
IT 10 031

Examensarbete 45 hp
Juni 2010

Implementation of 3D Imaging 
for Two-photon Laser Scanning 
Microscopy 

Chetan Nagaraja

Institutionen för informationsteknologi
Department of Information Technology



 



Teknisk- naturvetenskaplig fakultet 
UTH-enheten

Besöksadress: 
Ångströmlaboratoriet 
Lägerhyddsvägen 1 
Hus 4, Plan 0 

Postadress: 
Box 536 
751 21 Uppsala 

Telefon:
018 – 471 30 03 

Telefax: 
018 – 471 30 00 

Hemsida:
http://www.teknat.uu.se/student

Abstract

Implementation of 3D Imaging for Two-photon Laser
Scanning Microscopy

Chetan Nagaraja

Information exchange between neural 
systems occurs at the level of 
populations of neurons. Thus in order to 
understand how this information exchange 
occurs, it is indispensible to 
understand the role of underlying 
neuronal systems. 
Electrophysiological techniques have 
enhanced our understanding of the 
nervous system by enabling the study of 
properties of single ion channels to 
that of ensembles of neurons. While 
electrophysiological measurements offer 
excellent temporal resolution, they lack 
spatial resolution as this method 
provides a readout of the electrical 
signals from single or ensembles of 
neurons in the vicinity of the 
electrodes (Scanziani et al, 2009). 
Imaging techniques have gained a lot of 
prominence because they are non-invasive 
and provides excellent spatial 
resolution (Scanziani et al, 2009). The 
advent of fluorescent genetically 
encoded optical probes and other 
fluorescent synthetic indicators has 
enabled the study of network functions 
of neurons (Handel et al, 2008). 
There are various imaging techniques but 
the one most suited to study network 
activity is Multiphoton emission (MPE) 
microscopy because of its ability to 
image at greater depths in the tissue. 
In particular, the most popular and 
extensively used method in this class is 
the 2-Photon Microscopy. Imaging methods 
until recently have employed 2D scanning 
at planes normal to the light axis. It 
is known that processing of information 
occurs at local ensembles of neurons , 
hence obtaining population activity in a 
volume of interest is of greater 
relevance. This has been possible with 
the technological advancements over the 
past couple of years (Gobel et al, 
2007)).
The aim of this thesis is to implement a 
fast 3D scanning algorithm using 2-
photon microscopy to measure the 
activity patterns of neuronal ensembles. 
Further, this technique could be used in 
order to relate the activity of neurons 
with the behavioral output. 
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Chapter 1 

Introduction 

Feeding, anger, aggression, movement are part of the behavioral repertoire of most animals. Behavior is 

accepted to be a result of brain function. The biggest challenge for biological sciences is to explain how 

the brain gives rise to behavior, by coordinating the activities of billions of nerve cells. Locomotion is a 

behavior indispensible to sustain life in most animals. 

Locomotion in humans and animals is possible due to the ability to control muscle activity. The timing, 

rhythm and coordinated muscular activity is brought about by localized neuronal networks known as the 

locomotor Central Pattern Generators. The locomotor Central pattern generators are a subset of the 

Central pattern generators that comprise neuronal networks that give rise to rhythmic neuronal activity, 

and do not need a rhythmic input for this. They are called central as they do not need the feedback from 

sensory neurons to generate the rhythm. The Central pattern generators are also responsible for many 

other rhythmic activities such as breathing, digesting and chewing (Ijspreet et al, 2008). The locomotor 

Central Pattern generators are located in the Spinal Cord (1). These neurons receive inputs from higher 

brain centers, and once initiated they control the rhythm and pattern of muscle contraction.  

 

1.1  Central Nervous System 

The mammalian Central Nervous System comprises of seven parts: the spinal cord, medulla oblongata, 

pons, cerebellum, midbrain, diencephalon and the cerebral hemispheres. Each of the regions of the 

central nervous system is involved in some function, some of which are listed below. 

The spinal cord is the the most caudal part of the Central Nervous System and comprises of 4 regions 

based on the vertebral bone containing them: cervix, thorax, lumbar and sacrum. Information from the 

skin, joints and muscles of limbs and the trunk are received and processed by the spinal cord as well as 

controls the activity of the limbs and trunk. 

The brainstem lies rostral to the spinal cord and is made up of the medulla oblongata, pons and the 

midbrain.  Sensory information from the skin and muscles of face is received and processed by the brain 

stem and also controls the muscles of the face. It conveys information from the spinal cord to the brain 

as well as from the brain to the spinal cord. The reticular formation in the spinal cord regulates the 

levels of awareness and arousal. 

Medulla oblongata lies immediately rostral to the spinal cord and contains centres for the autonomic 

functions of breathing, digestion and control of heart rate. 

Pons lies rostral to the medulla oblongata and is involved in conveying information from the cerebrum 

to the cerebellum about movement. 
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Lying behind the pons is the cerebellum and connects with the brainstem by means of fibre tracts called 

peduncles. The cerebellum is involved in control of movement and also learning motor skills. 

The midbrain lies rostral to the pons and is concerned with sensory and motor functions. 

In between the midbrain and the cerebral hemispheres lies the diencephalon. The diencephalon is 

divided into the thalamus and hypothalamus.                                                                                  

The information reaching the cerebral cortex from the rest of the CNS is processed in the thalamus. The 

hypothalamus is concerned with regulation of autonomic, endocrine and visceral functions. 

The cerebral hemispheres consist of: 

Cerebral cortex is the outermost wrinkled layer 

Basal ganglia is involved in motor performance 

Hipppocampus  involved in memory storage 

Amygdaloid nuclei coordinate responses to emotional states. 

 

1.2 Cells of the nervous system 

The nervous system is made up of 2 main types of cells: the nerve cells (neurons) and the glial cells . 

These cells are responsible for the generation of the signal necessary for information transfer through 

the nervous system. 

Neurons. There are about 10^11 neurons in the nervous system and the pattern of connectivity among 
different neuronal types gives rise to different actions of the resulting neuronal networks. They are the 
principle signaling units of the nervous system. The neuron is characterized by a cell body, the axons, 
dendrites and the presynaptic terminals (Kandel, 2006).  
The cell body is the site of metabolism and protein synthesis. It gives rise to two processes, the axon and 
the dendrites. Dendrites are the input centers for the neuron, these are numerous and branch out, 
through them the signals from other neurons are received by the neuron. The axons are the output 
units, a single axon extends from a neuron and conducts the signal to other neurons that the neuron 
synapses with. The neuron transmitting the signal is called the presynaptic neuron and the neuron 
receiving the signal is called the post synaptic neuron, the point of contact is known as the synapse. 
There is no cytoplasmic continuity from one neuron to the other, at the synapse between the pre and 
the post synaptic terminal of the pre and the post synaptic neurons there is a gap known as the synaptic 
cleft. 
Neurons are further classified based on their shape into unipolar, bipolar and multipolar neurons. 
 
Glia There are 10 to 50 times as many glia in the nervous system as there are neurons. Glia provide 
support to the neurons, they are further classified into microglia, oligodendrocytes and astrocytes.  
Microglia perform phagocytic function and clear debris after injury, infection or death of neurons. 
                                                                                     8 



    

                    
                                                                               

Oligodendrocytes provide electrical insulation to axons, forming a myelin sheath by coiling around the 
axons, each oligodendrocyte ensheaths around 15 axonal internodes.  
Astrocytes are the most abundant of the glial cells and they are believed to play a role in the supply of 
nutrients to the neurons as they have their end feet on the lumen of blood capillaries as well as aiding in 
signalling between the neurons. 
                 
1.3 Signaling in the Nervous system 
 
The neurons and glia form the basic constituents of the nervous system. The neurons are the basic 

signalling units while the glia remain electrically silent. The neurons transmit information by means of 

action potentials, that are generated at the axon hillock and are conducted along the axon. The action 

potentials are an all-or-none phenomenon, that is they either occur or do not occur at all and there are 

no intermediate states, and are propogated along the axon at the same intensity. In order to understand 

the action potentials let us first review the concept of membrane potentials. 

Membrane Potential 

The neuronal membrane has a distribution of ions on either sides. There are four main ionic species that 

are known to exist, Sodium, Chloride ions, Potassium and Organic anions. The cell membrane is 

selectively permeable to certain ionic species thereby giving rise to a negative potential on the inside of 

the cell compared to the outside. This is known as the Resting Membrane potential.                                                                                       

During the resting state the neuron has a greater concentration of negative ions inside the cell 

compared to the outside, and in most nerve cells the resting membrane potential is -65mV.  Due to 

stimulation of neurons the neuronal membrane opens the Sodium channels resulting in inward flow of 

Sodium ions, thereby making the potential inside the neuron more positive, and if this is sufficiently 

large it brings about depolarization, this value is about -55mV in mammalian systems, causing a 

transient increase of the potential inside the neuron to positive values, which is immediately followed 

by return of the neuron to negative potential known as repolarization, this depolarization and 

repolarization event is known as action potential. The depolarization spreads to adjacent areas of the 

neuron during an action potential, this continues to the end of the axon where the axon makes contact 

with other neurons.                                                                                        

1.4   Two-photon Microscopy 

The study of structure and function of the cellular constituents of organisms is the major aim of 

microscopists. This has been carried out by using various imaging methods, some involving linear light-

matter interactions while others have employed non-linear effects. Microscopy using linear effects 

depends on a single photon-excited fluorescence as in Confocal microscopy, and are limited to imaging 

at the surface of tissues upto depths of 100um for obtaining a high resolution. However for deep tissue 

and high resolution imaging the method of choice is non-linear microscopy, as it is less prone to 

scattering in tissues (Helmchen et al, 2005). 
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1.4.1 Principle 

The phenomenon of multiphoton excitation was proposed by Maria Goeppert-Mayer in her Doctoral 

dissertation (Goeppert-Mayer, 1931). Multiphoton excitation involves the near-simultaneous absorption 

of 2 or more photons thereby causing the chromophore to be excited to a higher energy state. The 

excited fluorophore then emits fluorescence that usually has shorter wavelength and higher energy than 

the exciting photons. Because Multiphoton excitation requires at least 2 photons, the intensity of 

excitation required is much higher than that for One-photon excitation. 

Two-photon microscopy is the most widely used type of multiphoton microscopy in biological imaging 

that relies on the non-linear effect. It is non linear in that it requires 2 photons to be near-

simultaneously absorbed (~ 0.5 fs) by molecules to cause them to be excited and emit fluorescence, 

since this emission depends non-linearly on the intensity of the incident light (Helmchen et al, 2005) it is 

categorized non-linear microscopy. This effect is shown in the simplified Jablonski diagram Figure 1. 

 

 

 

 

 

 

 

 

Figure 1. Electronic transitions due to excitation by 2 photon absorption 

The size of the diffraction limited focal spot depends to a great extent on the Numerical aperture of the 

objective and with a very high numerical aperture of the objective lens a focal volume as small as 

1um3can be achieved (Zipfel et al, 2003). 

Because two-photon excitation is a non linear effect, it requires very high excitation intensities that 

could damage the tissue. This problem is overcome by the use of pulsed lasers that supply ultrashort 

pulses at a very high repetition rates, thereby supplying very high instantaneous power and keeping the 

average power well below the levels that could cause damage to the tissue. Laser scanning microscopes 

(LSM) (Davidowitz et al,1969) and mode-locked lasers capable of producing ultrashort pulses (≈100fs) of 

red or infrared light at high repetition rates (≈100MHz), were the key technological developments that 

made nonlinear microscopy practical (Pawley, 2006).  
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Some of the physical principles the multi-photon microscopy systems depend on are explained below.  

Optical Pulse Length: It is desirable to have as short pulses of laser as possible, however this is limited 

since pulses undergo broadening as they traverse through optical media, this phenomenon is termed 

Group Velocity Dispersion (GVD). The shorter the pulse the greater is the number of frequency 

components hence greater broadening. Group velocity Dispersion arises as components of light with 

different wavelengths travel with different velocities through optical media, ultrashort pulses of say 70fs 

centred at say a wavelength of 800nm is spread over 13nm in wavelength, and because of GVD there is 

broadening of the temporal profile of the wave, though the power distribution in the spectral 

components remains unchanged, the peak intensities transmitted by the pulse is greatly reduced which 

in turn reduces the average squared intensity, that the probability of two-photon emission depends on 

(Pawley, 2006). 

               

 

 

 

 

Figure 2. Group velocity dispersion 

It can be seen in figure 2 that the longer wavelengths tend to accumulate towards the leading edge and 

the shorter wavelengths towards the trailing edge. 

Excitation Localization 

Due to the quadratic dependence of propability of excitation on the intensity of light and the drop of 

intensity at a quadratic rate from the focal spot for a Gaussian shaped beam there is localization of 

excitation. It has been determined that for a Gaussian shaped beam at center wavelength 700nm, 80% 

of the total absorption and hence excitation with a  objective of NA 1.4 is contained within an ellipsoid 

0.3 um in diameter and 1um in length or a volume of 0.1 um3. This means that due to localization of the 

excitation only to the focal volume, unlike out of focus excitation that is seen in the one-photon 

excitation as can be seen in the image below, any fluorescence that is detected originates from the focal 

volume and hence constitutes useful signal. Because in MP emission the 3D resolution is due to the 

confinement of excitation to the focal volume, out-of-focus photobleaching and photodamage and the 

attenuation of the excitation beam by out-of-focus absorption do not occur (Pawley, 2006). 

Photobleaching and photodamage are localized to a very small region in the focal plane as against the 

large focal and off focal plane damage that is caused in the 1P case. 
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Resolution 

Two-photon excitation does not enhance the resolution compared to the one-photon excitation. For the 

same fluorophor 𝜆2𝑝≈ 2 x 𝜆1𝑝  thus there is a degradation of resolution by a factor of 2 in the two-

photon case. However in the one-photon case if the pinhole used is of zero size then the resolution 

would be twice as good as for two-photon case, but for most cases they are both similar in terms of 

resolution (Pawley, 2006). 

Laser power Control 

Laser power modulation on slower timescales can be brought about by mechanical devices such as filter 

wheels, graded neutral density filters, or rotating half-wave-plate/polarizer combinations (Denk, 2001). 

Modulation of laser power on the timescale of microseconds to nanoseconds is possible with Acousto-

optical (AO) or Electro-optical (EO) modulators i.e., Pockels cells. 

1.4.2 Advantages of 2 Photon Microscopy  

1) Several methods exist to study the activity patterns of populations of neurons. Methods such as 

Optical imaging enable study of spatiotemporal activity patterns but lack cellular resolution, on the 

other hand extracellular recordings offer activity measurement at high temporal resolution but suffer 

due to a lack of information about the cellular identities and a poor spatial resolution (Kerr,PNAS,2005). 

Two-photon microscopy overcomes this problem by providing cellular resolution. 

2) Since the excitation is limited to a small focal volume, the problem of excitation of off-focal regions 

that is encountered in one-photon excitation is overcome, good contrast and resolution are obtained 

without the use of an aperture as in confocal microscopy, that would also block some of the photons 

emitted from the focal regions but get scattered on their way out of the tissue, hence a loss of useful 

signal, this problem is effectively overcome in 2 Photon excitation and any photon reaching the detector 

is useful signal. (Wilson and Sheppard, 1984 and Denk et al., 1990). 

3) Another major problem is that of scattering, resulting due to variations in the refractive index along 

the path of the photons in the tissue (Helmchen and Denk, 2005) and nearly half the photons are 

scattered at depths of 50-200um (Oheim et al., 2001). Compared to one photon excitation photons 2 

photon excitation photons as less prone to scattering as they are in the Red and near Infrared region 

and light in this part of the spectrum are less scattered by the endogenous chromophors (Svoboda and 

Block, 1994). Moreover even though the light is scattered deep in the tissue, because of the nonlinear 

nature of absorption the excitation is still limited to the focal region. 

1.4.3 Drawbacks 

1) Due to use of wavelengths 𝜆2𝑝≈ 2 x 𝜆1𝑝  resolution is compromised by a factor of 2. This can be 

overcome with the use of a confocal aperture at the cost of the signal. 
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2) Thermal damage due to absorption of excitation wavelengths by endogenous chromophors. Water is 

especially known to absorb in the NIR region. 

3) Temporal resolution not as high as electrophysiological techniques such as patch clamping required to 

resolve single action potentials.  

 

1.5 Aims of this thesis 

Two photon microscopy is the simplest and the most used Multiphoton microscopy. The excitation 

based 2 photon absorption depends quadratically on the intensity of excitation used. With the advent of 

2-photon microscopy, high resolution imaging at great depths, not possible with other imaging 

techniques was achievable. This combined with the 3D line scan technology made it possible to resolve 

activity patterns of populations of neurons (Gobel, 2007). Typically spiking activity results in increase in 

Calcium concentration, and requires scan rates greater than 10 Hz to visualize changes in Calcium 

activity, as spiking activity related to somatic calcium transients are of the order of hundreds of 

milliseconds (Kerr,PNAS,2005). 

The aim of this thesis is to implement 3D imaging functionality at the two-photon microscope setup in 

the lab of Dr.Klas Kullander. The following subprojects have been undertaken during the master’s thesis:  

 

1) Implementation of analytical spiral scan for 3D imaging. 

2) Implementation of a user-defined mode in 2D. 

3) Implementation of Scan generation at the two-photon microscope setup. 

4) Configuring and readout of Position feedback signals from the microscope. 

5) Analysis mode for resolving the activity patterns of neuronal networks in 3D space. 
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2. Methods  

2.1 Implementation of Fast 3D Imaging for  2-Photon Microscopy 

Fast 3D Imaging technology for 2-Photon microscopy was developed by Werner Gobel for his Doctral 

thesis at ETH, Zurich. The 2-photon microscope setup was custom built for this purpose at the Helmchen 

Lab at the University of Zurich. The aim of my Masters thesis is to Implement the 3D imaging based on 

the work of Werner Gobel. First, I describe the 2-Photon microscope  setup, followed by the scan 

generation algorithm that is implemented as part of the thesis. 

2.1.1 Setup of 2-Photon Laser Scanning Microscope  

Adapted from Langer,2008. (FENS) 

Figure 3. Wiring Diagram of the Two-photon microscope setup. 
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The setup consists of a Laser source, the precompensation unit, tube lens, Pockels Cell,the 

galvanometric scan mirrors for x-y deflection of the beam, the PIFOC which is the focusing element in z 

direction along the axis of light, photo-multiplier tubes, one for each color of light used, an analog to 

digital converter (ADC), the PXI chassis by National Instruments. The software implementation was 

carried out in the LabVIEW environment.  

The schematic below shows the various components of the two-photon laser scanning microscope 

system. The laser source (Chameleon, COHERENT) produces modelocked , ≈ 100 femtosecond pulses at 

a 80 MHz repetition rate with a peak output power of 3.3W at 800nm. The Precompensation unit ( 

Chameleon, COHERENT) compensates for the GVD that the laser beam undergoes as the beam passes 

through optical media of high refractive index(Pawley, 2006).  

The beam size was adjusted using a telescope and the intensity of the laser was adjusted using a Electro-

Optic Modulator ( model 305-80; 302RM control electronics; Conoptics). The x-y deflection of the beam 

was brought about by means of Galvanometric Scan mirrors (6210H; 673X control electronics; 

Cambridge Technology), the position feedback signals can be obtained from the 673X control 

electronics. The deflection of the beam in the z direction, along the beam axis is brough about by means 

of a Piezoelectric focusing element (PIFOC; E-665; Physik Instrumente (PI). The PIFOC can undergo a 

maximum expansion of 400µm in 

closed loop operation, and has a 

minimum step of 25 µm.                 

The excitation light is focused onto the 

sample and the fluorescence emission is 

obtained by means of a water-

immersion Objective ( 40x W PLAN 

APOCHROMAT; NA 1; Zeiss) with a 

working distance of 2.5mm. The 

fluorescent signal is amplified using 

Photomultiplier tubes (R6357Select, 

Hamamatsu) and the digital data is 

integrated over pixel dwell times using 

hardware (XPG-ADC-PREAMP; Sigmann 

Elektronik). 

Figure 4. Two-photon microscope setup 

for 3D imaging. 

Gobel et al. 2007 
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2.1.2 Scan Generation Algorithm 

2.1.2.1 Analytical Spiral Scan 

2D Imaging involves raster scanning in x-y directions, and in order to obtain 3D information stacks of 2D 

images are obtained at different levels along the z-axis (optical axis). Even at its fastest this method can 

attain around 10Hz per frame. This would not be fast enough to study network dynamics of groups of 

neurons in a volume. This problem is overcome by introducing linescans that can scan an entire volume 

of interest at very high rates, enough to capture activity profiles of neurons in a volume. The key 

component to this scan algorithm is the z scanning, unlike with raster scans at different z steps, resulting 

in settling times of >50ms even for very fast z scanners, with continuous scanning in z, rates of upto 

20Hz with correction can be achieved (Gobel et al,2007). The algorithm makes use of continuous 

variation of the piezo element by a sinusoidal drive signal, in combination with fast scanning in x-y 

reaching rates of 1kHz.  

The scan generation algorithm used analytical mathematical functions in 2D to define the x and y signal 

components in spiral and square-spiral modes. The two-component vector Pi defining the spiral, in x and 

y dimensions is 

Pi,x =   Ax  .  𝑆𝑖𝑛
 𝑖2𝜋

𝐾
 
𝑡

              Ax   is the amplitude of the x signal 

Pi,y =   A𝑦 .  𝐶𝑜𝑠 
𝑖2𝜋

𝐾
 
𝑡

             A𝑦   is the amplitude of the y signal 

With i = 0, ……, (s-1) and  0 < t ≤ 1. The number of spirals and the circularity are defined by the 

parameters n and t and the basic pattern consists of s/K spirals where K is the number of pixels per 

spiral. The parameter t was used to define circularity, for values closer to 1 the spiral was successively 

circular and for values closer to 0 it was square spiral. The amplitudes of the signals could be varied from 

0 to 1 by varying values of Ax  and A𝑦 . The basic scan pattern was then multiplied with a sinusoidal 

function to ensure that the spiral-in spiral-out pattern was obtained and the transition from one spiral to 

the next was smooth. A phase jump was applied to the trajectory at the upper and lower ends of z-

motion in order to ensure uniform volume coverage and that the lateral maxima to the trajectory in x-y 

were interleaved for each half of the z-motion. The implementation can be found under Software 

components.  

Fast scanning along the z-axis 

In order to obtain fast scanning along the z- axis a saw-tooth and a sinusoidal signal were implemented. 

The saw-tooth signal is generated based on the formula below: 

 O𝑧 i =
𝑖2A𝑧

𝑠
                      for i ≤ s/2 
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O𝑧 i = −
𝑖2A𝑧

𝑠
+ A𝑧         for i > s/2   

For i= 0,……,s-1, where s is the number of pixels and A𝑧  is the amplitude of the z-signal. The saw tooth 

wave is suitable for low frequencies of vibrations (≤ 5Hz) (Gobel, 2008). The preferred z scan signal is 

sinusoidal and the implementation is based on the following formula: 

O𝑧 i =  A𝑧 . 𝐶𝑜𝑠 
𝑖2𝜋

𝑠
  for i = 0,….., s-1,  A𝑧   is the amplitude of the z-signal 

The implementation also allows the z-signal to be either sinusoidal or saw-tooth. The saw-tooth signal 

results in a uniform scan through the volume, however due to sharp corners the scanners cannot follow 

the command signal very effectively for higher frequencies of vibrations. Thus for fast scanning through 

the volume the sinusoidal signal is less prone to large deviations from the command signal. 

2.1.2.2 User defined scan modes 

User defined scan mode allows the user to interactively choose the points of interest on the reference 

stack of images previously obtained. A smooth trajectory is then fitted onto the points of interest that 

are selected, either in 2D if the selected points lie along one plane, or in 3D. 

Selection of points of interest by the user 

The first step in the generation of smooth trajectory for the user-defined points is the selection of points 

of interest that is done intereactively by the user. The user does so by clicking on a reference image on 

the cells of interest and the program saves the selection, before the sorting of the points. 

 

 

 

 

 

 

 

Figure 5. Front panel of the LabVIEW 

program for selecting points of interest. 

Image contributed by Dominik Langer, 

University of Zurich. 
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Smooth trajectory generation 

In order to prevent rapid acceleration along the chosen points a smooth curve had to be fitted. To be 

able to generate a smooth trajectory first the points along each plane were sorted as shown in the 

schematic below.  

 

 

 

 

 

 

 

 

Figure 6. Sorting of points 

 

Once the points were sorted different interpolation techniques were employed to determine the 

technique that was the better one and if interpolation would be enough to fit a smooth curve onto the 

points of interest. 

Different types of interpolation 

The interpolation techniques tested are: 

 Linear 

 Cubic Hermite 

 Cubic Spline (assuming natural spline boundary conditions) 

2.1.2.3 Scan generation and position feedback signal recording 

The actual scan signal was tested on the scanners and the corresponding position feedback signals from 

them recorded. Various scan signals that were generated such as sinusoidal, spiral, and user-defined 

were tested on the scanners. Recording the position feedback signals enabled characterizing the 

performance and limitations of the scanners. Frequency dependent variation of the actual scan from the 

command inputs for each of them were noted. 
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3. Results 

3.1 Spiral Scan Trajectory 

There were 2 types of spiral trajectories implemented, one a circular spiral and the other a square spiral, 

and varying degrees of circularity from square to circular. Figure 7.a shows the 3D spiral trajectory, and 

7.b, c, d are the  x, y and z components of the trajectory path in 3D.  
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Fig. 7.b. x signal 

Fig. 7.c. y signal 

Fig. 7.d. z signal Fig. 7.a. 3D spiral trajectory 



    

                    
                                                                               

 

 

 

Figures 8.a and b show the x-y projections of the trajectories for each of the circular-spiral and square-

spirlal trajectories. 

3.2 User defined Scan modes 

The circular spiral scan mode has been shown to sample the points in the volume of interest uniformly 

(Werner et al, 2007). However there may be situations where not all the points in the volume may be of 

interest instead only a few neurons are of interest and they may not be uniformly distributed. In such 

cases, in order to sample only the points of interest and also boost the SNR an alternative trajectory 

covering only the points of interest is to be generated.   

The trajectory has to pass through the points of interest as well as be smooth, in order to minimize the 

deviations from the intended path of the scan mirrors, that occur along sharp corners. To this end 

several curve interpolation methods have been implemented to generate a smooth trajectory. Figures 

10, 11 and 12 show the curves generated by using linear, cubic hermite and spline interpolations for a 

randomly selected points of interest on a test image shown in figure 9. 

First step in this direction is to sort the points of interest along different images in the reference stack of 

images. Then sorting of points along each frame in the stack. Then using interpolation to produce a  

smooth curve passing through the points of interest. For development purposes first a single image is 

taken on which points are selected, sorted and interpolated, this can further easily be extended to a 

reference stack of images taken at different depths in the volume of interest. 
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Figure 8.a Figure 8.b 



    

                    
                                                                               

Sorting of points 

The selected points are sorted and then a smooth curve is generated. The sorting of points was done to 

arrange the points in a definite order such that sharp corners were avoided as far as possible, following 

which a smooth curve could easily be fitted over the points, and forms the first step in fitting a smooth 

trajectory.  

         

 

 

 

Figure 9.  Sorting of points           selected by 

the user based on the schematic shown in 

Figure 6. 

 

The following figures show the combined x-y plots as well as the individual x and y plots after sorting 

and interpolation. Figure 10.a shows a linear interpolation of the sorted points, b) the x signal after 

linear interpolation the dots represent the original points and the purple line joining them is the linear 

interpolant, c) the corresponding y signal. 
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Figure 6.a 

Figure 10.c y signal 

Figure 10.b x signal 

Figure 10.a Linear Interpolation 
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Figure 11.a shows the x-y plot of a cubic hermite interpolation of the sorted points, b) the x signal after 

cubic hermite interpolation, the dots represent the original points and the purple line joining them is the  

interpolant, c) the corresponding y signal. 

From the interpolation techniques implemented above it is seen that the spline interpolation provides a 

smooth fit, this technique has to be tested for many different combinations of user defined points in 

order to determine if it can produce a smooth trajectory in all cases. 

After a smooth curve has been generated in 2D, the next step is to join the curves at different 2D planes 

such that a 3D line passing through the points of interest along different 2D planes is obtained, curves 

between two planes are joined such that there is a continuous trajectory passing through the different  

planes of interest obtained along the focal axis in the volume to form a continuous trajectory in 3D. 
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Figure 7.a 

Figure 11.b x signal 

Figure 11.c y signal 

Figure 11.a Cubic Hermite Interpolation 

Figure 7.a 
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Figure 12.a shows the x-y plot of a cubic spline interpolation of the sorted points, b) the x signal after 

cubic spline interpolation, the dots represent the original points and the purple line joining them is the 

cubic spline  interpolant, c) the corresponding y signal. 

3.3 Positional Feedback Signals 

The drive signals applied to the scanners are not exactly followed, this is because the scanners have a 

inherent inertia which has to be overcome before undergoing deflections, in addition when there are 

rapid accelerations the scanners cannot very faithfully follow the drive signals. Thus in order to map the 

fluorescence signal of a pixel to its corresponding position in the reference stack we use the position 

feedback signal. 

The control electronics for the scanners also provide the feedback signals based on the actual 

movement of the scanners. Thus the drive as well as the actual signal can be compared for both 

obtaining a reference of the actual deviation for different drive signals by the scanners. The position 

feedback signals can also be used to correct for any phase lag that may occur in order to synchronize the 

3 scanners. The piezo electric element induced z-vibrations further has a frequency-dependent 

amplitude reduction and phase shift that needs to be corrected, it has been found that the signal can be 

corrected upto a frequency of 20Hz (Werner et al, 2007).  
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Figure 7.a 

Figure 12.a Cubic Spline Interpolation 
Figure 12.c y signal 

Figure 12.b x signal 
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The amplitude reduction and the phase lag for the x and y scanners as well as the PIFOC element 

induced z-motion are determined at our two-photon microscope setup. Both the spiral as well as the 

user defined trajectories are tested as drive signals to the scanners. The user-defined trajectory has not 

been implemented in 3D, smooth 2D trajectory that was generated was tested on the scanners. 

First the feedback signal for the spiral trajectory is compared with the drive signal at different 

frequencies and the corresponding amplitude reductions and the phase lag determined for each of the 

frequencies noted so as to be able to generate a corrected signal if necessary. 

The drive signals used to test the x-y scanners were of different types. From the simplest circular spiral 

signals of increasing frequencies to the smooth curve passing over a random assortment of predefined 

user defined points. The PIFOC induced z-signal was only driven by a sinusoidal signal, as the scanner 

follows the sinusoidal signal the best, and in an earlier study it has been shown that for a sawtooth drive 

signal, at frequencies greater than 5Hz the scanner executed a sinusoidal movement, hence only the 

sinusoidal waveform was given as a drive signal to the PIFOC.  

 

X Scanner Position Feedback Signals 

Circular Spiral Scan  

The characteristic x drive signal in order to generate a Circular spiral is as shown in figure 7.b. This signal 

is basically an amplitude modulated sinusoidal signal. Hence the amplitude varies but the frequency 

remains constant. Each scan was generated with 5000 points and roughly 25Hz frequency as shown in 

the representative graph below. The drive signal and the corresponding position feedback signals are 

coded in blue and red colors respectively. For each scan the corresponding amplitude reduction and the 

phase-lag was determined. The Figures 14 a and b show the amplitude reduction (as percentage 

reduction of the amplitude) and the phase-lag (us). The x axis is the number of scans per                          

second. 
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Figure 13. The x command signal for circular spiral trajectory is shown in blue and the corresponding 

position feedback signal in red.  

 

                  

                           Figure 14. a                                                               Figure 14. b 
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The maximum number of scans measured is the maximum number of scans possible beyond which the 

scanners cannot follow the signal anymore and silence out. The amplitude reduction increases with the 

frequency of the scans, with a maximum reduction of 6.5%. The phase-lag has a starting value of 100 

microseconds and decreases as the frequency of scans increases plateauing at 85 microseconds for 

frequencies beyond 15 scans per second.  

 

User Defined Trajectory 

For the smoothened user defined trajectory shown in figure 12.a, the corresponding x signal is input as 

the drive signal to the x scanner and the deviation from the drive signal measured. The drive signal and 

the corresponding position feedback signal are shown in figure 15. 

 

 

 

 

 

 

 

 

 

Figure 15. The drive signal is shown in yellow and the corresponding position feedback signal in blue.  

 

The amplitude reduction and phase-lag as a function of frequency was then determined and the plots 

are as shown in figures 16 a and b. It can be seen that as with the circular spiral scanning the amplitude 

reduction too starts at 0% and then increases upto 2.6% at 500Hz beyond which the scanners go silent. 

The Phase lag starts at 100us and plateaus down to 90us at 10Hz. 
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                                Figure 16.a                                                                      Figure 16. b 

Y scanner Position Feedback Signals 

Circular Spiral 

The characteristic y drive signal in order to generate a Circular spiral is as shown in figure 7.c. This signal 

similar to the circular spiral drive x signal and was generated with 5000 points and 25Hz frequency as 

shown in the 

representative graph 

below. 

 

 

 

 

Figure 17. The y command signal for circular spiral trajectory is shown in yellow and the corresponding 

position feedback signal in blue.                                  
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                                Figure 18 a                                                                         Figure 18 b 

It is seen that the x and y scanners have a similar profile for the circular spiral trajectory, with a 

amplitude reduction in the range of 0-6 % reduction and the phase lag plateauing at 85 us. Next the user 

defined y signal is input to the scanner to compare the x and y as a measure of performance as well as 

the variations due to the different trajectories could be determined. 

 

User Defined Trajectory 

For the smoothened user defined trajectory shown in figure 12.c, the corresponding y signal is input as 

the drive signal to the y scanner and the deviation from the drive signal measured. The drive signal and 

the corresponding position feedback signal are shown in figure 19. 

 

 

 

Figure 19. User-defined y scan 

signal. The drive signal is 

shown in yellow and the 

corresponding position 

feedback signal in blue. 

                                                                              28 

0

1

2

3

4

5

6

0 20 40 60 80 100

A
m

p
lit

u
d

e 
R

ed
u

ct
io

n
(%

)

Scan rate

Amplitude Reduction (%)

82

84

86

88

90

92

94

96

98

100

102

0 20 40 60 80

P
h

as
e 

la
g(

u
s)

Scan rate

Phase lag (us)

Amplitude  



    

                    
                                                                               

 

                                      Figure 20. a                                                                     Figure 20. b 

By comparing the different modes of x and y scanning a number of points can be deduced 

1) The circular spiral trajectories have identical signals input to both the x and y scanners hence the 

amplitude reduction and phase lag are similar for both the scanners. 

2) For both types of trajectories input it was seen that the amplitude reduction increases with the scan 

rate. 

3) The phase lag plateaus down to around 85-90us for scan rates greater than 10 Hz, and for values 

below the lag is much more than 90us. 

4) In the user defined mode it is seen that the maximum frequency attainable is dependent on the 

trajectory, as for the same number of points sampled at the same sampling period, depending on the 

trajectory has different maximum scan rates attainable.  

Z Scan Signal 

Scanning along the z axis provides the capability of scanning in 3D, this is brought about by means of a 

Piezoelectric element coupled to the Objective such that upon application of voltage the piezoelectric 

element produces movement of the objective along the Z axis. It has been reported that the sinusoidal 

signal is the ideal choice for the drive signal (Gobel et al, 2007). We tested the sinusoidal drive signal to 

different objectives coupled to the piezoelectric element, that would be used at our setup consisting of 

10X, 20X and 40X objectives. The 10X is non immersion type whereas the 20X and the 40X are both 

water immersion objectives. Similar to the x and y scanners, we tested the Amplitude Reduction and the 

Phase lag accompanying the Z motion.  
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Figures 21, 22 and 23 show the Amplitude reduction and the Phase lag for 3 different objectives. The 

amplitude reduction increases with frequency of vibration and the phase lag shows a decreasing and 

then plateauing profile for each of the 3 objectives. The 10X objective is the lightest and a non 

immersion objective, which perhaps is the reason for the increasing trend of the amplitude reductions, 

without much instability seen at the higher frequencies that is seen with the 20X and the 40X objectives. 

The phase lag is limited to 9-10ms. The 20X objective is an immersion type and is the heaviest of the 

three objectives. The amplitude reduction increases upto 35Hz beyond which there is instability, and for 

frequencies beyond 40Hz the movement is totally unstable. The phase lag is large at low frequencies- 

below 5Hz. 

 

10X Objective 

 

 

                                      Figure 21.a                                                                  Figure 21.b 
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20X Objective  

 

                                         Figure 22.a                                                                         Figure 22.b 

40X Objective 

 

                                   Figure 23.a                                                                         Figure 23.b 

The 40X objective shows a slightly better profile of amplitude reduction compared to the 20X objective. 
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3.4 Analysis Software 

The analysis software is used for offline processing of the 3D Imaging data. The data obtained after 3D 

scanning are lines of fluorescence traces, where each line corresponds to a scan through the 3D space. 

This data may contain a signal or may not depending on whether the scan line passes through a 

fluorescent entity (neuronal soma or neuropil) or through non fluorescent region in the 3D space. The 

analysis software is used in order to resolve the activity pattern of the various neurons that are sampled 

in the volume of interest. 

In the following, the various steps of the analysis are explained. First a reference stack(in frame scan 

mode) is obtained containing the neurons of interest. Then fast 3D scanning is performed through the 

volume of interest. 

 

Figure 24.a. 3D reconstruction of a Reference stack using ImageJ. The reference stack contains the cells 

of interest labeled in red. Figure 24.b. shows a 3D spiral trajectory along which the laser is deflected to 

uniformly scan the 3D space. 

Trajectory Overlay Algorithm  

The Trajectory overlay algorithm was contributed by Dominik Langer, University of Zurich. First the 3D 

line scan is overlaid on the Reference stack, this is performed by making use of the position feedback 

signals of both the Reference stack and the spiral trajectory, the various steps are delineated as follows: 

1) From the position feedback signals for the Reference stack obtain mean values for each of the 

channels  Xmean (x),  Ymean  y  and  Zmean  z  respectively. 

2) Next from the 3D line scan, for each of the line selected (i), loop over all the pixels (j) contained in that 

line.  
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3) for each (i,j) look up the position feedback channels for the corresponding x(i,j), y(i,j) and z(i,j) 

respectively. 

4) search for the Xmean (x) that best matches with the x(i,j). Repeat the same for y(I,j) and z(I,j) 

respectively. 

5) If the z(i,j) best matches with the current plane Zmean  then draw the overlay.  

In order to calculate the mean values for the position feedback signals for each of the channels we make 

use of the following algorithm. 

 

 

 

 

 

 

 

 

 

Figure 25. Reference stack  

Figure 26 shows a single frame along the reference stack and the corresponding position feedback 

signals. The mean values are determined as follows 

 Xmean (x) = [Xmean  0 , Xmean  1 , Xmean  2 , Xmean (3)] 

Similarly we calculate  Ymean (y) 

And  Zmean (z) = Zmean (0) along this frame. 

 

 

 

Figure 26. Single frame along the reference stack of dimension 4 x 4. 
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This is further repeated along each of the frames of the reference stack to determine the mean values 

Xmean (x),  Ymean  y  and  Zmean  z . 

Next the desired line scan is chosen from the line scan data and for each of the pixels in the line chosen 

P    i, j  the corresponding position feedback signals from the 3 channels obtained. 

 

P    i, j  = (X(i,j), Y(i,j), Z(i,j)) 

 

 

 

Figure 27. Schematic for line scan data 

Next the overlay is performed as defined in the overlay algorithm. The result is shown in the figure 30 

where we consider a reference stack of images of a pollen grain of 256x256 resolution and overlay the 

trajectory corresponding to the line chosen (i).  
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Figure 28. The above image shows the reference stack to the left, the vertical slide to the left of the 

image is to slide through the different frames of the reference stack. The image to the right is the image 

for line scan data, on which the line chosen is 128. This line lies on the current frame of the reference 

stack hence the Boolean LED (is line on the plane?) glows green and the corresponding overlay on the 

reference stack shown in red. 

 

Figure 29. The image to the right is the image for line scan data, on which the line chosen is 455. This 

line does not lie on the current frame of the reference stack hence the Boolean LED does not glow. 

 

Trajectory overlay forms the first step in the analysis. The following steps are involved further in the 

analysis: 

 Segmentation data for the neurons from the reference stack assuming a ellipsoid shape for each 

neuron 
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 Determining the pixels along the line scan that passes through the neurons and applying the 

corresponding fluorescence signal to the neuron, and repeating the process for all the line scans 

performed through the volume  

 

 

Summary of results 

 

 Implementation of analytical spiral scan for 3D imaging. 

 

 Implementation of a user-defined mode in 2D. 

 

 Implementation of Scan generation and and readout of Position feedback signals from the 

microscope. 

 

 Determining the frequency dependent amplitude reduction and phase lag for the fast 

galvanometric scan mirrors for different trajectories 

 

 Determining the frequency dependent amplitude reduction and phase lag for the PIFOC induced 

z-motion for a sinusoidal signal 

 

 Trajectory overlay for the Analysis mode implemented. 

 

4. Conclusion 

The project was aimed at implementing 3D Imaging functionality for the two-photon microscope. A 

major part of the 3D Imaging Mode has been implemented as a part of the master’s thesis work. 

However there remains more work to be done to get the 3D Imaging Mode functional. A few of the 

steps yet to be implemented are as follows: 

 User-defined mode currently is implemented in 2D, this has to be extended to 3D in order to 

generate a smooth trajectory covering the points of interest at different depths along the z-axis. 

 

 Full implementation of the Analysis Mode for resolving the activity patterns of neurons imaged 

in 3D 
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5. Discussion 

Advancements in the field of genetics have enabled labeling of populations of cells to emit fluorescence 

(Chalfie et al, 1994). Over the past couple of decades there have been a lot of technological 

developments in the field of imaging as well (Scanziani et al, 2009). This parallel development has 

greatly benefitted the field of neuroscience, enabling the study of function of neuronal circuits in health 

and disease.  

Locomotion is an area of great interest in neuroscience. Motor acts in humans and animals are possible 

due to the ability to control muscle activity. The timing, rhythm and coordinated muscular activity is 

brought about by localized neuronal networks known as the Central Pattern Generators. The Central 

Pattern generators controlling locomotion are located in the Spinal Cord (kiehn, 2006). The locomotor 

CPG neurons receive inputs from higher brain centers. Once initiated they control the rhythm and 

pattern of muscle contraction. Using genetics the first markers for neurons involved in the spinal cord 

CPG have been revealed (Kullander et al., 2003) 

Two-photon imaging has taken fluorescence imaging to the next step, allowing the probing of circuit 

functionality providing cellular resolution. This has been demonstrated by bulk loading of calcium 

indicator to reveal the spatiotemporal activity patterns in neuronal networks in the rat neocortex in vivo 

(Gobel et al, 2007). With the implementation of 3D imaging functionality, along with ventral root 

electrophysiology measuring the functional locomotor output and the fluorescent labeling of identified 

neuronal subpopulation, studying local network dynamics in relation to the functional output is 

rendered possible, thus enhancing our understanding of how the neuronal networks and in particular 

the CPG works. 

Further improvements could be made to the existing software for segmentation of the neurons in the 

reference stack. The current algorithm assumes an ellipsoid shape for all the neurons, that is not the 

case in reality, and neurons have diverse morphogenies, thus necessitating an advanced algorithm 

segmenting the neurons based on the morphology. This would enable proper application of 

fluorescence arising from the somata. 

Corrected z-signal signals have been applied to produce z scans that closely follow the intended 

trajectory for frequencies upto 20Hz for a depth of 200 um (Gobel et al, 2007). Tests could be performed 

to determine if higher frequencies are attainable for shallower depths and how much gain in 

frequencies is achievable for reasonable compromise in depth of imaging. 
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Software Components 

Spiral Trajectory Generation 

 

 

 

 

 

 

 

 

 

 

User selection of Points of interest 
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Different types of interpolation 

 

                                                                                      

Scan generation and Position Feedback 
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OVERLAY TRAJECTORY 
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