
and contrast in miniSPIM-excitation mode were superior compared to standard
epi-widefield excitation. The main advantages of the miniSPIM microscope over
all scanning fiberscopes are:
(i) Potentially higher whole frame acquisition rates, which are only limited by
the camera. Here, the future use of EM-CCD technology could benefit photon
starved imaging application.
(ii) Robustness, because there is no need for scanning. In particular, no moving
parts or electronic circuits were necessary at the miniaturized microscope
headpiece.
(iii) Mechanical and optical simplicity.
Promising potential future applications of miniSPIM in neuroscience include calcium imaging of neural activity in cerebellum, olfactory bulb, and other relatively
superficial brain areas. Imaging in deeper areas will eventually be limited by the
strong scattering properties of nervous tissue for visible excitation and fluorescence
emission photons or require complicated endoscopic access. It is therefore questionable in my opinion, if endoscopic imaging in hippocampus or neocortical layer
2/3 cells will be feasible with the current instrument. However, further miniaturization of the microscope using, e.g., 0.5 mm optics could increase contrast and
imaging depths in turbid biological tissue. One factor that is hampering the application of the current instrument in freely behaving animals is the limited length of
the coherent fiber bundle (< 100 cm). However, such experiments should in principle be readily realizable with a longer bundle. Additional challenges as mentioned
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above (e.g., techniques for fixating the microscope frontpiece on the head of the
animal, untackled movement-artifact correction, animal training and habituation)
remain unchanged for any miniSPIM application in awake animals.
Seeing that my diploma thesis at EMBL Heidelberg was about “macroscopic”
light-sheet based microscopes in cell biology, for me it was a satisfying experience that also a miniaturized light-sheet based microscope could be developed as
an alternative approach to nonlinear microscopy for imaging in freely behaving
animals.

Perspectives of Fiber-Optic Technologies in Neuroscience
High-resolution microscopy remains one of the most important techniques to characterize biological tissue on the cellular level. Therefore, basic neurobiological research could benefit enormously from instruments that permit such cellular imaging under conditions in which conventional microscopes cannot be used. Such
conditions include
• imaging in awake, freely behaving animals,
• the localization of many cell types deep within the brain, and
• imaging in special locations where a shortage of space is an issue.
Awake Imaging Modalities
Most neurobiological in vivo imaging studies have used anesthetized animals so
far. However, cellular activity is altered considerably by anesthesia (see, e.g., Pack
et al. [178], Movshon et al. [179], Rinberg et al. [180], or Greenberg et al. [181]).
Furthermore, correlation of neuronal network activity with behavior is not possible
in these preparations. As mentioned in the introductory chapter, two principal
approaches extended functional fluorescence microscopy to awake preparations:
• head-restrained animals (Dombeck et al. [17]) and
• head-mounted microscopes (Flusberg et al. [20], Sawinski et al. [21]).
In short, the first approach benefits from the use of conventional optics providing
good image quality but is applicable to a limited set of behavioral paradigms only.
The second approach relies on fiber-optics and promises to enable a wider range
of behavioral studies at the cost of deteriorated image quality and still suffers from
many conceptual uncertainties and technological challenges.
Over the years since the first implementation of a head-mounted microscope by
Helmchen et al. [18], many different technological implementations have been explored to build miniature high-resolution microscopes. Although Flusberg et al.
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[20] and Sawinski et al. [21] have recently achieved the goal of functional fluorescence imaging with cellular resolution in freely behaving animals, the field has lost
nothing of its “exploratory spirit”. Therefore, miniaturized fiber-optic microscopes
can be expected to become (and remain) one of the “hottest topics” in neuroscience
during the next years. The coupling of these fiberscopes with improved functional
fluorescence sensors promises “to open new doors of understanding” for the brain
as one of the most impenetrable organs (Evanko [182]).
Endoscopic Imaging Modalities
Despite the improved tissue penetration depth of two-photon microscopes, studies
of individual cells deep within the brains of live animals remain one of the major
challenges in current neurobiological imaging. Most mammalian brain regions
which lie deeper than 500 − 1000 µm within the tissue have remained inaccessible
to cellular-resolution in vivo fluorescence techniques.
To overcome this limitation, minimally invasive forms of single- or two-photon
excitation fluorescence microendoscopy were developed, e.g., by Jung et al. [96],
Levene et al. [97], or Barretto et al. [86]. Most of these techniques rely on compound gradient-index microlenses which were very similar to the ones used for
the projects in this Ph.D. thesis: A front (objective) lens with 1/4 pitch focuses the
collimated light emerging from a back (collimator, relay) gradient-index lens. Typically, the two lenses had different numerical apertures and diameters in the range
of 300 − 1400 µm. Tuning of the pitches of the back lenses in 1/2 pitch steps (i.e,
1/4 pitch, 3/4 pitch, 5/4 pitch, . . . ) led to a great variability in lens lengths of up
to several cm. One surgical lens insertion method was the gradual lowering of the
probe through the brain matter until it reached the area of interest. Although the
accumulation of damaged tissue at the front of the lens during penetration was reported to not be an issue (Levene et al. [97]), the possibility of brain tissue compression was a concern with this method (Jung et al. [96]). A second, although more
invasive approach therefore included aspiration of overlying brain tissue prior to
insertion of the endoscope probe (Jung et al. [96]). The described endoscopes enabled micrometer-resolution fluorescence imaging in mammalian brain areas that
were 1000 µm or more away from the cranium, which is well beyond the imaging range of conventional (nonlinear) in vivo microscopy techniques (Levene et al.
[97]). The use of fiber-optic technologies in combination with such endoscope
probes has enabled imaging studies of deep brain structures in freely behaving rodents (Flusberg et al. [20]) and could eventually enable work in large animals.
Hybrid Scanners for Use in Narrow Spaces
In this section, another condition will be discussed in which conventional microscopes cannot be used: the measurement of fluorescence signals in special locations where a shortage of space and other circumstances are limiting factors.
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Specifically here, the small diameter in the range of 10 cm and strong magnetic
fields of up to almost 10 T inside modern animal MRI-scanners prevent the use of
any bulky or metal equipment.
Functional magnetic resonance imaging (fMRI) is one of the most important noninvasive techniques to acquire information on brain activity. However, its spatiotemporal resolution is limited and the commonly used blood oxygen level-dependent (BOLD) signal is a rather indirect measure of neuronal activity. Furthermore, its exact relation to neuronal firing is still heavily debated. Concurrent fMRIand electrophysiological recordings (e.g., Logothetis et al. [183]) are technically
challenging because magnetic-field distortions are caused by the electrodes, thus
heavily degrading image quality (e.g., Oeltermann et al. [184]). Furthermore, additional electrophysiology-related limitations as discussed in chapter 1 apply. As
an alternative, optical bulk recording methods using optical fibers and calciumsensitive fluorescent dyes can provide functional signals from a volume of cortical
tissue (see Adelsberger et al. [98]) in the somatosensory cortex of an anesthetized
rat during simultaneous BOLD-signal acquisition. Figure 6.1 gives a brief outlook
on the implementation of such a hybrid fiber-optic bulk fluorescence measurement
system and on first preliminary calcium datasets that have been acquired inside
an MRI-scanner in a collaboration with Kristina Schulz from the Helmchen-group
and Esther Sydekum from the lab of Prof. Rudin at ETH Hönggerberg.
Specifically here, the recording of functional bulk fluorescence signals promises to
enable deep insights into the relation of BOLD signals with underlying neuronal or
glial activation patterns, particularly with the future use of cell-specific functional
indicators. Furthermore, the potential simultaneous recording of multi-channel
bulk signals from several cortical and/or subcortical positions would even extend
the fields of applications. Alternatively, bulk signal recordings with multi-color detection can be envisioned with adapted proximal optical systems. En route to true
“imaging across the scales” approaches, ultimately, even the use of fiber-optical microscopy techniques with (cellular) spatial resolution inside an MRI-scanner could
be thought about.
Optogenetic Stimulation using Fiber-Optics
To round out the picture of fields of application of fiber-optics in neuroscience and
lead over to clinical practice, optogenetic stimulation of single cells or specific
cell classes should be mentioned shortly. The normal functioning and pathophysiology of many biological processes is influenced by electrically excitable cells,
e.g., neurons, but also muscle cells or pancreatic beta cells (Zhang et al. [185]).
Therefore, there is a high demand for methods not only for readout but also to
manipulate and control activity with high specificity and on a millisecond time
scale. However, many of these cells are buried deeply inside solid organs, thus
it is difficult to selectively point at them with conventional electrical stimulation
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Figure 6.1: Outlook on the design of a fiber-optic bulk signal scanner for hybrid use with fMRI. (a)
The design was implemented on the same portable optical platform as described in figure 5.4 with the
difference that large-area photodetectors PDx were used for fluorescence emission detection instead
of a CCD camera. Two detection channels consisting of dichroic mirrors DCMx , fiber coupling lenses
FCL, emission filters EFx , tube lenses TL, photodetectors PDx , and multi-mode optical fibers MMFx
were planned. (b) fMRI-scanner in an electromagnetically shielded room. (c) Single channel ∆F/F
recording of optical bulk signals (OGB1-AM labeling) that were obtained in the primary sensory
cortex of a rat with 3 Hz electrical forepaw stimulation with 4 mA (red lines) in the fMRI-scanner.

electrodes. Light-sensitive proteins can be genetically targeted to many of these
otherwise light-insensitive cells, thus providing an effective technique to modulate membrane potential and activate downstream signaling cascades with different
levels of temporal and spatial control (Zhang et al. [185]).

The combination of fiber-optic technologies with expression of various light-sensitive proteins provides a minimally invasive method to exert genetically targeted and
temporally precise control over electrical activity of neurons (Zhang et al. [186]) in
freely behaving animals (Airan et al. [187]). The clinical applications for optogenetic modulation of cellular activity could be wide-ranging, from the optogenetic
control of epileptiform activity (Tønnesen et al. [188]) over the development of precise neuromodulation technologies for clinical neuropsychiatry (Henderson et al.
[189]) to an envisioned fully implantable optical neurostimulator for human use
(Henderson et al. [189]).
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Perspectives of Fiber-Optic Technologies beyond Neuroscience
In principle, clinical imaging of internal organs can be categorized into two groups
(Lee et al. [53]):
(i) structure-based imaging at relatively low spatiotemporal resolution (millimeters, seconds), e.g., x-ray computed tomography (CT), magnetic resonance
imaging (MRI), or medical sonography, and
(ii) surface-based imaging using endoscope technologies which image at relatively high spatiotemporal resolution (up to micrometers, milliseconds) in
wide fields-of-view and preferably with full color. Direct visualization of internal organ surfaces requires that both illumination and detection elements
must be ported through an often tortuous anatomical geometry to the regionof-interest. The accessibility of internal organs is then dictated by both the
size and rigidity of the endoscope. Therefore, a smaller diameter and highly
flexible endoscopes using optical fibers are preferred for many applications.
A comprehensive discussion of the potential fields of applications of fiber-optic
technologies in clinical practice would fill many additional Ph.D. theses, but it
should be briefly argued that the development of fiber-optic microendoscopes is
highly beneficial for the characterization of morphological features for cell type
classification, identification of pathological processes, and diagnosis of diseases
(Helmchen [91]) within hollow tissue tracts or deep within solid organs. Since
over the last decades, fiber-based devices have declined in size but gained in functionality (Flusberg et al. [93]), major goals for clinical applications like histopathological characterizations in vivo (“optical biopsy”) or photodynamic treatment of
hyperproliferative tissue diseases (Wilson and Patterson [190]) can be envisioned
in a less and less invasive manner.

A. Supplementary Materials and Methods

A.1

dB Scale

The decibel (dB) is a logarithmic measure of a quantity X1 relative to a reference
level X0 .
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A.2

OD Scale

The optical density (OD) is a logarithmic measure of the absorbance of a sample.
It is defined as
OD = − log10 (I1 /I0 )
with I0 being the incident light intensity and I1 being the light intensity after the
sample.

A.3

Circle-Circle Intersection

The problem of calculating the fraction of photons that hit the fiber core entrance
and that are also accepted and transmitted (see section 4.3.1), reduces to a circlecircle intersection problem (figure 4.3 (a)). According to Weisstein [191], the intersection area A for two circles with radii R1 and R2 that are laterally offset by a
distance d is given by
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In section 4.3.1, this equation was applied to obtain a general expression for the
percentage fraction A f of transmitted photons as a function of the position of the
fluorescence source relative to the fiber tip. The two relevant circular areas were
(i) the fiber core with radius r0 and
(ii) a circle in the same plane as the fiber entrance defined by the light cone
emerging from the source that contained photon trajectories with angles below the maximum acceptance angle α f of the fiber (figure 4.3 (a)).
The center point of the second circle was defined by the off-axis shift r0 of the
light source and its radius given by rα = z0 tan α f . As the problem is fully defined
by the two fiber parameters r0 and α f , normalized fiber coordinates u = r0 /r0 and
v = z0 /z0 can be used, accounting for the scalability of the problem with regard to
the fiber core size and numerical aperture. The variable A f was defined as fraction
of transmission with respect to the maximally possible transmission. Thus, we
normalized the intersection area to the area of the smaller one of the two circles
(the fiber core area in the fiber-limited case and the acceptance area in the NAlimited case). Formally, this led to the following set of equations
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for v > max (1, u) − min (1, u) (partial circle overlap) (A.2)
A f (v, u) =





1
for v ≤ max (1, u) − min (1, u) (full circle overlap)






 0
for v > u + 1
(no circle overlap)
Of special interest were the limiting cases v = 0 and u = 1. For v = 0, the axial
dependence was given by A f (0, u) = 1. The resulting radial dependence at z0 = z0
then simplified to
n
o

√

 π1 · 2 arccos 2v − 2v 4 − v2
for v ≤ 2
A f (v, 1) =
(A.3)

0
for v > 2
To calculate fiber collection efficiencies, this expression for A f (u, v) was then inserted into equations 4.6 and 4.7.
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Core Routines of the Monte-Carlo Simulation Software

In section 4.3.2, a custom Monte-Carlo simulation was used to examine whether
SUFICS could provide signal enhancements in highly scattering samples like intact
biological tissue. Unlike in transparent, non-scattering samples, light collection
efficiencies for both objective lens and fiber-ring could not be analytically derived
from geometrical relations. This section provides an overview in pseudo-code of
some of the core routines that were used in this Monte-Carlo simulation.
%% initialize global parameters/ variables
[...]
parfor(Z_upper > CurrentZ > Z_lower) % loop through Z, parallel computation
%% set depth-specific parameters/ variables
[...]
for(iPhoton=1:NumberOfPhotons) % loop through all photons
%% set photon-specific parameters/ variables
[...]
while (CurrentPhoton != DESTROYED)
%% HOP to new position
s = -log(twister)./(mua + mus); % step size to hop
XPos(Last) = XPos(LastButOne) + (s * XAxisProj); % new X position
YPos(Last) = YPos(LastButOne) + (s * YAxisProj); % new Y position
ZPos(Last) = ZPos(LastButOne) + (s * ZAxisProj); % new Z position
%% check for tissue surface hit and update trajectory if applicable
[...]
%% check for fiber ring hit
%% check requirements
%% loop through all angles phi=360/NFibers and rotate the
%% photon trajectory to check every detector in ring
A = ([cos(phi) -sin(phi); sin(phi) cos(phi)]*
[XPos(LastButOne) YPos(LastButOne)]’);
XPos(LastButOne) = A(1);
YPos(LastButOne) = A(2);
A = ([cos(phi) -sin(phi); sin(phi) cos(phi)]*
[XPos(Last) YPos(Last)]’);
XPos(Last) = A(1);
YPos(Last) = A(2);
A = ([cos(phi) -sin(phi); sin(phi) cos(phi)]*
[XPos(surfHit) YPos(surfHit)]’);
XPos(surfHit) = A(1);
YPos(surfHit) = A(2);
%% check detector hit
[IPhoton,CheckPhoton] = plane_line_intersect(n, V0, P0,P1);
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%% perpendicular on detector planes
[IPerp,CheckPerp] = plane_line_intersect(n, V0, P0’,P1’);
%% check for NA hit
gamma = anglePoints3d([IPerp(1) IPerp(2) IPerp(3)],
[XPos(surfHit) YPos(surfHit) ZPos(surfHit)],
[IPhoton(1) IPhoton(2) IPhoton(3)]);
if (gamma <= alphaFibers)
CurrentPhoton = DETECTED_BY_FIBERS;
CurrentPhoton = DESTROYED;
end
%% CHECK OBJECTIVE LENS
%% comparable approach as in fiber ring check, but without rotations,
%% added fov check instead
[...]
%% DROP PHOTON WEIGHT
PhotonWeight = PhotonWeight - PhotonWeight * (1 - albedo);
%% SPIN k-vector
[...]
CosTheta = (1.0 + gFactor^2 - ((1.0 - gFactor^2)/
(1.0 - gFactor + 2 * gFactor * twister))^2)/(2.0 * gFactor);
SinTheta = sqrt(1.0 - CosTheta^2 );
Psi = 2.0 * pi * twister;
CosPsi = cos(Psi);
if (Psi < pi)
SinPsi = sqrt(1.0 - CosPsi^2); % sqrt() is faster than sin()
else
SinPsi = -sqrt(1.0 - CosPsi^2); % sqrt() is faster than sin()
end
%% map new k-vector on photon trajectories
[...]
%% CHECK ROULETTE
if (PhotonWeight < RouletteThreshold)
if (twister <= chanceThreshold)
PhotonWeight = PhotonWeight/chanceThreshold;
else
CurrentPhoton = DESTROYED;
end
end % end roulette
end % end while CurrentPhoton != DESTROYED
end % loop through all photons
end % loop through all depths
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Two-Photon Fiberscope Control Software Design

Scan signal generation, data acquisition, and image reconstruction for the twophoton fiberscope were controlled by a custom-coded software package in the
LabVIEW-environment (National Instruments, TX). In a first part of this section,
the macro-structure of the custom fiberscope control software is visualized in a
block diagram. In a second part, relevant views of the fiberscope control software
front panel are provided.
Control Software Block Diagram Overview
As an underlying design principle, different modules of the software (rectangular
loops in figure A.1) communicated with each other via so-called LabVIEW “notifiers” (lines in figure A.1). Therefore, the single modules did not need any software
polling mechanisms to detect changes in their corresponding variables and parameters. Thus, the use of LabVIEW notifiers led to increased software performance,
particularly on PCs with modern multi-core CPUs where different modules could
be distributed to different CPU-cores or even designated hardware platforms like
external FPGA-boards. Figure A.1 visualizes these design principles.
Control Software Front Panel
In this section, a glance at the fiberscope control software front panel is provided.
Figure A.2 shows relevant parts of the hardware control and file operation settings.
Furthermore, Figure A.3 provides a view of advanced spiral controls and the current fluorescence image acquired by the microscope.

110

APPENDIX A. SUPPLEMENTARY MATERIALS AND METHODS

Figure A.1: Custom fiberscope control software block diagram overview. Different modules of the
software (rectangular loops) communicated with each other via notifiers (lines) to supersede software
polling mechanisms.
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Figure A.2: Custom fiberscope control software front panel (part 1). The different parameters for
beam-scanner control, DAC/ADC, file operations, and laser power control are highlighted in red.
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Figure A.3: Custom fiberscope control software front panel (part 2). In the left part, advanced spiral controls are shown to acquire, analyze, load, and save custom
remapping pixel lookup-tables. On the right hand side, the current fluorescence image from the microscope is displayed. A tool palette can be used to define basic
regions-of-interest for a quick online impression of histograms and temporal intensity variations of certain parts of the image during the experiment. Zero-filled pixels
are colored in blue, saturated pixels are red (illustration only).
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Pixel Mapping with Lookup-Tables
For image generation, the sampled fluorescence intensity values from the ADC
were assigned to their corresponding pixels based on a static lookup-table (LUT).
This LUT mapping routine as described in section 3.2.2 was implemented in a custom C-DLL for increased performance. This section provides the core components
of the code.
extern "C" DOLUT_API unsigned __int8 FndoPxHits( // calculates PxHits
unsigned __int32 *PixelHits,
// pointer to output array
unsigned __int32 PixelHitsWidth,
// width of image
unsigned __int32 PixelHitsHeight, // height of image
unsigned __int16 *LUTx,
// lookup table for x
unsigned __int16 *LUTy,
// lookup table for y
unsigned __int32 *SamplesToIndex, // ADC sample mapping array
unsigned __int32 SamplesToIndexLength )// length of sample mapping array
{
unsigned long i, xpos, ypos, ind; // internal variables
for (i = 0; i < SamplesToIndexLength; i++)
{
ind = SamplesToIndex[i];
// ADC array index -> LUT array index
xpos = LUTx[ind];
// the x pos is in LUTx at index ind
ypos = LUTy[ind];
// the y pos is in LUTy at index ind
PixelHits[ypos * PixelHitsWidth + xpos]++; // increase PixelHits-counter
}
}
extern "C" DOLUT_API double FndoLUT( // calculates PxValues
double *PixelValue,
// pointer to output array
unsigned __int32 PixelValueWidth, // width of image
unsigned __int32 PixelValueHeight, // height of image
unsigned __int32 *PixelHits,
// how many samples per pixel?
unsigned __int16 *LUTx,
// lookup table for x
unsigned __int16 *LUTy,
// lookup table for y
unsigned __int32 *SamplesToIndex, // ADC sample mapping array
double *YValues,
// pointer to ADC array
unsigned __int32 YValuesLength,
// length of ADC array
unsigned __int8 AGC,
// switch for automatic gain control
double SoftGain )
// value for software gain
{
unsigned long i, xpos, ypos, ind; // internal variables
for (i = 0; i < YValuesLength; i++)
{
ind = SamplesToIndex[i];
// ADC array index -> LUT array index
xpos = LUTx[ind];
// the x pos is in LUTx at index ind
ypos = LUTy[ind];
// the y pos is in LUTy at index ind
PixelValue[ypos * PixelValueWidth + xpos] += YValues[i];
}
// increase pixel by ADC value
// divide PixelValue by number of PixelHits
[...]
// perform rescaling
[...]
}
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