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1 Introduction

The excellent homing performance of animals and particularly pigeons was recognized
a long time ago. Already Julius Caesar used pigeons to report his victory over Gaul in
the battle of Alesia 52 b.c. [1]. Despite these early findings of outstanding navigational
capabilities and the even earlier discovery of magnetism in the 6th century b.c. by
Thales of Milet it took until the 12th century for the first magnetic compass to be used
for navigation in Europe1. At this point however, it was still unclear how the compass
worked and it was widely believed that it pointed to the polar star. It was not until
1600 that William Gilbert gave the correct explanation of the compass to align along
the magnetic field of the Earth [3].
But even with the correct explanation of the Earth’s magnetic field as the underlying
feature for this great navigational tool on the one hand, and the very good navigational
ability of some animals on the other, it took another 200 years to connect the two. In
1855, Middendorf stated that the birds could use a magnetic sense in the same way as
ships use a compass:

“Was dem Schiffe die Magnetnadel ist, wäre dann diesen ’Seglern der Lüfte’
das innere magnetische Gefühl...” [4] (S.9)

About a century later in 1947, the first experiments were performed by Yeagley and
Whitemore [5], where the homing ability of pigeons was examined while having small
permanent magnets glued to their heads and wings. The results of these tests however
were inconclusive and only in the 1960’s avian magnetoreception was first found on
European robins by Merkel and Wiltschko [6]. A few years later, experiments on pigeons
showed that their homing ability could be disturbed by magnetic fields [7,8].

Henceforward, many different experiments were performed to further investigate the
use of the Earth’s magnetic field for navigation and orientation not only of birds, but
of many different animals, for example turtles [9,10], bats [11] and insects [12]. Even though
other principles of navigation like olfactory orientation [13,14] and celestial compass navi-
gation [15–17] were proposed, the role of the magnetic field was always of particular interest
as its reception system was completely unknown for most species. In magnetotactic bac-
teria however, the coupling between an external magnetic field and the behavior of the
bacteria was identified in the 60’s by Bellini [18] and later confirmed independently by
Blakemore [19]. In these bacteria, large chains of iron containing, magnetic minerals are
1The first magnetic compass was invented around 200 b.c. in China, but its usage for navigational
purpose took another thousand years until the 11th century in China and 13th century in Europe [2]
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formed, whose torque in an external magnetic field is strong enough to align the whole
bacterium so that it swims in a certain direction, e.g. to the north. For pigeons, the
reception system for the magnetic field remains unknown until the present day, but two
major models of reception have evolved.
The first one is somehow suggested by the magnetotactic bacteria and is based on

magnetic particles. An external magnetic field could couple to the magnetic moment
of such particles in various ways, and the particles itself have to couple to the nervous
system to generate an action potential. Magnetic particles were found in the upper beak
of pigeons [20,21], and a reception model was proposed later on [22–24]. Electrophysiological
experiments suggested an involvement of the inner ear (more precisely the lagena) of
the pigeon [25,26]. A possible model with magnetic particles was propsed shortly after-
wards [27].
In the other model, a radical pair is formed due to an electron transfer induced by

light absorption [28]. The spin state of this radical pair will then decay depending on an
external magnetic field, so that the triplet and singlet yield and their further chemical
products are an indicator for the external field. A detailed reception model with Cryp-
tochrome suggesting the radical pair molecule to be located in the eye of the bird was
presented later [29]. Molecules of the cryptochrome family that fulfill the needs for this
model were found in the retina of migrating birds [30,31] and in Drosophila [32].
Although there have been many studies both for proving or refuting each of the mod-
els, there is still no conclusive evidence. The main issue of these studies is the lack of
reproducibility of the results. Most of the experiments carried out were behavioral stud-
ies, which are often characterized by high uncertainties and are very time consuming if
performed with sufficient sample sizes for carrying out satisfactory statistics.

To overcome this problem, we approached the question of magnetoreception from a
different angle. Instead of obtaining information about the reception model from naviga-
tional data, we intended to identify activated brain regions during magnetic stimulation
and investigate changes in such activation with several parameters. The dependency of
the brain activation on those parameters may allow conclusions about the underlying
reception system, so for example the radical pair model should lead to light dependent
brain activation. A disadvantage of this approach is that none of the results regarding
brain activation due to a magnetic stimulation would necessarily be linked to its possible
use for navigation.
However, this might be of advantage as the results would not be inferred by any other
stimulation or navigational processing which occur in the brain during a flight. Secondly,
our experiments can be performed in a laboratory environment, allowing to control, ex-
clude and reproduce a large number of parameters of potential unknown influence on
the pigeon’s navigation during a real flight.
To measure brain activation we used two novel techniques, which are both sensitive to
changes of the cerebral blood flow . The first method is an optical method based on
the multiple scattering of light traveling through the brain called Diffusing Wave Spec-
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troscopy (DWS), the second is an Ultrasound method using tilted plane waves with high
frame rate emission to measure the changes in blood volume and dynamics in the brain,
called functional Ultrasound (fUS).

In this thesis I will first introduce the Earth’s magnetic field, the two main models
of magnetoreception as well as some details about the neuronal pathways for different
stimuli. The different anesthesia regimes used for our experiments are described, to some
extent the neurovascular coupling, and particularly how it is influenced by anesthesia.
After explaining these basic information for our experiments, I will then describe the
two main methods that were used for detecting brain activity, first the Diffusing Wave
Spectroscopy and second the functional Ultrasound. After describing the setup of our
experiments, the measurement software and the signal processing, I will finally present
and discuss the experimental data from DWS measurements, fUS measurements and
additionally experiments with a combination of the two methods.





2 Theory

This chapter gives important theoretical background information about most aspects
relevant to this thesis. First a short overview of the Earth’s magnetic field and its origi-
nation is given, followed by the two major models of magnetoreception in pigeons. After
that the main pathways for the neuronal processing of the stimuli used in our experi-
ments are shown. The general mechanisms of anesthesia are presented, the drugs we used
are described and the neurovascular coupling is discussed before the two experimental
techniques - DWS and fUS - are introduced.

2.1 Earth’s Magnetic Field

The Earth’s magnetic field measured with a magnetosensor at its surface consists of
three major parts:

1. the core field ~Bcore(~r, t) generated by the Earth’s fluid outer core,

2. the crust field ~Bcrust(~r) generated by magnetic materials in the Earth’s crust,

3. a disturbance field ~Bdist(~r, t) induced by electrical currents in the atmosphere and
magnetosphere,

which superimpose to a resulting field ~B(~r, t). The dominant part is ~Bcore(~r, t), ac-
counting for around 95% of the total field strength at the surface of the Earth. In the
leading order it can be approximated with a magnetic dipole located in the center of the
Earth, shifted by 450 km towards 140◦ East longitude. The axis of the dipole is tilted
by α = 9.69◦ (status 2015 [33]) relative to the Earth’s rotation axis and it has a dipole
moment of m = 7.746 · 1022 Am2. The length of the dipole is much smaller than the
diameter of the Earth so that the magnetic field lines cross the Earth’s surface under a
certain angle, the so called inclination angle ϕ (see Fig. 2.1 left). The angle between
the direction to the geomagnetic north pole - which is in fact a magnetic south pole -
and the local north-direction is the declination angle.
As good as this approximation fits the basic needs for navigation with a compass, it
reaches its limitations with the temporal fluctuations of the field strength, the position
of the magnetic poles (see Fig. 2.2 for the wandering of the magnetic poles) as well
as the complete reversal of the field. Such reversals of the field occur irregularly with
intervals of several hundred thousand or even million years. The prediction of such
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Fig. 2.1: Left: Schematic drawing of the Earth’s magnetic field lines in blue. The orange bar
indicates the axis of the magnetic dipole shifted by an angle α relative to the rotation axis
of the Earth with the magnetic south pole near the geographic north pole and vice versa. As
the dipole is shorter than the Earth’s diameter, the field lines cross the Earth’s surface with
the inclination angle ϕ. Right: Schematic drawing of the geodynamo model. Convection of
electrically conductive material (in bright orange) in the fluid outer core (yellow) results in
an induced magnetic field. Due to the rotation of the Earth, the convection is being twisted
(darker orange lines) and so are the magnetic field lines (blue).

non-periodic reversals, as well as all other characteristics of the Earth’s magnetic field
can be explained with a dynamo model. The so called geodynamo is a very complex
dynamo model, but with a few major effects working together it is possible to explain
the generation of a magnetic field in a very simplified way (see Fig. 2.1 right).

1. The outer core with an estimated temperature of ≈ 5 000 ◦C contains a lot of
molten, electrically conductive materials and thus provides an electrical conductive
fluid.

2. Those materials will be cooled down near the upper mantle and heated in the
inner parts of the outer core, which leads to thermal convection. Additionally,
the heavier elements will be bound to the solid inner core thus leaving the light
elements in the fluid, leading to chemical buoyancy and a compositional convection.

3. Because of the rotation of the Earth, the Coriolis effect twists these electrical cur-
rents into spirals, which align roughly in a north to south direction. The magnetic
field of such rolls induce an electrical current due to Lenz’s law with a positive
feedback to the existing currents. All the magnetic fields then superimpose to a
global field.
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Fig. 2.2: Wandering of the magnetic poles in the northern (left image) and southern hemi-
sphere (right image). The red dots represent measured coordinates labeled with the year of
the measurement, the blue line indicates the position of the respective pole simulated with the
World Magnetic Model [33] for the years of 1590 to 2020.

Once the dynamo has started, the system becomes self-sustaining. Simulations and
experiments with similar dynamo systems could reproduce all the effects of the Earth’s
magnetic field and particularly the field reversals.

Fig. 2.3: Inclination angle ϕ modeled with the World Magnetic Model 2015. The contour
interval is two degrees with the positive red contours indicating a downwards direction of the
magnetic field vector and the negative blue upwards. Image modified from [33].
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Fig. 2.4: Main field intensity | ~B|core(~r, t) in nT modeled with the World Magnetic Model 2015
with an contour interval of 1 000 nT. Image modified from [33].

Because the field of the geodynamo is much more complex than a simple dipole field
and due to the influence of ~Bcrust(~r) and ~Bdist(~r, t), the field strength, the inclination
angle and the local north-direction of the Earth’s magnetic field strongly depend on the
location on the planet. Figs. 2.4 and 2.3 show the maps of the total intensity of the
magnetic field and the inclination angle ϕ for the year 2015, modeled with the World
Magnetic Model 20151. All these parameters change in time, but on a timescale long
enough not to impact navigational applications.
Table (2.1) shows the values for the components of the magnetic field, the total field
strength, the inclination angle and the declination angle for the position of the animal
facility of the university (TFA), our laboratory (Z1033) and inside of the experimental
setup box. The vectors are in the coordinate system of the Earth’s magnetic field

~Bearth =




BN

BE

BD


 , (2.1)

where the indices refer to the positive direction with N : North, E: East and D: Down-
wards.

1The World Magnetic Model values are calculated at the surface of the Earth and do not include
influences from ~Bcrust(~r) and ~Bdist(~r, t). However, there are higher resolution models, such as the
Enhanced Magnetic Model EMM or the High Definition Geomagnetic Model HDGM which include
the crust field and extent to an order of 720.
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Konstanz (TFA) Laboratory Experiment
| ~B| [nT] 48 033 ± 152 25 172 37 304
BN [nT] 21 300 ± 138 -2 437 -12 314
BE [nT] 871 ± 89 -5 486 -31 539
BD [nT] 43 044 ± 165 24 446 -15 661
declination 2.34 ± 0.35◦ 156.05◦ 158.67◦
inclination 63.65 ± 0.22◦ 102.65◦ 153.59◦

Table. 2.1: Values of the total magnetic field intensity | ~Bearth|, the N (North), E (East) and
D (radial) components of the field vector, the declination angle and the inclination angle ϕ.
Note that the values for the TFA are the modeled values from the World Magnetic Model 2015
with the position of 47.691444◦N, 9.187455◦E and a GPS elevation level of 449,8m whereas all
other values have been measured (more details about the calculation can be found in Appendix
3).

2.2 Magnetoreception Models

The use of geomagnetic information for long-distance navigation of birds is well estab-
lished, although little is known about the reception system. Additionally it has to be
clearly stated that almost none of the key experiments could be reproduced indepen-
dently, so that all conclusions in this area of research have to be considered as suggestions
rather than proof or even evidence.
The Earth’s magnetic field is basically providing two different navigational tools. First,
the field lines provide magnetic compass information, similar to the common compass
used for human navigation. Additionally the inclination angle gives information about
the latitude. Secondly, the local variation of the field strength can be used as a magnetic
map.
There are two models about how birds could possibly sense the magnetic field one based
on iron-mineral particles, the other on anisotropic interaction of the geomagnetic field
vector with a coherent two-spin system.

2.2.1 Iron-mineral Model

In 1963 Bellini first discovered magnetosensitive bacteria [18]. Those bacteria’s swimming
direction could be changed with a magnetic field stronger than the Earth’s magnetic field.
In 1975 Blakemore found independently and without any knowledge of Bellini’s work
similar behaviour in bacteria. Electron microscopy showed chains of iron rich clusters
of roughly 70 nm in the bacteria. The chains were long enough to provide a permanent
magnetic moment big enough to align the whole bacterium along the field lines of an
external field, so that the bacteria would always swim northwards.
This simple way of a creature using the Earth’s magnetic field for its needs gave rise
to the search for magnetic particles in other species with a suspected magnetic sense.
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Walcott et al. performed SQUID (Superconducting quantum interference device) mea-
surements on dissected pigeon heads and necks. In every pigeon they found unilateral
stable permament magnetic particles located between the dura and the bone structure
or very close to the skull. They found indications of only little amounts of superpara-
magnetic (SPM) particles and identified the magnetic material by Curie temperature
measurement to be either magnethite or maghemite [34]. Motivated by these findings
Kirschvink proposed several models of a possible coupling mechanism of an external
field to the nervous system involving para-, ferro-, and superparamagnetic particles [35].
Studies conducted by Presti and Pettigrew also found magnetic remanence in the head
and neck of pigeons, but in contrary to the previous results they found it to be uniformly
distributed over the entire head [36]. Neither of these studies were able to clearly identify
the location, structure and arrangement in the tissue of such magnetic particles, so that
no conclusion about an involvement of such particles in a specific magnetoreceptor could
be drawn.

Fig. 2.5: a) X-Ray image of the upper beak of a pigeon with the six iron containing areas
marked by dots. The larger arrows indicate the long-axis orientation of the dendrite bundles
at the respective location (c: caudal, d: dorsal, f: frontal, l: lateral, m: medial, r: rostral,
v: ventral). Image copied from [23]. b) Schematic drawing of a single dendrite with the three
different iron containing subcellular structures: a big, maghemite covered vesicle, the bullets
of superparamegnetic magnetite and the small maghemite platelets. Image copied from [23]. c)
Suggested model of how an external magnetic field could couple to the nervous system. The
large vesicle works as a flux amplifier in order to align the platelets. This generates a force
strong enough to pull the magnetite bullets towards them and induce an action potential by
opening a force-dependent ion channel. Image copied from [24].

In the year 2000 Hanzlik et al. found clusters of Fe3+ enrichments in six very specific
locations in the upper beak of pigeons [20]. They identified these enrichments as super-
paramagnetic magnetite grains of 1 − 5 nm which form clusters of 1 − 3µm size and
a distinct elongated arrangement. In contrast to the previous findings of Walcott and
Presti, no single-domain particles were found. Based on these results a first consistent
model for a magnetoreceptor containing different structures of magnetite and maghemite
was proposed by Fleissner et al. [22], providing more details about the crystal structure
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of the different components and leading to a more refined model a few years later [23].
All the six regions are ≈ 350µm long and ≈ 200µm in diameter with only a slight vari-
ation in shape and position, showing a bilateral symmetry of their long-axis orientation.
These observed regions showed iron rich dendrites with a diameter of ≈ 5µm and a
length of 25 − 35µm located at nerve terminals of the ramus ophthalmicus medialis in
the skin of the upper beak (see Fig. 2.5a). Within the dendrites, mainly three different
subcellular structures were identified (Fig. 2.5b):

1. one vesicle of ≈ 5µm covered with non-crystalized maghemite platelets at the end
of the dendrite,

2. a number of 10-15 bullets with a diameter of ≈ 1µm of superparamagnetic mag-
netite nanocrystals and

3. maghemite platelets with a dimension of 1µm × 1µm × 0.1µm forming several
chains of ≈ 10µm length.

The SPM baskets and the maghemite platelets are fixed in place by a fiber network of
unknown nature that also prevents the particles from aggregating. The magnetite bullets
are connected to the nerves’ membrane. It is proposed that an external magnetic field
will be enhanced by a factor of two by the large vesicle to then be of sufficient strength
to align all the magnetic moments of the maghemite platelets. Their magnetization will
be maximal if the external field is parallel to their long axis. In that case, the force is
strong enough to pull the SPM baskets towards the platelets and thus apply a force on
the membrane to produce an action potential (Fig. 2.5c).
However, this model was criticized in several ways. First, the crystallographic results
from [20] showed the platelets to be amorphous, which could thus only be considered to
be magnetically soft, which is in contrast to the conclusions in [23]. Second, the XANES
(x-ray near edge absorption spectroscopy) spectrum does not clearly identify maghemite
to be the only possible second iron mineral [37]. Particularly the first point is critical for
the whole model, as a magnetic force strong enough to apply a mechanical force onto a
membrane requires a high magnetic susceptibility, which is present in a crystal particle
with a magnetic anisotropic energy. Despite this critique, such a model could still be
possible.
In 2012 Treiber et al. published a study that not only questioned details of the model, but
the whole existence of these very distinct iron-rich structures in the beak of pigeons [38].
They sectioned the beaks of n = 172 pigeons from seven different lofts and stained them
with Prussian Blue (PB), a ferric iron label. Neither were the six specific structures
found nor were the PB positive cells clustered, but rather widely distributed. Staining
the sections with a label identifying neuronal structures did not reveal any correlation. A
high co-localization with nuclear fast red (NFR) showed a nucleus in the PB-positive cells
which is not present in dendrites. That eliminates the possibility of iron rich clusters to
be located inside of dendrites. With more measurements, these studies in fact emphasize
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the iron containing cells to be macrophages, which assemble iron during the catabolism
of haemoglobin.

Fig. 2.6: Left: Schematic view of the lagena
otolith with a hypothetical magnetoreceptor
cell. Right A: A chain of magnetite crystals
with dipole moment m indicated by the ar-
rows would be twisted clockwise by an exter-
nal magnetic field B parallel to the direction
of maximum stimulation and thereby stretch
the membrane to open ion channels, which
enhances the firing rate. Right B: Field of
opposite polarity produces a counterclockwise
torque, which closes the channels and reduces
the firing rate. Text (modified) and image
copied from [27]

In addition to the upper beak, iron rich
particles were found in the lagena of birds
and fish [39], but not in mammals. The la-
gena is one of three otholithic organs in
the inner ear of birds and the only oth-
olithic organ in fish. These otholithic or-
gans move with any acceleration the ani-
mal undergoes and generate action poten-
tials by displacing the sensory hair in the
macular sensory cells. A similar detection
system is proposed for the geomagnetic in-
formation, where magnetic particles with
low inertia would be displaced by a mag-
netic field and induce a nervous signal [39].
This model was supported by studies of
Wu et al., where electrophysiological mea-
surements on pigeons in a rotating mag-
netic field were performed. A lesion of
the lagena significantly reduced the acti-
vation. The results strongly suggest the
lagena as the reception organ, but do not
eliminate other reception models [26]. Both
the direction of the magnetic vector rela-
tive to the gravitation vector as well as the
vector magnitude might be encoded in the
lagena [25]. A model for this encoding in
the lagena was published later in 2012 [27]

and is shown in Fig. 2.6.

2.2.2 Radical Pair Model

In 1978 Schulten et al. presented a model for avian magnetoreception based on
anisotropic hyperfine coupling [40]. This basic model was refined and adapted later
by Ritz et al. to a complete reception system located in the eye of birds [29]. In this
mechanism an electron is transferred from a donor molecule D to an acceptor molecule
A due to light absorption, creating a donor-acceptor pair with an unpaired electron
each, a so called radical pair. The two molecules are in a spin correlated singlet state
and thus the molecule pair is in a singlet state right after the electron transfer. In the
presence of hyperfine coupling, the spin state can convert into a triplet state. This
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triplet-singlet conversion is affected by any magnetic field, so both the internal field
from neighbor molecules like nitrogen or oxygen and an external field changes the yields
of the spin states depending on the magnitude and direction of the field vector. If the
subsequent chemical reactions are different for each spin state, the yield of the chemical
end products is a direct indicator of the magnetic field vector (see Fig. 2.7).

Fig. 2.7: Left: Schematic illustration of the radical pair process where an electron, indicated
by the green arrow representing its spin, is transferred from a donor D to an acceptor A induced
by light absorption. The singlet-triplet conversion as well as the respective yields depending on
the angle are shown in the middle, where the pink color indicates the singlet yield and blue the
triplet yield. Image copied from [41]. Right: Model of the eye as a sphere with the center O and
two incoming light rays, reaching the retina at different locations. If the molecules are arranged
perpendicularly to the surface (indicated by z1 and z2), the angle between the external field B
and the spin will differ. Image copied from [29].

To function as a geomagnetic2 field sensor, the radical pair has to meet some re-
quirements, the most important of which are the following. More details and further
information about the radical pair model can be found in [41,42].

1. The spin correlation time has to be ≈ 1µs, allowing spin state conversion but not
excessive spin-relaxation.

2. Fulfilling the first point leads to recombination rates of kR ≈ 106 s−1 and an electron
transfer rate of the same time scale.

3. The spin conversion can only be affected by an external field, if the spin-spin
interaction (exchange and dipolar interaction) is weaker than the external field.
This fact and the necessary electron transfer rates lead to a separation distance of
the two radicals of r ≤ 1.5 nm.

2The presented numbers are all calculated for an external field of 50µT [42].
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4. Sensitivity to the direction of the magnetic field requires an anisotropic magnetic
effect. The hyperfine coupling is the most likely candidate due to its frequent
anisotropy in a molecule.

5. A further requirement for the magnetic compass is that the radical pair has to
be fixed in place and oriented along a certain axis. A perfect ordering is not
necessary, and the radical pairs can be completely disordered if only the intensity
is considered.

6. The rotational motion of the radical pairs has to be either slower than ≈ 1µs or
faster than ≈ 100 ps, because this motion attenuates the anisotropy of the reaction
yield as well as the spin relaxation time.

The blue-light photoreceptor flavoproteins named Cryptochrome (Cry) meet all the re-
quirements and were first found in plants [43] and later in bacteria, insects and various
animals. Four types of Cryptochromes were found in the eyes of birds: Cry1a, Cry1b,
Cry2 and Cry4. Although the actual Cryptochrome photocycle is not completely under-
stood, it is suggested that the the Flavin-Adenine-Dinucleotide (FAD) chromophore in
its fully oxidized redox state transfers an electron due to blue light absorption. It forms a

Fig. 2.8: A simplified possible Cryptochrome photocycle, with the suggested two signaling
radical pairs indicated by the conversion arrows. The three radical pairs at the left side of the
drawing (printed in red) consist of a Flavin molecule and three tryptophan residues (W324,
W377 and W400), the so calle Trp-Triad. These radical pairs can also perform electron back
transfer to the FAD ground state. Image modified from Supporting Information of [42].

radical pair with tryptophan (trp) through a sequence of intra-protein electron transfers
along three trp residues, the Trp-Triad. This [FADH• − Trp•] radical pair could be af-
fected in its state conversion by an external magnetic field, resulting in FADH• to be the
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signaling molecule. However more recent studies on chicken [44] suggest a further reaction
chain and a different signaling radical pair, which was also proposed as an alternative
photocycle by Rodgers et al [42]. The FADH• is completely reduced to the FADH− by
light absorption, which can form a second radical pair

[
FADH• −O•−2

]
by re-oxidizing,

whereas the superoxide radical O•−2 could also be oxygen O2 (both radical pairs are
shown in Fig. 2.8). Simulations showed that this radical pair is capable of providing
a geomagnetic sensor for a weak magnetic field in the range of the Earth’s magnetic
field [45]. Both oxygen formations don’t show hyperfine interactions, which could be a
significant advantage of this radical pair. A radical pair containing one radical with
weak or no hyperfine interactions would behave like a ’reference-probe’ pair with an
increased sensitivity to an external magnetic field [46]. Besides theoretical considerations,
the experimental realization of a man-made radical pair compass system also utilized this
effect by using a fullerene with almost no hyperfine coupling as one of the radicals [47].
This system was sensitive to magnetic fields in the order of the Earth’s magnetic field,
but was only operational when cooled to at least −20 ◦C.
As it was proposed by Ritz in 2000, the location of Cryptochrome in the bird’s eye
would fulfill all the requirements, including an orientation along a fixed axis. With such
a mechanism the bird would be able to see the magnetic field as illustrated in Fig. 2.9.

Fig. 2.9: Left: Visual modulation pattern for a bird flying straight horizontal and looking into
different directions. Right: Modulation pattern for a bird flying in different vertical directions
looking straight. For both patterns a magnetic field strength of 50µT and an inclination angle
of 68 ◦ is assumed. The decay rate of the radical pair is assumed to be 1µs−1 with one isotropic
and one anisotropic hyperfine coupling tensor. Images are copied from [29].



16 2 Theory

2.3 Neuronal Processing

In order to measure neuronal responses in the brain, it is crucial to find the exact
activated area for a specific stimulation. Birds and other animals sense all kinds of
different cues and use them potentially for navigational tasks. The diverse sensory
information is processed in the brain via different neuronal pathways, so that a closer
look on pathways for the most important navigational cues is mandatory for functional
experiments. The following summary of the neuronal processing of different navigational
information is based on the review by Mouritsen, Heyers and Güntürkün [48] which is
recommended for more details together with [49]. It has to be stated again that none of
the presented information or figures can be taken as facts - at least regarding their specific
role in terms of orientation - but should rather be considered as educated suggestions
based on various experiments. For the experiments presented later in this thesis, the
proposed pathways are important for localizing the region of potential brain activation.
This allows focusing the measurements as precisely as possible into these regions.

2.3.1 Visual Pathways

A pigeon has a large variation of visual abilities such as “good detection of static and
dynamic stimuli in noise [53], detection of biological motion [54] and other complex mo-
tion [55,56], color and UV vision [57–59], and stereopsis [60].” [61] It is well established that
many birds use celestial and landmark information for their orientation, particularly at
shorter distances. This information is mainly processed via three neuronal pathways,
the thalamofugal, the tectofugal and the AOS (accessory optic system) pathway. Out of
these three, the latter responds to self-motion of the animal [62] and is therefore excluded
when discussing the processing of visual cues without any self-motion (see Fig. 2.10).

The tectofugal pathway is regarded as the main visual pathway, passing information
from the eye through the optical tectum (TeO) and the nucleus rotundus (nRt) to
the entopallium. The optical tectum is retinotopically organized and generates orienting
movements due to stimuli of interest e.g. a predator. The TeO is connected to the isthmal
nuclei, which are the most studied retinotopically maintaining connections. These nuclei
are the isthmal magnocelluar nucleus (Imc), the isthmal parvocellular nucleus (Ipc) and
the nucleus semilunaris (SLu). They are acting excitatory and inhibitory to the TeO,
resulting in an augmented activity due to stimulation in a specific point in the visual field.
The TeO is also connected to the nRt without maintaining the retinotopy. Thus the nRt
is highly functionally structured in order to distinguish between 3D and 2D motion as
well as color and luminance, where in the latter both inhibitory and excitatory responses
were measured [63].

The thalamofugal pathway passes visual information from the eye through the dorsal
lateral geniculate nucleus (GLd) to the visual wulst. It is less studied than the tectofugal
pathway and the functionality is not yet completely understood in full detail. Studies
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Fig. 2.10: Schematic drawing of the tectofugal visual pathway (eye > op-
tic tectum > Rt > entopallium) and the thalamofugal visual pathway (eye
> GLd > visual Wulst). Shown neuronal connectivities are summarized in
References [50–52]. Abbreviations: CDL, area corticoidea dorsolateralis; Ei,
entopallium internum; Ep, entopallial belt; GLd, dorsal lateral geniculate
nucleus; HA, hyperpallium apicale; HD, hyperpallium densocellulare; HI,
hyperpallium intercalatum; IHA, interstitial nucleus of HA; MVL, mesopal-
lium ventrolaterale; NFL, nidopallium frontolaterale; NIL, nidopallium in-
termedium laterale; Rt, nucleus rotundus. Text (modified) and image copied
from [48].

on the visual wulst of pigeons showed a large vertical orientation of the neuronal cells
and an activation to only a smaller receptive field (central field about 60 ◦ away from the
beak at rest [64] with mainly lateral orientation). Together with the pigeon’s horizontal
motion - flying and head bobbing - this over-representation of vertically oriented cells
could result in an effective suppression of such redundant horizontal motion, resulting in
higher sensitivity to vertical cues [65]. It is also suggested that some parts of the wulst,
mainly the hyperpallium apicale (HA), can act as a local inhibitory circuit for the optical
tectum in the tectofugal pathway to sharpen its responses.
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Fig. 2.11: Schematic drawing of the suggested pathways for processing
magnetic compass (blue) and magnetic map (green) information. Abbre-
viations: GLd, dorsal lateral geniculate nucleus; HA, hyperpallium apicale;
HD, hyperpallium densocellulare; HI, hyperpallium intercalatum; IHA, in-
terstitial nucleus of HA; NB, nucleus basalis; NFT, trigeminal part of the
nidopallium frontale; PrVd, principal sensory nucleus of the trigeminal nerve,
dorsal part; PrVv, principal sensory nucleus of the trigeminal nerve, ventral
part; SpV, spinal sensory nucleus of the trigeminal nerve. Image modified
from [48].

2.3.2 Magnetic Pathways

Magnetic Compass

The use of a magnetic compass, more precisely an inclination compass, is well established
and widely believed to be true. Both the radical pair-model and the iron-mineral based
model could provide compass information, whereas the latter one has been strongly put
in question as mentioned in section 2.2.1. As already supposed by Ritz et al. when
introducing the radical-pair model [29], a light dependent sensor should be located in the
bird’s eye3. The thalamofugal pathway seems to be the most likely for the magnetic
compass information following experiments concerning an area called Cluster N (see
Fig. 2.11 blue areas). This area is a small part of the visual wulst and is proposed
3A second possible location could be the pineal gland supported by extracellular recordings [66], but
magnetic orientation remained when the pineal gland was removed [67].
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to be involved in the processing of magnetic compass information [68]. Experiments by
Wu and Dickman suggest the lagena to be the location for reception of magnetic in-
formation [25,26], whereas the birds in the studies of Zapka et al. had intact lagena but
showed no magnetic orientation [68]. However, even if the lagena is not directly involved
in sensing the magnetic field, an inclination compass still requires vestibular informa-
tion, so that a lesion of the lagena could inhibit a magnetic compass response. In that
case, both the magnetic information through the Cluster N and the lagena’s gravity
information through the posterior thalamic nuclei could be passed to the hippocampus
to be integrated. It has to be noted that experimental data supporting the involvement
of Cluster N in the magnetic reception is far from unambiguous, and even contradictory
results were found [69].

Magnetic Map

Despite the highly controversial debate about the existence of a magnetic map used by
birds, the outstanding navigational ability of some birds with precisions of a few meters
over distances of several thousand kilometers can not be achieved with a simple compass
orientation. This suggests the use of a map by experienced birds, containing not only
magnetic but also olfactory and celestial cues as well as landmarks, because evolution
should favor the ability to use all information available.
Although the iron-mineral based sensory system is heavily questioned, the ophthalmic
branch of the trigeminal nerve (V1) is presumably carrying magnetic information [70,71].
This information does seem to consist of map information and not compass information,
as “intact trigeminal nerves are neither necessary nor sufficient for magnetic compass
orientation [68,72]” (from [48] p. 10.8). A supposed pathway for magnetic map information
is shown in Fig. 2.11 indicated by the green areas.

2.3.3 Olfactory Pathway

Since the first work in 1971 [73], experiments equally support olfactory and magnetic
orientation in birds [74]. Similar to the magnetic map and compass, the exact model
of olfactory orientation is not clear yet. However, simulations in that context showed
that a gradient model could result in successful homing [14]. The olfactory processing is
well known, and the map information could be transported via the following pathway.
The olfactory nerves pass information from the olfactory epithelium in the upper beak
ipsilaterally to the olfactory bulb (OB). The OB mainly projects these information
bilaterally to the piriform cortex (CPi) and the prepiriform cortex (CPP), which interact
with the hippocampus where the information could be used for spatial orientation [75].
The OB also projects to the hyperpallium densocellulare (HD), which is connected to the
CPi and CPP, a substructure of the visual wulst where olfactory and visual information
could be integrated. The described pathway is shown in Fig. 2.12.
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Fig. 2.12: Schematic drawing of the suggested olfactory map informa-
tion–processing pathway in the bird brain. Abbreviations: CDL, corticoidea
dorsolateralis; CPi, piriform cortex; CPP, prepiriform cortex; HD, hyperpal-
lium densocellulare; OB, olfactory bulb. Text and image copied from [48].

2.3.4 Auditory Pathway

Another model for orientation is based on acoustic sound waves < 20Hz (infrasound)
which is below the limit of human hearing. The hypothesis that infrasound could provide
orientational cues for migrating birds was first raised in 1969 [77]. Auditory information
may also influence any flight pattern and navigation as for instance predator sounds
would lead to fleeing behavior in pigeons. The main auditory pathway of pigeons was
first studied 1967 [78] (for more details about the complete and complex auditory pathway
of birds see [49,76]). The input is passed from the ear hair cells to several nuclei in the
hind- and midbrain, through the nucleus ovoidalis (Ov) (located besides the nucleus
rotundus) in the thalamus to the field L2. Field L2 is the middle part of the field L,
which is the main auditory cortex and a part of the dorsal ventricular ridge (DVR).
The DVR contains the mesopallium and nidopallium, which is shown in Fig. 2.10. A
schematic drawing of the auditory pathway of a songbird is shown in Fig. 2.13. The
pathway might be different in pigeons, however, the main regions should be similar, as
the brain structure is comparable.
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Fig. 2.13: Schematic drawing of the auditory pathway in songbirds. The
yellow areas seem to be involved in auditory processing, particularly when
hearing birdsongs. Abbreviations: CLM, caudolateral mesopallium; CN,
cochlear nucleus; HVC, a letter based name, formerly known as high vocal
centre; L1, L2, L3 subdivisions of Field L; LLD, LLI, LLV, dorsal, intermedi-
ate and ventral nucleus of lateral lemniscus; MLd, dorsal part of the lateral
nucleus of the mesencephalon; Ov, nucleus ovoidalis; RA, robust nucleus of
the arcopallium; SO, superior olive; NCM CMM, caudomedial nidopallium
and mesopallium. Image copied from [76].

2.4 Anesthesia

According to §§5,1 TierSchG

“An einem Wirbeltier darf ohne Betäubung ein mit Schmerzen verbundener
Eingriff nicht vorgenommen werden”

one is not allowed to perform any surgical intervention on animals without proper anes-
thesia [79]. The ultrasound measurements required a surgery on the pigeon’s head, in-
cluding a skin incision and removal of some bone structure. Detailed information about



22 2 Theory

the surgery is given in Appendix 2. Since the surgical intervention and the healing
process afterward involve pain for the pigeon we had to establish a stable (over several
hours), sufficiently deep anesthesia regime, including pre- and post-anesthetic analge-
sia. This was a more difficult and time-consuming task than anticipated at the project
start, because an anesthesia regime for birds had never been established at University of
Konstanz. Due to sparse and often contradicting literature information about narcosis
in pigeons, most of the adopted narcosis protocol is the result of plain experience gained
over a period of two years.
In addition to the pain, narcosis is beneficial for DWS and fUS measurements, as both
are extremely sensitive to all kinds of scatterer motion, so that it is crucial to minimize
every movement of the pigeons’ head. Furthermore, variations of physiological param-
eters and changes in the neuronal activity as well as its coupling to the cerebral blood
flow and volume have to be reduced to a minimum in order to detect changes in those
parameters induced by stimulation.

This section gives a short overview over anesthesia in general and the possibilities of
using anesthesia in pigeons and maybe other bird species as well. The two anesthesia
methods we used in our experiments are explained and the used drugs are described.

2.4.1 General Facts

Despite a long history of its usage and research for over 150 years, anesthesia is still not
completely understood. It was proposed in the 1990’s and is now accepted to be true that
the different components of a general anesthesia (hypnosis, amnesia, muscle immobility
and relaxation) are produced at different locations in the central nervous system with
distinct molecular mechanisms for each drug. Therefore it is often proving useful to
combine different drugs to reach the desired anesthesia scheme. Before describing the
main mechanisms of the anesthesia schemes used for our experiments, I will constitute
some of the conventional terms used in the context of anesthesia [80].

Analgesia: Sensation of pain is heavily reduced, absent or ignored, induced by an ad-
ministered drug (analgesic).

Tranquilization: Reduction of anxiety and general calming down without drowsiness.

Sedation: More profound effect than tranquilization including drowsiness and unaware-
ness of the surroundings as far as hypnosis. Painful manipulation can still be
recognized.

Narcosis: Drug-induced state of deep sleep, not easily interrupted, which can but does
not have to be accompanied by analgesia.

General Anesthesia: A drug-induced state of unconsciousness (hypnosis) with a con-
trolled but reversible depression of the central nervous system, providing muscular
relaxation, amnesia and analgesia.
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Anesthesia can be graduated into different stages, depending on the depth of the nar-
cosis and what reflexes are extinguished or present. For birds, there are five stages
suggested [81], which can be determined using a reflex score system proposed by Kor-
bel [82] (the reflex score table can be found in Appendix 1). An introduction phase is
followed by a phase where excitations may occur, leading to a stage of light narcosis.
In this stage, smaller, non-painful engagements can be performed. Increasing the anes-
thetics dose further deepens the narcosis into a medium and deep narcosis, whereas the
medium stage with a reflex score of 3 is the desired stage for surgical operations when
combined with proper analgesia4. The deep narcosis stage can be dangerous for the
patient and has to be avoided (see Table 2.2). It has to be noted that the differentiation
of these stages is dependent on the anesthesia scheme used and also differs between
individuals. Particularly the excitation phase is significantly different for each species,
drug and individual.

2.4.2 Anesthesia Methods

There are three different anesthesia schemes to discriminate, the injection anesthesia,
the inhalation anesthesia and the air-sack perfusion, which is a special type of inhalation
anesthesia. In our experiments we used the first two, which are described in the following.

Inhalation Anesthesia

In the inhalation anesthesia scheme, inhaled gases are used to induce general anesthesia.
The most common gases for usage in birds are isoflurane and sevoflurane [82], whereas
our experiments were restricted to the use of isoflurane.
The anesthetics are usually carried by either pure oxygen or a mixture of oxygen-air,
and are inhaled into the alveole where they diffuse into the blood. The diffusion of the
anesthetic gas from the alveolar air into the blood is driven by a gradient of the partial
pressures in the two phases. The partial pressure of the anesthetic gas in the alveole
pgas is proportional to its concentration adjusted at the vaporizer and the perfusion of
the lung. The partial pressure in the blood increases while the anesthetic diffuses into
it, whereas the saturation concentration of the anesthetic in the blood cb depends on the
solubility of the drug in the blood, the so called blood-gas partition coefficient λ. The
anesthetic partial pressure and its concentration in the blood are connected by the law
of Henry

λ =
cb
pgas

. (2.2)

A higher λ leads to a slower increase of the partial pressure in the blood and thus to a
longer induction stage of the narcosis. As it also leads to a higher concentration of the
anesthetic in the blood, the recovery time is increased as the inverse process of dissolving
4In pigeons we observed the presence of eye reflexes even in very deep narcosis and therefore used the
eye only as a rough indication for determining the narcosis stage.
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Anesthetic
Plane

Reflexes
Present

Reflexes
Absent

Expected Physiological
Parameters

Comments

I. Induction All None Sedate, lethargic, eyelid
droop. Breathing deep
or shallow, rapid and ir-
regular based on patient
excitement

II. All None, eyes
closed

Feathers ruffled, head
hangs down, arousable
but does not resist han-
dling. Increased third
eyelid movement

Excitatory
phase may
occur here

III. Light Palpebral,
pedal and cere
present but slow.
Corneal, with-
drawal, pain on
feather pluck

Lack of volun-
tary movement,
no response
to postural
changes

Rapid, regular, deep
respirations, no response
to sound. Some jaw tone
present

Preferred
plane for
minor non-
painful pro-
cedures

IV. Medium
Surgical

Corneal present
but sluggish

Palpebral,
pedal, cere
withdrawal,
pain of feather
pluck

Good muscular relax-
ation, slow, deep, regular
respiration. Little jaw
tone

Preferred
plane for
surgery

V. Deep None, lack of
corneal

All Respiration is slow and
shallow to intermittent.
Pupillary dilation

Death en-
sues, emer-
gency pend-
ing

Table. 2.2: Stages of avian anesthesia with the reflexes that are present and absent in each
stage. The expected physiological parameters as well as some comments are listed, which can
be used in addition to the reflexes to determine the anesthesia stage. Table copied from [81].

the anesthetic from the blood takes longer. In the body, not only the gas-blood partition
coefficient, but also the blood-tissue, blood-fat and blood/tissue-brain partition coeffi-
cients are of importance as they play similar roles. In the introduction stage, the partial
pressure of the anesthetic is highest in the air and increases respectively depending on
the partition coefficients in all other regions until reaching an equilibrium during the
maintenance stage of the narcosis. In the recovery stage, this process is reversed until
almost all of the anesthetic is dissolved into the respiratory air. During a longer narco-
sis, more anesthetic gas gets solved into the fat, which is usually characterized by the
highest partition coefficient, resulting in a prolonged recovery time for longer narcosis.

The minimal alveolar concentration, indicating the anesthetic concentration where
50% of the patients show no response on a specific pain stimulus, is a measure for the
anesthetic potency of a inhalation gas. This definition should be treated with care, since
the main location for eliminating motor reflexes is the spinal cord, but for the narcotic
depth (hypnosis) the brain is the most responsible location. Additionally, birds don’t



2.4 Anesthesia 25

have alveoles in the respiratory breathing apparatus, wherefore it is often referred to as
the minimal anesthetic concentration (MAC) or the minimal anesthetic dose (MAD).
Nevertheless, it gives a rough measure for the expected anesthetic concentration, al-
though MAC values for pigeons reported in literature vary between 1.45% ± 0.11% [83],
1.51% ± 0.15% [84] and 2.0% ± 0.2% [82]. Body temperature is an important factor to
consider regarding variations in MAC, as hypothermia decreases and hyperthermia in-
creases the MAC value.
Many anesthetics impact the neurovascular coupling (see section 2.5) in different ways,
and as the depth of the narcosis plays an important role it is desirable to reduce the
MAC in a functional experiment. This can be achieved by combining the inhalation
anesthesia with either other gases or drugs. An addition of 50% N2O lead to a 30%
reduction of the MAD [84], and a premedication with midazolam (15mg/kg i.m.) leads
to a reduction of 30%-70% [83,85] in pigeons.

Injection Anesthesia

General anesthesia in birds is most commonly induced through intramuscular (i.m.) or
intravenous (i.v.) injection of an anesthetic5. In our anesthesia, only i.m. application
were used. The anesthetic is administered into the small breast muscle (Musculus supra-
coracoideus) paramedian right or left of the the breastbone keel (crista sterni) at the
cranial (head-direction) third of the sternum [86]. After the puncture the aspirate needs
to be checked to assess whether or not a vessel has been hit. If no blood is aspirated,
the anesthetics can be injected, followed by a short massage of the area to improve the
drugs’ dispersion. Until the drugs’ full effect is reached, the patient is put into a small
cage and should be kept as calm as possible to reduce stress induced side effects which
complicate the narcosis.
The main advantage of an injection anesthesia is its small instrumental needs. On the
other side, it has some disadvantages. The effect of the drugs shows strong variations
between individuals and due to the difficulty to re-inject drugs during a narcosis, a
satisfactory control over both depth and duration of the narcosis is impossible. This
eliminates the injection anesthesia scheme for an use in longer surgical operations, and
increases the baseline variation in our measurements. Additionally, the excitation stage
is more pronounced in injection anesthesia compared to the inhalation scheme, at least
when using a mixture of ketamine and xylazine, which were our anesthetics of choice.

2.4.3 Drugs

On a molecular level, all anesthetics affect ion channels, whereat both storage-operated
channels as well as voltage-gated channels can be affected. All in all more than 25 differ-
ent ion channels have been discussed to be involved in anesthesia by different drugs [87].
5Other possibilities are intraperitoneal (i.p.) and intraosseous (i.o.) application, but these are not
common in birds and were not used in our anesthesia schemes.
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The most important ones are listed in Table (2.3) together with their cellular function
as well as their clinical relevance. The glutamate receptor channels are the main exci-
tatory channels. By binding their agonist, these ion channels are opened, thus leading
to a depolarization of the cell membrane and an action potential once the threshold
is reached. The most important inhibitory ion channels are the γ-aminobutyric acidA
(GABAA) channels6, which get permeable for chloride ions by binding the agonist. This
leads to a hyperpolarization of the membrane and is thus reducing the chance for action
potential excitation.

Ion channel Cellular function Clinical significance
Storage-operated ion channels

GABAA-receptor Increased Cl- permeability,
membrane hyperpolarization,
inhibition of excitability

Anxiolysis, sedation, amnesia,
anticonvulsive action, muscle
relaxation

Glycine receptor Increased Cl- permeability,
membrane hyperpolarization,
inhibition of excitability

Spinal reflexes, startle im-
pulse, major inhibitory recep-
tor in spinal cord

Neuronal Nicotinic
acetylcholine recep-
tors

Increased permeability of monovalent
cations and calcium, release of neuro-
transmitters

Memory, nociception, auto-
nomic functions

Serotonin receptors Nonspecific cation conductance leading
to membrane depolarization

Alertness, nausea, nocicep-
tion, neural excitation

Glutamate receptors
(NMDA, AMPA,
Kainat)

Fast excitatory neurotransmission,
increased permeability of calcium,
sodium and magnesium

Perception, learning and
memory, nociception (NMDA)

Voltage operated ion channels
Potassium-2P-
Channels

Modulation of resting po-
tential and excitability
membrane repolarization

Mood regulation, alertness,
nociception

Sodium channel Generation and propagation of action
potentials

Neural oscillation in thalamus,
nerve conduction

HCN channel Activation by hyperpolarization, control
by cyclic nucleotide, accelerated depolar-
ization

Neural pacemaker, generation
of thalmic oscillations

Table. 2.3: Physiological and pharmacological role for ion channel targets of anesthetics. Mod-
ified after [88,89]. Abbreviations: GABA: γ-aminobutyric acid; NMDA: N-methyl-D-aspartate;
NMDA: N-methyl-D-aspartate; AMPA: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid;
HCN: hyperpolarization-activated cyclic nucleotide-gated

In the following the anesthetic drugs used in our experiments are described together with
their respective suggested molecular action, their anesthetic function and the dose (see
Table 2.4 for an overview). It has to be noted that there is no certain knowledge about
the described mechanisms and most of the underlying experiments were performed on
6GABAA channels have a pentameric structure with multiple subunits, which are assembled from 19
polypetides α1−6 ,β1−3 ,γ1−3 ,δ ,ε ,π ,θ and ρ1−3.
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mice and rats. Since the molecular effects of drugs can be very different for each species,
one has to be careful regarding the effects in pigeons.

Isoflurane is a halogenated ether that has a hypnotic, sedative and amnesic effect and
leads to immobilization. It also has a slight analgesic function, but is not sufficient
for a surgical operation. The immobilizing effect is produced via different ion
channels located at the spinal cord, mainly comprised of glycine and glutamate
receptors as well as potassium channels and to a lesser extent GABAA receptors.
GABAA receptors with the α1, β2 and γ2 subunit in the neocortex appear to be
responsible for the sedative effect, whereas the β3 subunit mediates the hypnotic
effect [88,90]. The amnestic effect is less clear, but GABAA and glutamate receptors
located in the hippocampus and the amygdala [88,90] are suggested to be involved.
In our experiments we used isoflurane doses of 1.0-3.5%.

Ketamine is a dissociative drug, meaning that it has both excitatory and inhibitory
effects on the central nervous system. The limbic system is activated and the
thalamocortical system is depressed [91]. It has a good sedative, hypnotic and anal-
getic effects [86,88], whereas an amnestic effect is stated in [86] but not in [88]. There
is no immobilization effect, the muscle tone is even increased, leading to catalepsis
and pronounced excitation during introduction and recovery. Additionally, many
reflexes are still present. The effects of ketamine are mainly, but not exclusively,
produced by affecting the NMDA receptor [88,91]. Ketamine is not recommended
for usage as a single anesthetic, but should be combined with a benzodiazepine or
α2-agonist [81,86]. We used ketamine at a dose of 25mg/kg BW in combination with
xylazine.

Xylazine is a mixed α2/α1 agonist with a selectivity ratio of 160:1. It activates the
α2-adrenoreceptors, which have an inhibitory function in the sympathetic part of
the vegetative nervous system. The activated receptors reduce the action potential
frequency and lead to sedation, analgesia, muscle relaxation and anxiolysis [90]. As
a result of its inhibitory effect the heart rate is decreased. We used a dose of 5
mg/kg BW in combination with ketamine.

Midazolam is a benzodiazepine that binds allosterically to the γ-subunit of the GABAA

receptor [92] at the interface to an α-subunit. This enhances the chloride conduction
of the ion channels once the receptor is activated by GABA, thereby increasing
the inhibitory effect of the channel. It has sedative, anxiolytic, anticonvulsant,
hypnotic, muscle relaxant and antergrade amnesic effects, which are mediated by
GABAA receptors with different subunits. The sedative, amnesic and partially
anticonvulsant effects seem to be mediated by α1-GABAA receptors [93], whereas the
α2 subunit appears to be responsible for anxiolytic effect [94]. Midazolam is usually
used as premedication for anesthesia to reduce the overall stress level through its
anxiolytic and sedative effect. In our experiments we used a dose of 5 mg/kg BW.
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Flumazenil is an imidazobenzodiazepine and the first benzodiazepine antagonist for
clinical use. It competitively binds to the benzodiazepine receptor complex at the
GABAA receptor and thus blocks the binding of e.g. midazolam [95]. Thereby it
completely antagonizes the effects of benzodiazepines, but it has a shorter life-time
than midazolam, potentially leading to a rebound effect. The recommended dose
for pigeons is 0.1mg/kg BW, but until now we did not use it in our experiments.

Meloxicam is a non-steroidal anti-inflammatory drug (NSAID) that blocks the enzyme
cyclooxygenase (COX) which in turn catalyses the production of prostaglandins.
Prostaglandins are messenger molecules for inflammation and pain, but also have a
protective role in the stomach. From the two isoenzymes of COX7, the COX-1 pro-
duces the stomach protective prostaglandins and COX-2 the messenger molecules.
Meloxicam has a good COX-2 selectivity, which results in a favorable analgesic
effect with less negative gastrointestinal side effects than other NSAIDs [86,96]. We
used meloxicam for postoperative analgesia at a dose of 0.5mg/kg BW.

Buprenorphine is a semisynthetic opioid with non-selective mixed agonist-antagonist
opioid receptor activity. It is a partial agonist of the µ-opioid receptor and full
agonist of the ORL-1 nociception receptor [97]. It acts as an antagonist at the
κ− and δ−opioid receptors [97] as well as at the ε-opioid receptor. It also blocks
voltage-gated sodium channels [98]. It is characterized by a long analgesic effect of
several hours and is thus suitable for long term post-operative analgesic treatment.
We used it at a dose of 0.5mg/kg BW.

Butorphanol is a synthetic opioid with mixed agonist-antagonist activity at the µ-opioid
receptor [99] as well as partial agonist activity at the κ-opioid receptor [100]. It has
an sedative and analgesic effect, whereas the duration of its nociceptive effect is
significantly shorter than the one of buprenorphine. We used it pre-operatively to
achieve a deeper narcosis due to its sedative effect at a dose of 1mg/kg BW.

Drug Analgesia Sedation Relaxation Hypnosis Heartbeat Breathing Vessels
Isoflurane + +++ ++ +++ ↑ ↓ ↑
Ketamine ++ ++ Katalepsis ++ ↑ ↓ -
Xylazine (+) ++ ++ (+) ↓↓ ↓↓ ↑

Midazolam - (+) ++ (+) = = =
Meloxicam ++ - - - - = =

Buprenorphine +++ ++ + - ↓ ↓ ↑

Table. 2.4: Pathophysiologic effects of the used anesthetics and analgesics. Symbols: - not
present; = unchanged; (+) minor effect; + good effect; ++ very good effect; +++ excellent
effect; ↑ increased; ↓ decreased; ↓↓ strongly decreased. Table modified from [86].

7A third isoenzyme the COX-3 has recently been discovered, but its definition and function is still
discussed.
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2.5 Neurovascular Coupling

Most brain imaging techniques, including DWS and fUS, measure a signal that is de-
pendent on the hemodynamics in the brain. The description given in this section closely
follows [101], which is a recommended review for neurovascular coupling in general.

“Although it is widely appreciated amongst scientific communities that the
relationships between activity within heterogeneous neural population and
neuroimaging are complex, rather indirect, and incompletely understood,
many research papers continue to report neuroimaging signals as ‘measures
of neural activity’, which they are not.” [101]

However, changes in the measured signal are not inherently connected to changes in
neuronal brain activation.

“Neuroimaging signals arise because of a coupling between changes in neu-
ral activity, metabolism, and hemodynamics (blood flow, oxygenation, and
volume) in the brain, termed neurovascular coupling” [101].

The neuroimaging signal baseline is dependent on the neurovascular coupling and any
change could result from any factor influencing the hemodynamics (see Fig. 2.14). In
principle these factors can be divided into two major perspectives. First the parametric
neurovascular coupling (outer gray fields connected with big gray arrows in Fig. 2.14)

“including characterization of the mathematical relationships between sig-
nals, estimation of the hemodynamic impulse response function [...] and
the development of comprehensive biophysical models of neurovascular cou-
pling” [101].

The second perspective is the physiological neurovascular coupling, which investigates
the role of the different molecules and cell types involved in that process. This is shown
in the inner part of Fig. 2.14 connected with small blue arrows.
This shows that one has to be very careful when interpreting any change in the hemo-
dynamic signal with a change in neuronal activation. Furthermore, the neurovascular
couplings, both the parametric as well as the physiological, strongly depend on the target
(see Fig. 2.15). Target in this context refers to sampling area, so two different targets
can be

1. two different brain regions in the same subject,

2. the same brain region in the same subject at a different time,

3. the same brain region in the same subject before and after a manipulation,

4. the same brain region in two different subjects.
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Fig. 2.14: Schema of the neurophysiological processes underpinning hemodynamic sig-
nals. The outer gray boxes represent components of the “parametric neurovascular cou-
pling” which are often used in functional studies measuring changes associated with neural
activity. The more detailed inner processes represent the factors involved in the “physi-
ological neurovascular coupling”. The relationship between the depicted biophysical and
physiological components, as well as baseline conditions upon which changes are superim-
posed, may be mediated by a number of the factors shown in Fig. 2.15. Image copied and
text modified from [101].

Conclusively there is potentially a significant inter-trial and inter-subject variation in
hemodynamic measurements. Particularly for methods with lower spatial resolution like
DWS, different hemodynamic responses in different brain regions might strongly impact
the signal. It has been found that a positive hemodynamic change can, but doesn’t have
to be accompanied by a negative change in surrounding layers or other brain regions. For
more details and citations see [102]. Due to the rather large sampling volume of DWS,
measurements of the hemodynamic response are carried out on several brain regions
whose changes might overall even out.
Anesthesia furthermore impacts the hemodynamic response at several distinct points,

which in turn strongly depend on the specific anesthetic and its dose. On the one hand
the vascular physiology might be affected (e.g. isoflurane causes dose-dependent vasodi-
lation) independently of neuronal processing. On the other hand the neuronal activity
and processing changes with anesthesia, which both affect the neurovascular coupling.
A review about the effects of anesthesia on neurovascular coupling can be found in [103].
Fig. 2.16 provides a summary of the review outcomes, showing the different factors
being affected by anesthesia as well as the respective transfer functions. It is however
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Fig. 2.15: The image shows potential modulators of neuronal-neuroimaging signal rela-
tionships shown in Fig. 2.14. When considering two neuroimaging targets, which may be:
(1) different brain regions, (2) the same region in the same subject at different times, (3)
the same region before and after experimental manipulations, or (4) the same region in
different subjects, it is important to consider the many possible differences between these
targets that might affect the relationship between the measured hemodynamic and the
inferred neuronal events. Text and figure copied from [101].

important to note that there are still uncertainties and a lack in detailed information
about these interactions.
A consistent finding of many studies is a delayed and decreased hemodynamic response
during anesthesia when compared to the awake state. This is clearly underlined by two
studies, first Martin et al. [104] who conducted optical imaging through a cranial window
during whisker stimulation in awake and anesthetized rats. They found that the HbO2

concentration increased to a maximum of 6.01±0.36% after 2.52±0.07s in awake rats,
which changed to 2.81±0.63% at 3.78±0.23s while anesthetized with Ketamine/Xylazine
(see Fig. 2.17 left and right plots). Similiar changes were found for the HbT increases
and the HbR decreases in the region of interest (ROI) for positive hemodynamic response
as well as in the ROI for negative response (upper plots for positive ROI and lower for
negative in Fig. 2.17). The study also found that most of the complex spatial and tem-
poral components of the hemodynamic response of awake rats were absent in anesthesia,
which further underlines the effects of anesthetics on the neurovascular coupling and the
hemodynamic response in general.
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Fig. 2.16: Summary of the effects
of anesthesia on neurovascular cou-
pling. Neurovascular cells that in-
fluence the CBF (F) are grouped
into three compartments: neurons
(N), potential transmission sites of
vasoactive signals (T) and vascu-
lar cells (V). The effects of anes-
thetics involve (i) systemic physiol-
ogy, (ii) neuronal activity and pro-
cessing, (iii) vasoactive signal trans-
mission and (iv) vascular responses.
Depending on the type and dose
of anesthetic, it also differentially
modifies each of the transfer func-
tions of neural processing (f′n), va-
soactive signal transmission (g′t) and
vascular reactivity (h′v). Text modi-
fied and figure copied from [103].

Fig. 2.17: Cortical hemodynamic responses to a 16 s stimulation of the contralateral
whisker pad. a) Time series of trial-averaged signal changes recorded in awake animals
from positive (top) and negative (bottom) response regions. b) As (a), but for anesthetized
animals. Time series represent percentage changes from pre-stimulus baseline and dotted
lines show ± standard error of the mean. Text and figure copied from [104].

The second study of Pisauro et al. [105] found similar results for the changes in the hemo-
dynamic response during optical stimulation with moving and flashing bars in mice.
Measurements with optical imaging showed a hemodynamic response to moving bars of
4.8±0.5 (∆I/I ∗10−4) in the awake state compared to 1.2±0.4 under anesthesia (see Fig.
2.18 (A-E)). The stimulation with flashing bars showed an awake response of 0.78±0.08%
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Fig. 2.18: Hemodynamic response to periodically moving bars (A-E) and flashing bars (F-
H) in mouse V1 in wakefulness and anesthesia. A) Moving bar stimulus (4◦ wide drifting
at 0.1 Hz for 5 cycles) and color bar mapping degrees of visual field to the position of the
bar on the screen. B) Spatially lowpass filtered maps (cutoff 3 cycles/mm) of retinotopy
for a mouse in awake (left) and anesthetized (right) conditions. Colors map degrees of
visual field on the azimuth. Brightness indicates signal amplitude. Scale bar: 1 mm.
C) Time courses of activity for the pixel marked with a white cross in B) for the whole
stimulus (left) and averaged across cycles (right), awake (red trace), and anesthetized (blue
trace). D) Examples of power spectral density in awake and anesthetized conditions. A
peak at frequencies of ≈ 10 Hz was present in both responses and reflected the heart rate.
Dotted line indicates the frequency of the stimulus. E) Summary of amplitudes for all
experiments, 23 awake (red circles) and 19 anesthetized (blue circles). Squares indicate
mean amplitudes for each condition. F) Flickering bar stimulus (15◦ wide, reversing in
contrast at 2 Hz for 2 s). Color bars map degrees of visual field to the position of the bar on
the screen. G) Maps of retinotopy for one example animal in awake (left) and anesthetized
(right) conditions. H) Time courses of average activity for ROI in wakefulness (red trace),
and under anesthesia (blue trace). Shaded regions represent ±1 SE, at the bottom left
is the schematic of the luminance change of the stimulus flickering at 2 Hz. Text and
modified figures copied from [105].

at 2.2±0.4s compared to 0.33±0.06% at 4.3±0.6s when anesthetized (see Fig. 2.18 F-H).
It has to be noted that isoflurane was used for anesthesia in this study.
Another study of interest regarding the impact of anesthesia on neuronal activity was
conducted by Franceschini et al. [106], where scalp electroencephalography (EEG) and dif-
fuse optical imaging (DOI) measurements were performed during multiple event-related
electrical forepaw stimulations in rats while using different anesthetics. The somatosen-
sory evoked potentials (SEP) were decomposed into four components, P1, N1, P2 and
N2 using linear regression. These components can be associated to different neuronal
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activation events which happen after stimulation. After a stimulus is applied, the tha-
lamocortical structures (layer IV and VI) are activated, resulting in a narrow and large
evoked potential, the P1 component. The thalamocortical activation is interpreted as
the activation associated with the recognition of a stimulus. It is followed by the neg-
ative evoked potential N1 in layer I and II. The two delayed potentials P2 and N2 are
less clear in their functional significance, but are connected to cortico-cortical processes,
which are generally interpreted towards further processing of a recognized stimulus.
The results show the magnitude of the hemodynamic response function to be more de-
pendent on the secondary late SEP components than the first ones. Furthermore the
baseline blood flow has a positive effect on the hemodynamic response and isoflurane
(together with α-chloralose) produces the highest response. The neurovascular cou-
pling has been found to be constant across the six investigated anesthetics (isoflurane,
α-chloralose, Ketamine, Fentanyl, Pentoorbitate and Propofol) [106].

2.6 Anatomy & Physiology of Pigeons

A rock pigeon (Columbia livia) has an average weight of 330 g, a length from beak to
tail of 29 to 37 cm and a wingspan of 62 to 72 cm [107]. However these numbers do not
hold true for the pigeons used in our experiments. Although we only measured the body
weight of the pigeons that were anesthetized, the mean of 97 measurements on 28 dif-
ferent pigeons give an average body weight of 495 g. This difference could be explained
by the fact that our pigeons are kept in a cage and can fly outside only for several days
per year.

Parameter Unit Reference value Literature
Body temperature ◦C 39.8-43.3 (cloacal) [108–110]

Breathing frequency bpm 20-35 [110–113]

Heart rate bpm 160-250 [110,114,115]

Blood volume ml/g 0.1-0.01 [110]

mean arterial pressure mmHg 106 (local anesthesia) [115]

arterial O2 partial pressure mmHg 95 [116]

arterial CO2 partial pressure mmHg 34 [116]

arterial pH pH 7.46 [116]

Table. 2.5: Physiological parameters of a pigeon (table copied and translated from [117] with
some modifications based on additional literature).

The heartrate, the breathing rate and the body temperature of pigeons have a rather
large range (see Table 2.5), which can impact anesthesia and measurement results. It
has to be noted, that the heart and breathing rate are strongly influenced by anesthe-
sia. The values listed in Table 2.5 are for the awake state, so that the numbers in our
experiments may be different, e.g. we usually observed heartrates of 120 bpm during
anesthesia. The breathing volume is 4.7-7ml. The body of birds is highly adapted to
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Fig. 2.19: Skull of a pigeon (purchased from tierschaedel-online.de) which
was cut in half. The upper image shows a zoom into the area marked in
red, where the sponge like bone structure clearly visible. In the lower image
a pigeon brain (3D data from the T2-data included in the pigeon brain
atlas which can be downloaded [118] was 3D printed by i.materialze.com)
was inserted into the skull providing better orientation regarding the brain
regions. The optical tectum is colored in blue.

their flying abilities, which are outstanding in pigeons. Pigeons fly all day long with
an average speed of 80 km/h over ground, thus being able to cover distances of several
hundred kilometers per day. Therefore the majority of their bones, particularly the head
bones, are mostly hollow with only some struts and trusses between the inner and outer
bone layer (see Fig. 2.19).
This has a particular impact on the Ultrasound measurements (see section 2.8) and re-
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quires a trepanation of the pigeon skull (see Appendix 2 for a description of the surgery).
For the same reason - their great flying performance - pigeons also have a different blood
composure not only compared to mammals but also to other birds. The main difference
from mammals is the existence of a nucleus in avian red blood cells, which influences the
scattering parameters of avian blood. Compared to other birds of a similar size, pigeons
are characterized by very high hematological parameters (e.g. hemoglobin concentration,
erythrocyte number) [119].

2.7 Diffusing Wave Spectroscopy

When light travels through a medium, the propagation of the light is influenced by three
main effects: refraction, absorption and scattering.

2.7.1 Refraction

Refraction describes the phenomenon of light changing its direction of propagation due
to a change of the refractive index. The absolute refractive index is usually defined as

n =
c

v
(2.3)

where c is the speed of light in vacuum and v the speed in the medium. This results in
different propagation speeds in media with different n and thus in a bending of the beam
at the boundary surface under an angle depending on the incidence angle and the two
refractive indexes of the media (Snell’s law). A part of the light will always be reflected
at the boundary, with the portions of light being reflected and transmitted depending
on the difference in the two refractive indexes at the boundary surface. The refractive
index is also wavelength dependent, which leads to dispersion of light containing different
wavelengths.
A more general definition is is given by the complex refractive index

ñ(λ) = n(λ) + iκ(λ) , (2.4)

where Re [ñ(λ)] = n(λ) is usually referred to as the refractive index and Im [ñ(λ)] = κ
takes account of attenuation in the medium. Attenuation arises from light being ab-
sorbed and scattered (in case of a heterogeneous medium), and is wavelength dependent.
The combination of (2.4) with the plane wave expression and k̃ = 2πñ/λ leads to the
intensity at the path length s

I(s) = |E(s, t)|2 =
∣∣∣E0 · ei(k̃s−ωt)

∣∣∣
2

= I0 · e−4πκs/λ . (2.5)
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2.7.2 Absorption

Absorption is an important phenomenon in biological applications, as most biological
systems contain very different materials (tissue, blood, etc.) with each having different
absorption spectra. The most important mechanisms of absorption are the transition of
electrons or molecule excitation states (electron transitions in the UV range, vibrational
and rotational molecule transitions in the visible-far IR range). This can be used for
different diagnostic applications, but it negatively impacts DWS as it decreases the
intensity of the light traveling through the sample area, thus limiting the path length of
the photons and consequently the sampling volume.
For a single absorber, the absorption cross section is defined as the ratio of the absorbed
power Pa and the incident intensity I0

σa =
Pa
I0

. (2.6)

With the approximation of the absorption being independent of both the orientation
of the incident beam and the absorber itself, the absorption coefficient for a uniformly
distributed medium of identically absorbing particles can be described as

µa = ρσa . (2.7)

The inverse of (2.7) gives the absorption length, which is the average distance a pho-
ton travels in a medium before being absorbed. Another definition of the absorption
coefficient µa is

µa = − 1

IT

∂IT
∂s

, (2.8)

with IT being the total transmitted intensity and s the path length in the medium. The
solution of this leads to

IT = I0 · e−µas , (2.9)

which is referred to as the Lambert-Beer Law with the incident intensity I0. It applies
to a homogeneous medium and leads with equation (2.5) to

µa =
4πκ

λ
. (2.10)

In case of a heterogeneous medium, this has to be modified to

IT = I0 · e−µa·DPF·d+G , (2.11)

which is called themodified Beer-Lambert-law (mBLL). In this equation, d is the distance
between source and detector and DPF is the differential pathlength factor, with DPF =〈
L
〉
/d, where

〈
L
〉
represents the mean average path length of the detected photons over

the range of 0−µa [120]. The last term G is a geometric factor, independent of scattering
and absorption.
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Fig. 2.20: The absorption coefficient µa of the main absorbers for biological tissue is plotted
over the wavelength of the light λ. The main absorbers are water (data from [121] plotted in
green) and blood. The data for human oxygenated (red) and deoxygenated (blue) hemoglobin
is taken from [122]. The absorption data for Zebrafinch oxygenated (pink) and deoxygenated
(orange-brown) hemoglobin is extracted and scaled to 150 g Hb/liter from Fig. 3 in [123]. The
therapeutic window between 600 to 1300 nm for biological tissue is represented by the light blue
box. The blue vertical line indicates the isosbestic point for human blood at 802 nm, which is
clearly shifted to higher wavelengths (about 870-905 nm) for the Zebrafinch.

As absorption is strongly wavelength dependent, the wavelength of the light used in
an experiment has to be adjusted to the sample. All experiments discussed in this work
were carried out on biological tissue, where the wavelength has to be situated within
the so called therapeutic window of 600-1300 nm in order to minimize the absorption. In
this region between the high absorption of hemoglobin (below 600 nm) and water (above
1300 nm), biological tissue has a relatively low absorbency (see Fig. 2.20).
Furthermore, the wavelength in our experiments has been chosen to match an isosbestic
point at 800 nm characterized by equal molar extinction coefficients of both oxy- and
desoxyhemoglobin. It has to be noted that this is valid for human blood but might
be different for pigeons. A recent study has shown differences in blood absorption in
zebra finches when compared to humans, with a shift of the isosbestic point to a value
of 870-880 nm. However, no data has yet been published for pigeons.
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2.7.3 Static Scattering

Light travelling through a heterogeneous medium is being scattered. For a medium of
uniformly distributed, similar scatterers, the scattering coefficient is defined as

µs := ρσs , (2.12)

with the density of scatterers ρ and the scattering cross section σs. The latter is defined
as in the absorption case

σs =
Ps
I0

, (2.13)

so it is approximated that the scattering cross section is independent of the orientation
of the beam and the scatterer.
The inverse of the scattering coefficient is defined as the scattering mean free path

ls =
1

µs
, (2.14)

which is the average distance between two scattering events. Dependent on the size of
the scatterer relative to the wavelength of the light, the scattering can be described by
different theories, which are detailed in the following section.

Rayleigh Limit

In the case of the dimension of the scatterer being much smaller than the wavelength of
the light, the electric and magnetic field vectors of the wave are approximately constant
over the size of the scatterer and the scatterer can be treated as a point scatterer. This
excites an oscillating dipole moment in the scatterer, which emits dipole radiation with
the same wavelength and frequency. For unpolarized incident light, the intensity of
dipole radiation in the distance r = |~r| is given by

IS(ψ) =
I0

2r2

(
2π

λ

)4(
m2 − 1

m2 + 2

)2(
d

2

)6 (
1 + cos2 θ

)
. (2.15)

Here the angle θ is the scattering angle, d
2
is the radius of the scatterer and m = n1

n2

is the quotient of the refractive indexes of the scatterer and the surrounding medium.
The intensity is symmetrical in θ = π

2
steps, so forward- and backscattering are equally

distributed. Hence, the Rayleigh scattering can be called isotropic in this context.
The Rayleigh scattering can be extended to the Rayleigh-Debye-Gans regime for ar-
bitrary shaped particles under certain circumstances. The refractive indexes of the
scatterer and the medium have to be very close to each other, so that the phase shift of
the light traveling through the scatterer is small. Also, the wavelength of the light has
to be in the range of the size of the scatterer. The condition

2k
d

2
|(m− 1)| << 1 (2.16)
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has to be fulfilled, where k is the wave vector of the incident light. The scatterer can then
be split into a number of sub-particles, each handled as a single Rayleigh scatterer. The
outgoing intensity is then the superposition of all the Rayleigh scattered intensities:

IS(θ) =
k4V 2

4π2r2
|m− 1|P (θ) . (2.17)

The formula contains the volume of the particle V and the formfactor P (θ), which
describes the shape of the scatterer by integrating over all the N Rayleigh scatterer
positions rN in the particle

P (q) =
1

V 2

∣∣∣∣
∫

eiq(ri−rj)dV
∣∣∣∣
2

. (2.18)

Destructive interference in the superposition of all the Rayleigh intensities lead to very
sharp minima in the total intensity. This scattering regime is therefore strongly angle
dependent and not isotropic anymore.

Mie Scattering

Fig. 2.21: Angle distribution of light with
a wavelength of λ = 650 nm and perpen-
dicular polarisation scattered on a water
droplet of radius r = 10 µm. The image
is copied from [124] and was created with
MiePlot v4.6 [125].

The Mie theory describes the case of light being scattered by an arbitrary shaped and
sized object. It was analytically solved for spherical particles by Gustav Mie in 1908.
To solve this problem, the wave is divided into three parts: The incident wave, the
field inside the scatterer and the scattered field. The incident and the scatterered wave
are expanded to a power series of emitting spherical wavefunctions, the internal field is
expanded into regular spherical wavefunctions. In all three parts the Maxwell equations
have to be fulfilled as well as the continuity condition of the tangential component of the
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field at the boundary surface. This can be solved and results in the scattering coefficients
for the scattered field.
For other particles than spherical ones, no analytical but only numerical solutions are
possible. All solutions are strongly angle dependent (see Fig. 2.21) with increasing
forward scattering for increasing particle sizes.

2.7.4 Dynamic Scattering

The above theories provide solutions for static scattering problems. As everything is in
motion in living biological tissue, the static scattering has to be extended to dynamic
scattering. For dynamic light scattering, the scattered intensity is the fundamental
measurement parameter. As the scatterers move in the scattering volume, the intensity
fluctuates in time. By calculating the intensity autocorrelation function and its decay
time, it is possible to obtain information about the size and the movement of the scatter-
ers. In our experiments, the relative changes of the decay time are more important than
absolute values, as we are interested in changes occuring due to various stimulations.
I will start with the theory of dynamic single light scattering (DLS) and then extend
this to the multiple scattering regime (DWS), whereat the derivation follows [126].

Dynamic Single Scattering - DLS

If coherent, monochromatic light with the wave vector ~k0 = 2πn
λ

hits a suspension of
randomly distributed, monodisperse, not interacting spherical scatterers of sufficiently
low concentration, every photon traveling through the suspension will be scattered at
most once. The total electrical far field detected under the angle θ with the wave vector
~ks equals the superposition of the scattered light of all N scatterers in the sample volume
and is given by

E(~q, t) =
N∑

j

E0e−i~q~rj(t) , (2.19)

with E0 being the scattered field of a single scatterer, ~q = ~ks − ~k0 the scattering vector
and ~rj(t) the position of the j-th scatterer at time t. Brownian motion of the scatterers
leads to phase shifts and thus to fluctuations in the electrical field at the detector. By
calculating the field-autocorrelationfunction

G1(τ) ≡ 〈E(~q, t)E∗(~q, t+ τ)〉 = lim
T→∞

1

T

∫ T

0

E(~q, t)E∗(~q, t+ τ)dt (2.20)

these fluctuations can be characterized, whereat 〈〉 indicates the ensemble average. In
ergodic systems, the ensemble average can be replaced by the time average (Birkhoff’s
ergodic theorem), which - although it could not be mathematically proven [127] - is in
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perfect consistency with experiments. Unless explicitly stated, ergodic systems are al-
ways assumed within this thesis, which holds true for most biological samples.
In most cases the normalized autocorrelation function

g1(τ) =
G1(τ)

〈|E|2〉 =
〈E(~q, t)E∗(~q, t+ τ)〉

〈|E|2〉 (2.21)

is of greater interest. For convenience t = 0 is set for the further deviation. Inserting
equation (2.19) in (2.21) leads to

g1(τ) =

∑N
j,k〈ei~q(~rj(0)−~rk(τ))〉

∑N
j,k〈ei~q(~rj(0)−~rk(0))〉

. (2.22)

The cross terms with j 6= k vanish for non-interacting uncorrelated particles and

g1(τ) = 〈e−i~q·∆~r(τ)〉 (2.23)

with ∆~r(τ) = ~r(τ)−~r(0). If ∆~r(τ) is Gaussian distributed and ~q and ∆~r(τ) are mutually
independent,

g1(τ) = e−〈[q∆r(τ)]2〉/2 = e−1/3〈q2〉〈∆r(τ)2〉/2 = e−q
2〈∆r2(τ)〉/6 (2.24)

with the mean square displacement 〈∆r2(τ)〉. The mean square displacement depends
on the motion of the scatterers. The two most common cases are free diffusion [128] and
shear flow [129] for which 〈∆r2(τ)〉 can be expressed as

1. 〈∆r2(τ)〉 = 6Dτ (2.25)

2. 〈∆r2(τ)〉 ∝ Γ
2
τ 2 , (2.26)

with the diffusion coefficient D and the spatially averaged shear rate Γ.

As the electrical field cannot be measured directly, the autocorrelation function of the
intensity g2 has to be calculated and connected to the field autocorrelation function g1.
The two functions are connected by the Siegert-relation

g2(τ) = 1 + f |g1(τ)|2 (2.27)

with the intercept f . The intercept is a constant factor, primarily determined by de-
tection optics. In most cases the inverse number of detected speckle modes gives a very
good estimation for the intercept value. With a single mode fiber detection transmitting
two polarization modes (β = 2), the intercept becomes f = 1/2. More information
on modes can be found in [130,131], on further influences on the intercept such as finite
coherence length in [132], and non-linear detectors in [133,134].
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Fig. 2.22: Schematic drawing of light traveling through a multiple scatter-
ing sample with the successive wavevectors ki plotted in green. The blue ri
are the position vectors of the i-th particle with their respective replacement
∆ri (in red) after the time τ . Figure modified from [126,135].

Diffusing Wave Spectroscopy - DWS

As the concentration of scatterers in a sample increases, more scattering events occur
and the probability for a photon to be scattered multiple times during its flight through
the sample increases. In equation (2.14) the mean free pathlength was introduced as the
mean distance between two successive scattering events of one photon. For the multiple
scattering regime, another length scale is important, the transport mean free path

l∗ =
l

〈1− cos θ〉 . (2.28)

It describes the length scale over which the direction of propagation of the light is
randomized in the sample, and depends on the mean free path and the ensemble average
over the cosine of the scattering angle θ. As this average is dependent on the size of the
scatterers, l∗ has different values relative to l. For small scatterers for which the Rayleigh
limit holds true, a single scattering event is isotropic and so l∗ = l. For increasing particle
size, the scattering gets less isotropic and more forward directed. Consequently, more
scattering events are necessary to randomize the propagation direction of the light, so
that l∗ > l.
In order for the system to be in the multiple scattering regime, it is important to note
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that the sample size L has to be much larger than the transport mean free path. Only
if L >> l∗, every photon is scattered often enough so that the light propagation can
be described as a random walk through the sample. This diffusive behavior of the light
is important for the deviation of the autocorrelation function further below. To obtain
an expression for the autocorrelation functions g1(τ) and g2(τ), one first examines the
path of each photon through the sample and then sums up all the paths p leading to
one detection point.
A single photon gets scattered N ∝ (L/l∗)2 · l∗/l times along its path and is thus being
phase shifted. The total phase shift φ(τ) of the photon is

φ(τ) = k0 · s(τ) = k0 ·
N∑

i=0

|~ri+1(τ)− ~ri(τ)|

= k0 ·
N∑

i=0

(
~ki(τ)

|~ki(τ)|

)
[~ri+1(τ)− ~ri(τ)]

=
N∑

i=0

~ki(τ) · [~ri+1(τ)− ~ri(τ)] , (2.29)

where ~ki(τ) is the wavevector of the photon after each scattering event of magnitude
|~ki| = k0 under the assumption of quasi-elastic scattering. The vector ri(τ) is the position
of the 1 ≤ i ≤ n-th particle, r0 is the laser- and rN+1 the detector-position.
The photons from all paths through the sample superpose at the detector, leading with
equation (2.21) to

g1(τ) =

〈∑

p

|Ep|2
< I >

ei(φp(0)−φp(τ))

〉

=
∑

p

< Ip >

< I >

〈
ei(φp(0)−φp(τ))

〉
, (2.30)

where Ep is the amplitude of the electrical field and 〈Ip〉 = 〈|E|2〉 the mean intensity of
path p. It has been assumed that the amplitude and phase of the electrical field of each
path at the detector are independent from each other and that the paths of independent
particles are uncorrelated. The phase difference φp(0)− φp(τ) between two timestamps
results from motion of the scatterers. With equation (2.29), the fact that source and
detector do not move, and the definitions

~qi := ~ki(0)− ~ki−1(0) ,

∆~ki(τ) := ~ki(τ)− ~ki(0) and
∆~ri(τ) := ~ri(τ)− ~ri(0) ,



2.7 Diffusing Wave Spectroscopy 45

the phase difference can be written as

∆φp(τ) =
N∑

i=1

~qi ·∆~ri(τ) +
N∑

i=0

∆~ki(τ) · (~ri+1(τ)− ~ri(τ)) . (2.31)

The second sum can be neglected because of ∆ki⊥ (ri+1(τ)− ri(τ)) for small displace-
ments ∆ri(τ). For a large N, ∆φp(τ) is Gaussian distributed following the central limit
theorem, so that equation (2.30) gives

〈
e−i∆φp(τ)

〉
= e−〈∆φ2p(τ)〉/2 . (2.32)

With (2.31), the average over the square of the phase difference can be evaluated and
leads to

〈
∆φ2

p(τ)
〉

=
N∑

i=1

N∑

j=1

〈(~qi ·∆~ri(τ)) (~qj ·∆~rj(τ))〉

=
N∑

i=1

〈
(~qi ·∆~ri(τ))2〉 , (2.33)

with the assumption of independent successive phase factors ~qi ·∆~ri(τ). With the further
assumption of independent ~qi and ∆~ri(τ),

〈
∆φ2

p(τ)
〉

= N
〈
(~qi · ~ri(τ))2〉 =

1

3
N
〈
q2
i

〉 〈
r2
i (τ)

〉
. (2.34)

The average over 〈q2〉 can be expressed with equation (2.28) so that

〈
q2
〉

=
〈
(2k0 sin(θ/2))2〉 = 2k2

0 〈1− cos(θ)〉 = 2k2
0

l

l∗
. (2.35)

For large N, the total pathlength in the sample is s = N · l, so that N = s/l. This leads
to 〈

∆φ2
p(τ)

〉
=

2

3
k2

0

〈
∆r2

i (τ)
〉 s
l∗

(2.36)

This equation depends on the total pathlength s, the mean square displacement 〈∆ri(τ)〉
and the transport mean free path l∗. The transport of the light through the sample can
thus be described with the diffusion equation (2.38). The mean square displacement
depends on the motion of the scatterers similar to (2.25). With the dependance of the
pathlength s, the sum over the paths p in (2.30) can be replaced by the sum over the
different pathlengths s, and with a transition to the continuum limes, equation (2.30),
(2.34) and (2.36) give

g1(τ) =

∫ ∞

0

P (s)e−1/3k20〈∆r2(τ)〉s/l∗ds . (2.37)
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To find a g1(τ) for any real measurement, an expression for the pathlength distribution
P(s) has to be found. P(s) is the replacement for 〈Ip〉 / 〈I〉, describing the amount of
the photons - equals the intensity - traveling through a certain path p. To obtain an
expression for P(s), one has to solve the diffusion equation

∂U(~r, t)

∂t
= Dl∇2U (2.38)

for a given measurement geometry, where U is the energy density of light in the sample
and Dl = vl∗/3 represents the diffusion coefficient of light. The solutions for the most
common geometries are shown in the following. As the pathlengths and also the path-
length differences in a highly multiple scattering sample can be up to several metres, it
is important to have a light source with a sufficient long coherence length. Addition-
ally it has to be noted that in (2.37) absorption is completely neglected, which can be
accounted for by multiplying with equation (2.11).

Transmission

In the transmission geometry, a sample is illuminated from one side and the scattered
light is detected on the other side with a point detector.

For illumination with a plane wave source, one obtains the autocorrelation func-
tion [136]

g1(τ) =

L+(4/3)l∗

z0+(2/3)l∗

{
sinh

[
z0
l∗

√
KD

]
+ 2

3

√
KD cosh

[
z0
l∗

√
KD

]}
(
1 + 4

9
KD

)
sinh

[
L
l∗

√
KD

]
+ 4

3

√
KD cosh

[
L
l∗

√
KD

] (2.39)

≈
(
L
l∗

+ 4
3

)√
KD(

1 + 4
9
KD

)
sinh

[
L
l∗

√
KD

]
+ 4

3

√
KD cosh

[
L
l∗

√
KD

] .

For convenience the substitution KD = k2
0〈∆r2(τ)〉 was introduced. The parameter z0

describes the position of the virtual diffusive light source. As the light is diffusive after
traveling one transport mean free path, it can be approximated that z0 ≈ l∗. The second
equation holds true for τ << τ0 which is the case for typical DWS samples with l∗ << L.
In most experiments, further simplifications can be made, giving the very simple but
practical equation

g1(τ) = e−(L/l∗)2KD (2.40)

which still is in good agreement with the data [137].

In case of a point source, the solution of the diffusion equation gives [136]

g1(τ) ∝
∫ ∞

L/l∗
√
KD

[
A(s) sinh s+ e−s(1−z0/L)

]
ds , (2.41)

with

A(s) =
(εs− 1)

[
εse−sz0/L + (sinh s+ εs cosh s) e−s(1−z0/L)

]

(sinh s+ εs cosh s)2 − (εs)2 (2.42)
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and ε = 2l∗/3L. In this case z0 = (4/3) l∗ which is experimentally determined.

Backscattering

A plane wave light source with a point detection both on the same side of the sample
defines the backscattering geometry, which is very useful in biological application as it
only requires access to the sample from one side. The autocorrelation function for a
sample of the size L is given by [138,139]

g1(τ) =
sinh

[√
KD

(
L
l∗
− z0

l∗

)]
+ 2

3

√
KD cosh

[
L
l∗
− z0

l∗

]
(
1 + 4

9
KD

)
sinh

[
L
l∗

√
KD

]
+ 4

3

√
KD

√
KD cosh

[
L
l∗

√
KD

] . (2.43)

In case of a sample with infinite thickness, this expression simplifies to

g1(τ) = e−γ
√
KD , (2.44)

with γ = z0/l
∗ + 2/3 and z0 = (4/3) l∗, which gives γ = 2.

Banana-geometry

The banana geometry is a modified backscattering geometry with a semi-infinite sample.
The illumination is point-like and located at a distance d to the detector. The photons’
path lengths distribution has a banana shape, which gives this geometry its name. With
regards of absorption, one gets

g1(τ) =
e−
√

3µaµs+µ2sKDr1 − e−
√

3µaµs+µ2sKDr2

e−
√

3µaµsr1 − e−
√

3µaµsr2
. (2.45)

for the autocorrelation function [140]. The second term in equation (2.45) takes account
of the lower number of photon paths compared to (2.43), with r1 =

√
d2 + z2

0 and
r2 =

√
d2 + (z0 + 2zb)2. The parameter zb describes the projection of the light source

into the truncated half-plane regarding the Fresnel formulas at the boundary between
the outside and the sample. Further information can be found in [139,141–143].

2.8 Functional Ultrasound

In this section I will briefly describe the theoretical basics of Ultrasound physics before
introducing the method of Ultrafast Ultrasound, which is used for functional measure-
ments in our experiments. All Ultrasound theory and application described in this thesis
is based on linear acoustics. Significant non-linear effects can occur in other applications,
for example when using microbubbles. However, this is beyond the scope of this work
and is therefore not further discussed.



48 2 Theory

The most common Ultrasound imaging methods are displaying either the spatial distri-
bution of the backscattered intensity (B-Mode) or the Doppler shift in frequency due
to motion of the scatterers (Doppler-Sonographie). The Doppler modes either measure
the particle velocity and its direction (Color Doppler) or the total amount of moving
scatteres (Power Doppler). However, these modes represent only different methods of
analyzing the acoustic waves. These waves are measured with piezo elements in the
transducer and thereby transformed into an electrical radio-frequency (RF) signal.
In our experiments we intend to measure changes in blood dynamics, which can be
changes in blood flow or blood volume. Therefore the Doppler modes are of higher in-
terest and will be described in more detail. While the main goal is the same for both
the DWS and the fUS method, the Ultrasound provides some advantages, making it a
complementary method to DWS. With the fUS, one brain slice can be measured with a
very good spatial resolution. This is very useful as there is no specific brain region to be
associated with magnetic stimulation, and therefore a mapping technique is required.

2.8.1 Ultrasound Waves

Ultrasound stands for acoustic waves with frequencies above the human audible spec-
trum, corresponding to frequencies of more than 20 kHz. The acoustic pressure of such
a wave will displace the particles but due to the restoring forces of the medium, no
net displacement takes place. Instead the particles oscillate around their equilibrium
position along the propagation direction of the wave z, which is why Ultrasound waves
are longitudinal waves. The infinitesimal portion of the force displacing a mass fraction
dm by the distance χ can be written as

dF = dm · a = ρ · dz · A · ∂
2χ

∂t2
, (2.46)

with the density ρ = m/V = m/(z · A) of a volume V with the mass m. The restoring
force due to the pressure change ∂p

∂z
dz is given by

dF = −∂p
∂z

dz · A . (2.47)

Combining these two formulas leads to

ρ · dz · A · ∂
2χ

∂t2
= −∂p

∂z
dz · A (2.48)

⇔ ρ
∂2χ

∂t2
= −∂p

∂z
, (2.49)

which is the one-dimensional Euler equation with neglection of non-linearities and fric-
tion. The pressure can be expressed depending on the medium. For a fluid, a change in
volume is connected to a pressure change by the compression modulus K:

K := −V · dp
dV
⇒ dp = −K · dV

V
. (2.50)
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In a gas, an expression for the pressure change can be found with the adiabatic formulas
containing the adiabatic exponent κ, as the pressure changes are fast enough to be
considered adiabatic. In a solid, the pressure will produce a tensile stress σ connected
to the displacement χ by the elastic modulus E, leading to the restoring force.
Combining equations (2.49) and (2.50) leads to

∂2χ

∂t2
=
K

ρ

∂2χ

∂z2
. (2.51)

This is similar to the wave equation with the sound velocity

c =

√
K

ρ
=

√
1

ρβad
, (2.52)

where βad is the adiabatic compressibility. One solution of the wave equation is a har-
monic plane wave, whose acoustic pressure can be written as

p(z, t) = p0 exp(i(ωt− kz)) , (2.53)

with the pressure amplitude p0, the wave frequency f = 2π/ω and the wave number
k = ω/c = 2π/λ. As the praticle displacement is proportional to the pressure, an equal
expression describes the displacement

χ(z, t) = χ0 exp(i(ωt− kz)) . (2.54)

Differentiating (2.54) with respect to t gives the particle velocity whose amplitude is
called the sound particle velocity

v0 = ω · χ0 . (2.55)
Inserting the pressure and particle displacement into the Euler equation (2.49) leads to

ρω2χ0 = p0 . (2.56)

Together with equation (2.55) this gives the relation between the pressure p0 and the
sound particle velocity v0

p0 = ρ · c · v0 , (2.57)
with the proportionality factor

Z = ρ · c . (2.58)
This is the very important parameter namely characteristic acoustic impedance. It is sim-
ilar to the optical refractive index n (see equation (2.3)) and the optical effects of refrac-
tion, absorption and scattering are very similar for acoustic waves with the impedance
Z replacing the refractive index n. In the next sections, refraction and attenuation of
the Ultrasound wave will be discussed briefly. The scattering effects contributing to the
attenuation will not be described separately, as they are similar to the description given
in section 2.7.3. However, it has to be noted that the backscattering from blood is by
a factor of 10 to 500 smaller than from tissue, which makes it harder to resolve blood
flow, particularly from small vessels surrounded by tissue.
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Material Speed of sound Acoustic impedance Attenuation
c [m/s] Z [106 kg/(m2s)] β1 [dB/(MHz cm)]

Air (0 ◦C) 330 0.0004 -
Water (25 ◦C) 1 550 1.48 -
Aluminum 6 260 18 -

Bone 2 700-4 100 3.75-7.4 16-23
Fat 1 440 1.37 0.8-1.2

Blood 1 570 1.61 0.17-0.24
Brain 1 540 1.59 0.8-1.25

Table. 2.6: Values of the speed of sound and the acoustic impedance for different materials.
For biological matter the values are only vaguely precise, since it varies with the individual and
location/organ of the body [144]. Attenuation values taken from [145,146].

2.8.2 Refraction

When an Ultrasound wave propagating through a medium with the impedance Z1 hits
a second medium with a different impedance Z2, only one part of the wave will be
transmitted and the other part will be reflected. As for optical waves, the Snell’s law

sinα1

sinα2

=
c1

c2

(2.59)

applies to the relation of the incident angle α1 of the wave with the sound velocity c1 to
the angle α2 of the transmitted wave in the second medium with the sound velocity c2.
The transmission and reflection coefficients of the intensity of a plane wave propagating
obliquely to the surface boundary of the two media are

TI =
4Z1Z2 cos2 α1

(Z2 cosα1 + Z1 cosα2)
(2.60)

and

RI =

(
Z2 cosα1 − Z1 cosα2

Z2 cosα1 + Z1 cosα2

)2

, (2.61)

respectively. As it can be seen from these formulas, a high difference in the impedance of
two materials can lead to a large reflection coefficient. This is of utmost importance when
carrying out experiments with pigeons, or birds in general, because of the air inclusions
in the skull. Table 2.6 shows acoustic impedance and speed of sound values of different
materials, where the high difference between air and bone is of particular importance.
This leads to a reflection coefficient of R ≈ 1 and thus almost 100% reflection of an
Ultrasound wave at this surface. The removal of the air-bone surface is thus a crucial
procedure in any Ultrasound imaging of a bird brain.

2.8.3 Attenuation

While traveling through tissue, an Ultrasound wave will be attenuated due to scattering
and absorption, with absorption accounting for 75-90% of the total attenuation [147].
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The absorption is usually phenomenologically modeled similarly to optics (see equation
(2.9)), with one term β1 being frequency dependent and one term β0 independent of the
frequency. The intensity attenuation function for a wave with the frequency f traveling
the distance z through tissue is given by

IT = I0 · e−(β0+β1f)z . (2.62)

The term β1 is the dominant part of the attenuation, and sometimes β0 is left out
due to its small impact. This results in a shift in the transmission spectrum due to
more attenuation of the higher pulse frequencies. For example, the mean frequency of a
Gaussian pulse with the relative bandwidth Br is shifted by

∆f = β1B
2
rf

2
0 z , (2.63)

where f0 is the central frequency of the transducer. The attenuation also limits the
penetration depth, particularly for the high frequencies of around 15MHz which are
used in our experiments. Table 2.6 shows some approximate values of β1 for human
tissue.

2.8.4 Doppler Effect

As an Ultrasound wave emitted by a transducer hits a scatterer, the wave is absorbed
and re-emitted, and the backscattered signal is received by the same transducer. If
the scatterer moves with a velocity component v parallel to the direction of the wave
propagation, the Doppler effect occurs. Due to its movement, the scatterer receives the
acoustic wave with a higher apparent speed of sound resulting in a higher frequency fs
with

fs =
c0 + v

λ0

= f0 +
v

λ0

= f0(1 +
v

c0

) , (2.64)

where f0, λ0 and c0 are the frequency, wavelength and speed of sound of the wave
emitted by the transducer. Note that in this case the positive direction corresponds to
the propagation direction of the first emitted wave, thus the above formula holds true
for the scatterer moving towards the signal source. The sign of v changes if the scatterer
moves away from the source. The re-emitted wave will be received by the transducer
with an apparently reduced wavelength λT with

λT = λs −
v

fs
. (2.65)

The frequency received by the transducer thus is

fT = fs
1

1− v
c0

, (2.66)
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which leads with equation (2.64) to the total Doppler shift in the frequency of

fD = f0 − fT = f0 − f0

1 + v
c0

1− v
c0

(2.67)

≈ f0 −
(
f0 + 2f0

v

c0

)
with v << c (2.68)

= −2f0
v

c0

. (2.69)

In our experiments, the brain of a pigeon is being sampled. Such a tissue contains a
variety of different scatterers with a wide velocity distribution, so that there is not only
one but a wide distribution of Doppler shifted frequencies.

2.8.5 Pulsed-Wave Doppler

In order to obtain an image showing the spatial distribution of the scatterers, a series of
Ultrasound pulses with a constant pulse repetition frequency (PRF) has to be emitted
into the tissue. With a known speed of sound in the tissue, the position of the scat-
terers can be calculated from the different traveling times of the received signals. This
image construction out of the RF signals is called beamforming and will be discussed
in section 5.1.1. However, in such a pulsed-wave system, the Doppler shift cannot be
estimated directly from one received pressure wave because the frequency shift caused
by attenuation is much bigger than the Doppler shift (see equation (2.63)).
In order to measure the Doppler shift with such a system, the signal delay of consec-
utive emissions due to the scatterer movement is used to calculate the Doppler shift.
For simplicity, only one scatterer is assumed in the following derivation, which has been
condensed based upon chapters 4 and 6 in [146] and where the interested reader is referred
to.
An Ultrasound wave

e(t) = g(t)ei2πf0t (2.70)

is emitted, consisting of n sinusoidal oscillations with the central frequency f0 and the
pulse envelope function

g(t) =

{
1 : 0 < t < n

f0

0 : else
. (2.71)

The received signal of the m-th emitted pulse rm(t) equals the emitted signal e(t) at a
delayed time tm and attenuated by a factor β

rm(t) = β · e(α(t− tm)) . (2.72)

The factor
α =

(
1 +

2vz
c

)
(2.73)
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represents the time compression due to the Doppler effect with the axial velocity vz =
|~v| cos(θ) of the scatterer and the speed of sound c in the tissue. The time delay tm
between the emission and the reception of the pulse depends on the initial depth d0 at
time t = 0 of the scatterer and its movement until it is hit by the m-th pulse:

tm = t0 +mτ =
2d0

c
+m

2vzTprf
c

. (2.74)

The time Tprf = 1/PRF is the time between two consecutive emitted pulses. This
expression can be put into (2.72), leading to

rm(t) = β · e(α(t− tm))

= β · e(α(t− t0 −mτ))

= β · e(α(t− t0 −mτ + τ − τ))

= rm−1(t− τ) , (2.75)

where the received signal of the m-th pulse equals a delayed version of the previous
pulse. Inserting expression (2.74) for the delay time tm into (2.70) gives a phase factor
φ(m) that depends on the pulse number and the axial scatterer velocity vz. Measuring
discrete derivatives of the backscattered signal gives

fφ =
1

2π

φ(m)− φ(m− 1)

Tprf
= 2f0α

vz
c
≈ fD with vz << c . (2.76)

This phase shift, the so called complex Doppler-signal, can be obtained by demodulating
the measured signal in order to remove the carrier frequency.

2.8.6 Ultrafast Ultrasound

Functional measurements with Ultrasound are a challenging task because of the combi-
nation of specific requirements.
First, a rather large field of view should be possible, in order to ideally image a slice of
the whole brain, so that any stimulation can be located. This is particularly important
with stimulations where the neuronal processing is completely or partly unknown, which
is the case with the magnetic stimulus.
Second, the signal to noise ratio (SNR) has to be high enough to resolve small changes
in the blood dynamics. This can be achieved through a high number of insonifications
of the same area.
Third, because of the Nyquist-Shannon-theorem, the sampling frequency has to be

fsampling > 2 · fD,max , (2.77)

where fD,max is determined by the Doppler frequency of the fastest scatterers in the
sampling area. In a bird brain, blood velocities occur in a range of mm/s up to cm/s,
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which equals Doppler frequencies from 1− 500Hz. That means each scatterer and thus
each pixel has to be scanned with the pulse repetition frequency PRFflow ≈ 1kHz.
However, the last criterion is only crucial in case of the Color Doppler mode. For the
Power Doppler signal, a lower PRFflow is suitable.
Another important parameter is the number of insonifications of each pixel, which is
called the ensemble number Ne. First of all each pixel needs to be scanned multiple
times in order to calculate the complex Doppler signal (see section 2.8.5). Additionally,
a larger Ne enhances the sensitivity of the smallest resolvable Doppler signal. In the case
of Power Doppler, this is the smallest Doppler intensity IB that can be distinguished
from the noise. It has to be larger than the fluctuations σ of the total measured intensity,
which leads to the expression

IB ≤
Iη√

Ne/2− 1
, for Ne > 2 . (2.78)

A more detailed derivation of this formula can be found in [148–150]. The sensitivity
depends on the noise level Iη and the ensemble number, so that a large Ne is crucial for
small vessels with a small Power Doppler signal. In a conventional Ultrasound device,

Fig. 2.23: A sketch of the pulse sequencing
in the conventional line scan method. First
Nl are scanned before the time 1/PRFflow
allows to scan the first line again. Each line
is scanned Ne times, in order to detect the
Doppler shift. The product of Nl ·Ne gives
a segment. The whole imaging area is com-
posed of several segments Nsegments. Image
copied from [149].

the field of view is sampled line-by-line, where each line uses several piezo elements of
the transducer to focus the Ultrasound pressure field to a specific depth. The maximum
pulse repetition frequency PRFmax for one line is restricted by the traveling time of the
Ultrasound wave to the depth z with

PRFmax =
c

2z
. (2.79)

Because PRFmax is usually much higher than PRFflow, the image gets divided into Nseg

segments, each containing Nl = PRFmax/PRFflow lines (see Fig. 2.23). The frequency



2.8 Functional Ultrasound 55

for imaging the entire field of view is then given by

fPD,conv =
PRFmax

Nseg ·Nl ·Ne

. (2.80)

A Power Doppler image acquired using conventional line scan with an ensemble number
of Ne = 15 is shown in Fig. 2.26 (a). The total acquisition time for this image is 200ms
with a PRFflow = 1kHz.
Because of the three mentioned requirements for functional measurements, the conven-
tional method is not sufficient. The ensemble number necessary for the sensitivity to
resolve small vessels can only be achieved by drastically decreasing the field of view
and thereby destroying the mapping ability of the method, which is one of its major
advantages. This problem can be solved by scanning the sampling area not line-by-line

Fig. 2.24: A sketch of the pulse sequencing
in the ultrafast plane wave method. Several
angled insonifications are carried out with a
pulse repetition frequency of PRFmax un-
til the first angle is scanned again in order
to resolve the Doppler shift. Each set of
Nangles is repeated Ne times. Image copied
from [149].

but with plane waves, so that the entire field of view gets insonified with each emission
process. The drawback of this method is a decreasing lateral resolution because of the
lacking focal point. This is solved by using the factor Nangles = PRFmax/PRFflow for
emitting plane waves under Nangles different angles (see Fig. 2.24). These waves can be
superimposed in each pixel, thereby producing a focus in every pixel. This is achieved
by compounding the Nangles images into one Power Doppler image, which then has in
every pixel a lateral resolution comparable to a conventional image in its focal point.
Additionally, every pixel gets insonified Nangles times, thus increasing the Doppler sen-
sitivity.

Fig. 2.25: A typical ultrafast plane wave
sequence of 17 angles, which are coherently
added into a compound image and then in
this case repeated Ne = 200 times. The
object is the rat brain with the thinned skull
as shown in Fig. 2.26 (right). Image edited
from [148].

Because the entire field of view can be sampled with PRFflow and not only one seg-
ment as in the conventional US, the ensemble number Ne can be larger by one order of
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magnitude, resulting in a total framerate of Power Doppler images of

fPD,UF =
PRFmax
Nangles ·Ne

. (2.81)

In total, the number Nangles ·Ne by which each pixel gets insonified is increased by two
orders of magnitude compared to the conventional number given by Ne. A comparison
of Power Doppler images of the same rat brain acquired with the conventional line scan
and the Ultrafast method are shown in Fig. 2.26. The ultrafast plane wave sequence
used to generate the right image can be seen in Fig. 2.25. The shown penetration depth
of 20mm results in a PRFmax of 17 kHz, leading to Nangles = 17 and Ne = 200 within
the same acquisition time of 200ms required for the conventional scan.

Fig. 2.26: Two Power Doppler images of the same rat brain obtained with an imaging fram-
erate of 5Hz. The skull has been thinned prior to imaging. The bright areas indicate where
a lot of blood is moving through the vessels, whereas darker realms signalize less circulation.
Units are normalized to the maximum blood volume flow and do not quantize the amount of
blood moving in the volume. The left image was scanned using the conventional method with
multiple focused beam lines, while the right one was scanned using the Ultrafast plane wave
method. Images copied from [148].



3 Setup & Software

The following chapter describes the experimental setup as well as the software used for
acquiring the data. In the first part the experimental setup is described, followed by a
detailed documentation of the measurement software I programmed for our experiments.

3.1 Experimental Setup

The experimental setup for the Diffusing Wave Spectroscopy measurements can be di-
vided into the optical part, which is called the fundamental DWS setup, and the box
with the magnetic coil system and all the other hardware components in it, which is
referred to as the pigeon box. All hardware components are described in more detail in
the Appendix 5.

3.1.1 Fundamental DWS Setup

The fundamental DWS setup was mostly planned and built before the start of this
project and is described in [151]. We adjusted some points of the original setup to better
fit the needs for the pigeon experiments.
A Toptica TA-100 diode laser is used as a light source. The intensity can be adjusted

by a λ/2 plate in combination with a Glan-Thompson Prism (GTP), where the decoupled
beam is blocked. A 20◦ tilted glass plate (Thorlabs N-BK7 Optical Glass) between the
GTP and the λ/2 plate reflects a low amount of the beam towards a spectrum analyzer
(Coherent Model 240 Spectrum Analyzer) in order to control the laser modes. A second
glass-plate following the GTP reflects a portion of the beam towards a Powermeter
(Thorlabs PM100D with S120C head). Finally the beam is coupled into a multimode
fiber (Thorlabs GIF 625 800-1350 nm, 0.275 NA, 62,5µm) leading to the “pigeon box”
(see Fig. 3.1 a). At the pigeon’s end, the fiber is glued into a syringe cannula (Sterican
21G). This allows a better coupling of the laser light to the pigeon head as the cannula
can be attached to the skin in between the feathers due to its very small diameter. Also,
the cannula can be bent, which is important for a better access to the parts of the head
close to the pigeon’s ear (see Fig. 3.2 left).
The light is collected by a bundle of 32 singlemode fibers (Schaefter-Kirchhoff SMF-28).
The fibers are approximately 4m long and optically isolated by a black PVC cover.
The last 1 cm of the cover was removed, the fibers were glued together with epoxy resin
and put into a Polyoxymethylen (Delrin) cannula with an inner diameter of 1mm. For a
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Fig. 3.1: Schema of the fundamental DWS setup. a) shows the optics for adjusting the in-
tensity reaching the pigeon with the combination of a λ/2 plate and a Glan-Thompson-Prism
(GTP). The shutter can be controlled either manually or remotely with the measurement soft-
ware. Two glass plates reflect beams of low intensity towards a spectrum analyzer and a power-
meter (PMT). The light is coupled into a multimode fiber leading to the pigeon’s head. b) The
scattered light is detected with a custom fiber bundle connected to 32 Avalanche Photo Diodes
(APD). The digital single photon counts are transferred to a 32 channel multi-tau correlator
which calculates the intensity autocorrelation functions g2 and then transmits the calculated
data to a Host-PC. The green frame on the left side shows an enlarged drawing of the detection
tip.

better coupling of the scattered light into the fibers, a special heading was manufactured
to be screwed onto the fiber bundle (see Fig. 3.2 right). Inside this heading, a short
multimode fiber (Thorlabs BFH48-1000) is fixated, followed by a bandpass filter (see Fig.
3.1 green frame on the left). This setup has a smaller diameter than the one previously
used, therefore allowing a better adjustment of the detecting bundle to the pigeon’s
head. Due to the bandpass filter, room light can be completely ignored both regarding
impact on the measured data as well as safety of the avalanche photo diodes (APD). At
the other end of the fibers a FC-APC plug with a cut of 8◦ reduces transmission losses
due to bending and temperature fluctuations. The detected light is transmitted to eight
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four-channel APD’s (Perkin-Elmer SPCM-AQ4C, see also a in Fig. 3.5), which produce
25 ns long TTL pulses for each detected photon. The TTL pulses are transferred to a
custom made 32 channel multi-tau correlator (correlator.com) to calculate the intensity
autocorrelation functions g2 for all channels in parallel (see Fig. 3.1 b). Both the
detection and the illumination tips are mounted onto modified optical rails (Newport
X48 Aluminium Optical Rail System, see also b in Fig. 3.5) with modified optical rail
carriers (Newport M-CXL48-50), which allow a good adjustment of the optics along all
axes (see Fig. 3.2).

Fig. 3.2: The laser tip consists of a syringe cannula with a multimode fiber glued into it (left).
The detection bundle consists of a fiber bundle and a tip, which can be screwed onto the bundle
(right). Both tips are mounted on custom-built devices, which allow a proper adjustment on
the pigeon head with one hand. These devices are built onto optical rail carriers that are
mounted onto an optical rail. The entire rails can be rotated by loosening the black screw at
their bottom. The rails are implemented in the rail system inside of the pigeon box (see also
b in Fig. 3.5)

3.1.2 The Pigeon Box

The pigeon box was designed and constructed entirely in-house. The outer wooden
structure is covered with sound absorbing material to protect the pigeon from noise (the
sound absorbing material can be seen in the upper left inlet in Fig. 3.5). A second
wooden structure holds a 3-axis coil system to be able to control the magnetic field
vector (see Fig. 3.4 and k in Fig. 3.5). Each axis of the coil system corresponds to a
system proposed by Merritt et al. [152].

A Merritt-Four-Coil system has the advantage of a much better field uniformity at
the center of the system compared to a Helmholtz system with two coils. The square
coils in each axis are of equal size d. The most uniform field distribution occurs with
the arrangement of the coils in the positions

a

d
= 0.128106 and

b

d
= 0.505492 , (3.1)
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where a is the distance from the center of the system to the inner coils, and b the distance
to the outer ones [152]. The ratio of the current in the inner coils Ii to the current in the
outer coils Io is

Ii
Io

= 0.423514 . (3.2)

This ratio can be approximated by pairs of integer values which represent the turn
numbers of the inner and outer coils. For our setup we used 36 turns for the inner
coils and 85 turns for the outer ones, as this approximates the current ratio within
.0004% [153]. The edge lengths of the coils d for each axes were chosen to fit into the
pigeon box, resulting in the values listed in Table 3.1. The magnetic field axes are defined

2b2a

d

d

N=85

N=85

N=36
N=36

Fig. 3.3: Schematic drawing of a Merritt-
4-Square-Coil system. The coils are of the
dimension d and have to be positioned in
distance a and b from the center to achieve
the highest field uniformity.

d 2a 2b
x: 80,5 cm 20,63 cm 81,38 cm
y: 72,5 cm 18,58 cm 73,3 cm
z: 86,5 cm 22,16 cm 87,45 cm

Table. 3.1: Edge length d of the coils in
the x, y and z dimension as well as the
distance 2a between the two inner coils and
2b between the two outer coils.

relatively to the pigeon’s position, which is illustrated in Fig. 3.4, with the colored arrows
representing the positive directions. The positive x-direction is defined caudal, y medial
and z dorsal. The current through the coils of each axis is applied with a combination
of the NI PXI-6722 analog output card and a custom built voltage-current converter.
The output voltage ~Uout = (Ux, Uy, Uz) of the NI PXI-6722 is linearly converted into a
current and because of linear crosstalk between the coil-axis, the equation

A · ~Uout =
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 =




Bx
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 = ~Bcoils (3.3)

has to be solved in order to get the voltage ~Uout that needs to be applied for a desired
magnetic field ~Bcoils. The crosstalk matrix A is dependent on the current setup state
in such a way, that the position of every hardware device inside the box changes the
magnetic field and thus the crosstalk matrix or more precisely the proportional factor
between the output voltage and the magnetic field. With respect to this fact, a cali-
bration of the matrix A is carried out on a regular basis alongside any changes within
the pigeon box. The calibration option is included in the measurement software (see
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section 3.2) with a predefined magnetic script. More details on the calculation steps for
obtaining the matrix A can be found in Appendix 4.
A 3-axis flux-gate magnetometer (Bartington Mag-03MS100 with low noise option) is
placed approximately 5 cm below the pigeon’s head to measure the magnetic field. It
is connected to a NI PXI-4462 analog input card leading to the input voltage ~Umag =
(Umag,x, Umag,y, Umag,z) proportional to the magnetic field inside the box. The magne-
tometer is oriented with its inscription upwards, which leads to the relation

~Bcoils =




Bx

By

Bz


 =



−Umag,x
−Umag,z
−Umag,y


 · 10 (3.4)

of the values measured with the magnetometer to the values in the coil coordinate
system. The x, y and z components of ~Umag equal the x, y and z outputs labeled on the
magnetometer power supply. The factor of 10 takes the output of the magnetometer
1mV =̂ 10 nT into account.

A system of optical rails (Newport X48) is built into the pigeon box to allow an
easy, accurate and mechanically stable alignment of the laser and detector tip as well
as the Ultrasound transducer ( c in the inlet of Fig. 3.5). Images of both pigeon eyes
are obtained during a measurement with two Basler GigE cameras ( e in the inlet of
Fig. 3.5) connected to a Ni PXI-8234 card to identify eye movement (i.e. blinking)
or movement of the pigeon’s head. All sounds inside the pigeon box are recorded with
a microphone (Avantone CK-1) connected to an amplifier (Tube MP Studio V3). In
the current setup, two LEDs (of one specific color, d in the inlet of Fig. 3.5) directly
connected to the NI PXI-6722 analog output card can be used to illuminate either one
or both eyes. As a disadvantage only one color of light can be used in a measurement.
For every other color, the LEDs need to be switched, which represents a big disturbance
for the pigeon and could tamper with the experiment.
The anesthesia setup fits into the pigeon box to allow carrying out experiments during
several hours in a well controlled narcosis. A stereotactic device is placed on an aluminum
breadboard, which itself is screwed onto two pedestals of 20 cm height ( h in Fig. 3.5).
Such a setup takes into account that the pigeon’s head has to be in the center of the
coil system with the highest field uniformity. The stereotactic device is covered with
foamed plastic to allow an optimal alignment of the pigeon for the narcosis. On top
of the foamed plastic, a heating blanket (Gaymar T-Pump Mul-T-Pad) is connected
to a thermostat (Huber CC-104A) allowing to stabilize the pigeon’s body temperature
during anesthesia ( i in Fig. 3.5). The body temperature is measured with a digital
thermometer (Voltcraft K201, m in Fig. 3.5). An inhalation narcosis unit (Eickemeyer
NarkoVet) has been enhanced with a bubbling water bottle for humidification of the
inspiratory air in order to decrease hypothermia of the pigeon ( f in Fig. 3.5). The
expiratory air as well as any dissipating isoflurane is discharged into the laboratory flue
by a flexible hose (Venisan Combidec) with a diameter of 31.5 cm and a circular in-line
fan ( j in Fig. 3.5). The pigeon’s heartrate, oxygen saturation and blood absorption
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Fig. 3.4: Model of the wooden frame for holding the Merritt coil system. The arrows represent
the positive directions of the magnetic field ~Bcoils of the coils. The pigeon model indicates the
relative position of the pigeon’s head in the box and to the coordinate system axes. The values
of the labeled distances between the block-outs in each axis can be found in Table 3.1. The
model has been created with SketchUp Make, the model of the arrows and the pigeon have
been downloaded with the built-in 3D-Warehouse function.

curve are monitored with a pulsoxymeter (SurgiVet V90041, g in Fig. 3.5) connected
to a NI PXI-4300 analog input card. A second PC monitor is installed beside the pigeon
box in order to monitor all measurement parameters during the introduction stage of
the anesthesia as well as during possible adjustments ( l in Fig. 3.5).
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Fig. 3.5: Image of the complete DWS and fUS setup: a APD rack with the correlator on
top; b laser tip and detection fiber bundle (inlet) with the modified adjustment system; c
ultrasound transducer (inlet) and Verasonics Vantage 128 ultrasound device; d two LEDs; e
Basler ACE640-Gig E cameras; f narcosis mask (inlet) connected to the narcosis unit; g

pulsoxymeter; h elevated stereotactic device; i thermostat with connected heating blanket;
j flexible hose; k wooden frame with Merritt Coil systems; l PC monitor.

3.2 Measurement Software

The measurement software has been developed with National Instruments LabVIEW
2012. The required toolboxes are listed in the Appendix 6. The software has to be capa-
ble of measuring and storing the data of the previously described hardware components
for an infinite duration at the highest possible rate, where the only limitation should
be the available hard disk memory. Additionally, several analog and digital outputs are
necessary to control and synchronize the hardware. Finally it should be expandable to
any other hardware devices with both inputs and outputs (limited by the number of
ports of the Data Cards). The program in its current state has the following features:

• Simultaneously display and store the data of all connected hardware. This can be
executed with the highest data transfer rates of each device:

– Correlator: 32 correlation functions, the mean intensity per channel and a



64 3 Setup & Software

counter of the transferred functions. This can be carried out with a rate up
to 150Hz, resulting 2.5MB/s, with 32 bit floating point numbers.

– Cameras: One 600x300 pixel image consisting of the two camera images, with
a framerate up to 150Hz. With the used YUV422 packed image format, this
results in 54MB/s. Furthermore the timer-value of each image is stored.

– Magnetic field: the value of each axis as well as the corresponding timer value
with a rate of 1 kHz.

– Pulsoxy: the heartrate, the oxygen level and the raw signal with a rate of
100Hz.

– Powermeter: the intensity and the timer value with a rate of 30Hz.

– Audio: A microphone records all sounds within the pigeon box in mono format
with 22 050 samples/s and 16 bit/sample.

• All the general settings and Measurement Parameters (MP) are stored in two files
(Settings.ini and Measurement Parameters.ini) as well as the stimulation scripts
used.

• Simultaneously to a measurement series, each single measurement can be doc-
umented and commented in a report file (Report_YYYY_MM_DD in the day
folder), and detailed comments to the entire series can be added.

• A log file with all executed cases is created; this will be extended to error reports
in the future.

• Create, preview, save and execute scripts for LED and magnetic stimulation. The
scripts can be created by the program, or an external array can be loaded to be
converted into an executable stimulation script.

• Each device can be monitored in between measurements, options can be adjusted
during runtime.

• The LEDs and the magnetic field can be controlled manually during a measurement
without disturbing the measuring process.

To start the program, the main.vi has to be executed, which is described in detail in
the following section.

3.2.1 Main.vi

This is the main part of the program and the VI that controls everything (see Fig. 3.6).
It consists of some initializing steps and fourteen parallel while-loops, whereat the two
most important ones are the event loop and the state loop, which work together
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as a state machine. In the following I will describe the most important parts of the
main.vi. The colored numbers of the different sections correspond to the numbers and
colors in Fig. 3.6, which shows a screenshot of the main.vi blockdiagram.

1

3

2

4

5

5

Fig. 3.6: Block diagram of the main.vi. The different parts indicated by the colored numbers
are explained in detail in the corresponding subsections.

1 Initialization

In the first step after launching, the Settings.ini file is loaded, located in the program’s
folder. This file contains all hardware settings needing modification in case of changes
in the measurement system, more precisely:

• The hardware ID of each measuring device, namely the IPs of the two cameras, the
AI/AO channel numbers of the pulsoxymeter, the magnetic coils, the correlator
(shutter, trigger and reset), the LEDs and the system sound device ID.

• The sampling information of the pulsoxymeter, the magnetic coils (also the output
sampling), the LEDs and the audio.

• The configuration file paths of the two cameras where all the camera properties
are stored.

• The store directory for the measured data and the project directory.
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• Settings for the system firewall and the network connection to be disabled for the
runtime of the program.

• Values of the crosstalk matrix of the coils as well as the laboratory magnetic field.
Furthermore the path to the magnet script used for the coil calibration.

• A set of predefined magnetic field values, which are selectable in the program.

• The assignment of the LEDs, indicating the type of LED connected at each side
and the corresponding task for that side.

It is important to note that all changes concerning the above have to be made in the
Settings.ini file. Changes in the program code are not necessary. If the file is not
accessible at the intended destination, a window opens for the user to input all settings
and create the file.

After the settings are successfully loaded, the program’s internal communication tools
are created. These consist of

• A boolean user event executed in the exit case of the state loop (more details
further down) to exit the program.

• One notifier SubVI Notifier, providing the communication between the state
loop and all the other loops running in parallel except the event loop. Only one
command can be stored in a notifier, which is important as this prohibits desynch-
ing of the different loops as long as the command timing is handled properly in
the state loop.

• Three queues UI, Log Queue and SubVis. The UI queue is the connection between
the event loop and the state loop, the Log Queue transfers all logs or error
messages to the log loop and the SubVis queue sends a confirmation command
of the exit case of all running loops to the state loop.

• Ten data queues, one for each device, to transfer the measured data from the
hardware loop to the save loop.

A few important notes have to be made concerning the queue and the notifier VIs. Each
sent message can be flagged as a priority message through an available input. This
assigns the specific message to the first position in the queue, and will thus be handled
by the state loop prior to all other queued messages.
When polling a queue or notifier, it is possible to restrict the VI to specific messages.
This allows different loops reacting only to specific messages and ignoring others by only
using one queue, which saves memory and keeps the block diagram clearly arranged. If
the polling VI should react to all messages in the queue, the option check messages has
to be set to false.
More initialization steps are taken in the startup case of the state loop.
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2 The Event loop
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Fig. 3.7: Frontpanel of the main.vi
capturing all user input. The differ-
ent parts are described in more detail
in the text, with the numbers in the
figure corresponding to the text.

The event loop consists of an event structure in
a while-loop. The loop is set to an idle state by the
event structure, which only initiates its execution
once a front panel input is provided by the user
(see Fig. 3.7). An input-dependent string is then
passed through the UI queue to the state loop.

1 Start : starts a new measurement. The case-
sequence for a measurement is diagrammed
in a flowchart in Fig. 3.9 and described later
in more detail.

2 Cancel : cancels a running measurement in a
clean way so that all data is saved and a new
measurement is possible afterwards without
any limitations.

3 Exit : stops the program’s execution in a clean
way. Before the program stops, the report
window has to be closed by hitting Save &
Close. After the program has been stopped
it can be run again without any limitations.

4 Do it : executes the option selected in the
combo box. Thereby the settings and the MP
cluster can be displayed and a report window
(and file) can be openend without starting a
measurement.

5 Monitor : shows the graph of the data mea-
sured by the hardware specified by the cluster
name. The data is not saved.

6 Camera Options : opens a window where the
camera settings can be changed and saved to
the camera configuration file.

7 Magnetfeld Options : opens a window to set
the magnetic field by entering values for either the output current or the magnetic
field, to measure the current lab field or start a calibration measurement.

8 Right and Left LED : switches the LED on the
corresponding side on or off.
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3 The State loop

After starting the program and running through the initialization steps described above,
the state loop is set to the startup case where more initialization steps are executed in
a SubVI. These steps mainly translate the settings.ini file to the software. The connected
hardware is initialized, the log file and the data folder for the measuring day are created.
Furthermore all the settings are copied to the MP cluster where they may be changed
for each measurement, whereas the settings are meant to be fixed for a given system
configuration.
Afterward, the state loop is idle and waiting for a message (check messsages is set to
false) in the UI queue to execute the corresponding case. Note that it is possible to put
several strings into the queue which will then be executed successively.
In the following I will only describe the measurement process (see also Fig. 3.9). A
measurement is started by pressing Start, and the following cases will be executed in the
listed order:

• New Measurement : The SubVI Monitoring Selection.vi is called and its frontpanel
is displayed. Here the user can select the recorded hardware and the stimulation for
the measurement. The stimulation can be set with or without a stimulation script.
For the recorded hardware the measure-string is created and for the stimulation
the stimuli -string, which consists of a sequence of 0 and 1 depending on whether
the checkbox is marked or not. The coding for both strings is shown in Fig. 3.8.
If Ok is pressed, the Reset Monitor.vi is called, which resets the correlator and the

Fig. 3.8: Mapping of the measure- and
stimuli-string to the corresponding hard-
ware and stimulations. If a specific posi-
tion is 1 the corresponding hardware will
be recorded and the stimulation will be
applied. In this example, only the pul-
soxymeter data is stored and no stimulation
is applied.

audio device by enqueuing the corresponding string into the UI queue. These two
resets are required to avoid data corruption.

• Prepare Measure: The command string Create_Report_Tag is enqueued and the
UI is disabled to prevent the user from pressing anything not intended. Afterward
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the measurement folder and files are created1 and the measure- and stimuli -strings
are parsed in the prepare_measurement.vi. This means that a start command is
put into the UI queue for each selection made in the Monitoring Selection.vi.

• Start Measure: First, all loops apart from the state loop and the event loop,
are set to standby by sending the Measure:Standby string through the SubVI no-
tifier. This ensures that all loops are ready for the start of the measurement and
will start at the same time. If the correlator has been selected to be measured, the
shutter will be opened and the correlator will be hardware-triggered. The trigger
pulse sets the start timer for the measurement. If no correlator is selected, the
start timer is set in the Start Measure case. After setting the start timer, the
Measure:Run command is sent, which starts the measurement process in all the
standby loops.

• Stop Measure: When the measurement is stopped, either by the duration elapsed
or by a user cancellation, the Stop Measure command is sent to all loops, all
involved files are closed and all measuring hardware devices are stopped and reset.
After this the frontpanel is enabled again for subsequent user inputs.

The other cases in the state loop are the start and stop cases for all hardware devices
and the reports. However, the magnetic field cases and SubVIs need a more detailed
explanation as the magnetic field should be one of the most thoroughly controlled pa-
rameters.
All three axes of the magnetic field are displayed by pressing the Monitor button in the
Magnetfeld button on the main.vi frontpanel. The values are plotted in a graph and
shown in a numeric field, and the averaging can be set in the corresponding field. By
default, the values shown are averaged over 100 samples. The norm of the magnetic
field vector as well as the inclination angle are calculated and displayed. In addition,
the window shows the vector of the magnetic field measured in the lab (labfield) and the
crosstalk matrix (see Appendix 4).
If the user hits the Options button, a new window providing several user options will
open.

1. The magnetic field values for the three axes can be set by typing either the desired
analog voltage values or the values of the desired magnetic field. The output values
are calculated by the program and always include the crosstalk matrix. The user
can decide to correct the labfield as well. The values are sent when Set Baseline
is pressed. It is also possible to select a predefined set of values from a listbox.

2. A calibration measurement can be started (more details in Appendix 4). In this
case, a complete measurement including a report and log file will be started to

1The Report_Messung_create.vi will be removed in the future as it is redundant and is only called by
the analysis software which will be updated soon.
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execute the calibration script set in the Settings.ini. That means that the state
loop will execute the measurement process shown in 3.9 starting with the Prepare
Measure case.

3. The present magnetic field can be measured and saved as the new lab field vector.
This should be done upon each change in the setup, e.g. the camera position as
they influence the magnetic field at the location of the pigeon’s head.

It is important to note that nothing will change a set magnetic baseline until the program
is closed and has gone through the Exit case. Any stimulation will be on top of the
baseline and will not change it.

4 The Hardware loops

These are eight loops containing all the hardware input and output. The most important
loops are described more detailed in the following. The loops not mentioned here just
acquire, transfer (to the save loop) and display the data.

• Image loop: In this loop a camera image of 300x300 pixels is acquired. Af-
ter the Images1(+2)_Acquire.vi and Images_Show.vi are started by the Im-
ages1(+2):Start command string, 50 warmup iterations are executed to ensure the
cameras are running with the desired properties. If two cameras are connected, a
combined image of both camera images is created. If only one camera is connected,
only that image is shown and saved. The loop always waits for the next buffer
to be acquired, ensuring the correlation of the image to the timer value. The
exposure time is five milliseconds, but every loop iteration is fixed to 13ms as this
best matches the 13.6ms integration time of the correlator. Unfortunately a finer
adjustment is not possible as milliseconds currently represent the smallest timing
unit in LabVIEW.

• Correlator loop: Inside the correlator_acquire.vi, the flex32ch32c_trigger c_-
win7.dll is accessed. The functions of this dll are listed in Appendix 5. The
correlator data is also shown in this loop, but in a separate vi. This ensures that
the data acquisition is entirely independent and does not get delayed by other
processes, e.g. the calculation of the decay time. The transferred correlation
functions are averaged so that one function is shown for each correlation channel.
By utilizing the dot product between the lag times vector and the values of the
averaged (g2− 1)/0.5 vector in the interval of [0 : 65], a measure of the decay time
is calculated and plotted. For each channel the averaged countrate as well as the
extrema values and the mean over all channels are displayed.

• Magnet loop: This loop contains three SubVI’s, one acquiring the data, one
processing and displaying it, and one handling the different cases from the Mag-
netfeld:Options case in the state loop. The Magnet Control.vi reacts if the user
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Fig. 3.9: Flow chart of the processes and states being executed once a measurement has been
started. The steps are described in more detail in the text.
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sets a different magnetic baseline. The new values are passed into a shift register
and a waveform with the new voltage values is created and transferred to the AO
card.

• Stimulation loop: The Stimulate_all.vi parses the Stimuli string and starts the
stimulation SubVI’s depending on the selected stimulation. Thereby it can easily
be extended to any other stimulus. The current version includes two stimulation
VI’s, the LED stimulation and the magnetic stimulation. They run independently
of each other so that either one or both can be applied in a measurement. Both
SubVIs load and read the specified script and execute the defined stimulation
pattern. The VIs to create both script files are described in sections 3.2.2 and
3.2.3.

5 The System loops

These four loops perform different operations:

• Timing loop: This loop calculates the elapsed time during a measurement by
subtracting the value of the Start timer from the current timer value in each
iteration. If the difference is equal or greater than the duration of the measurement,
the Stop event is triggered. This event has a corresponding case in the event loop
and thereby stops the measurement process.

• Log loop: The log strings from different parts of the program are written into a
text file and displayed in a window.

• Report loop: The loop executes the Report_Tag_Show.vi whose frontpanel is
the user interface creating the report file for a set of measurements. The report
frontpanel allows the user to input the pigeon number as well as a description
and the goal of this specific experimental series. In addition, each measurement
run can be commented independently with the Kommentar zur Einzelmessung
field. A table in the lower part lists all measurement runs of the series. For each
measurement, the duration, the recorded hardware as well as the stimulation is
automatically written into the fields. The report file is saved automatically every
ten seconds, and again when the Close button is pressed. This can only be done
after the program has been stopped and the Exit case has been executed. The
whole program will continue running until the report is closed, thereby ensuring
the possibility to edit the report immediately before the program is stopped.

• Save loop: All measured data is passed to this loop. Inside the Save All Data.vi,
one SubVI for each hardware device writes the corresponding data to a file.
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Fig. 3.10: Frontpanel of the LED Skript.vi. The script loaded here was created for the AVR
LED board with the on command being “D2” and the off command “d2”. It provides a stimu-
lation pattern of 100ms on/off flickering of a yellow LED for 16 s, repeated 10 times with the
first stimulation starting 10 s after the start of the measurement.
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3.2.2 LED Skript.vi

This VI should be executed outside of the main.vi. It provides a program to create
scripts for optical stimulation with the connected LED’s. First, a path for the script has
to be selected or typed in. The script is built with the following parameters set by the
user.

• LED : Select the LED to be used for stimulation. This option is only necessary
when the Arduino or the AVR LED board is connected and used. In these cases,
the selection sets the on and off command for the script. If the PXI datacard is
used, only one type of LED can be connected, so this option becomes obsolete.

• Start : This is the time in milliseconds at which the script will actually start after
the measurement has been started.

• Dauer_on: This is the “on” time for a single stimulation in a stimulation block,
so the time the LED light will be on.

• Dauer_off : This is the “off” time for a single stimulation in a stimulation block,
so the time the LED light will be off.

• Dauer_Block_Stimulus : The duration of one stimulation block. The amount of
flickering events in one block is given by Dauer_Block_Stimulus

Dauer_on+Dauer_off . The time should be
a multiple of Dauer_on+Dauer_off .

• Dauer_Block_Pause: The time between each stimulation block, corresponding to
the baseline between successive stimulations.

• Wiederholungen_Block : The number of times a set of one stimulation block and
one baseline should be repeated.

• LED Board : This selection sets the on and off command that need to be parsed
in the main.vi. In the current version of the setup, NI PXI has to be chosen.

The Generate button will generate the script while its timings and commands are shown
in the table on the right. The VI can be closed with the Ok or the Cancel button.
The script file consists of two rows, with the first one containing the time values in
milliseconds, and the second row representing the on and off commands for the specific
LED and board setup. In case of the NI PXI board, these are “on” and “off” for all LEDs.
In the current version, the total time of the script is not automatically calculated, so
the user has to be aware of the script duration when starting a measurement to ensure
a full script execution.
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3.2.3 Magnet Skript.vi

Like the LED Skript.vi, this should be executed separately from the main.vi. It allows
the user to create scripts for a magnetic stimulation by either using the inbuilt functions
or by loading an externally created array. A magnetic script will always consist of two
files, one containing the waveform data that is transferred to the output channels of the
AO card, and the other containing the parameters of the script.
The upper left part of the frontpanel displays the array of the current scripts in the
memory, which are also listed by name in the lower left box. After starting the program
there are no scripts in memory, so both frontpanel elements are empty2. A graph on the
right side displays the stimulation pattern for the three magnetic axes. Note that only
one stimulation block is plotted. Five buttons give the user the following options:

• New : Opens a new window to set all parameters for creating a new script. More
details are given in 3.2.3.

• Load : The user can select a script to be loaded. The SubVI Magnet load skript.vi
loads both files of the script, puts their content into the script array and pastes
the script name into the listbox.

• Delete: Removes the currently selected script in the listbox from the listbox and
the array.

• Ok : Executes the actions defined by the checkboxes to the left of the button.

• Close: Stops the VI without saving.

Magnet NewSkript.vi

This SubVI creates new scripts for magnetic stimulation either by loading an array from
an external file, or by using a set of parameters to create a waveform for each axis. These
three waveforms will be transferred to the PXI card and written to the specific output
port buffers. A LabVIEW waveform is a cluster and contains a timestamp, a value for
the time delay (in milliseconds) between two values and the value array. The datacard
output is determined by the task settings, resulting in the dt value to be changed if it
does not match the sampling rate set up in the task.
The frontpanel has the following elements for user inputs (see Fig. 3.11):

• Save Skript as...: This is the saving path for the script file. The path can either
be typed in or chosen via the button to the right of the textbox.

• Tab Panel: Generate with uncorrected axis stimulation: This tab has to be selected
if the script array should be created by LabVIEW. The parameters for each axis can

2In a future version it is planned, that the existing scripts in the script folder will be loaded and shown
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Fig. 3.11: Frontpanel of the Magnet NewSkript.vi with values loaded from an external array.
The timing parameters are the default values. On the right side the stimulation pattern for all
three magnetic axes are plotted. The external array contains the crosstalk-corrected values of
the magnetic field, so that the B Values option has to be selected and the Crosstalk option has
to be enabled.
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be set independently, but it is important to note that the waveform type Constant
does not work as intended. To set up a constant value for the stimulation, the
Square Wave type should be selected and the sw duty cycle(%) value set to 100.

• Tab Panel: Load Array to Waveform: By selecting this tab, the user can define a
file path for loading an external array.

• Timing: Time_before: The time in milliseconds before the first stimulation block
will start. The default value is 10 000.

• Timing: Time_after : The time in milliseconds after the last stimulation block has
been executed. The default value is 10 000.

• Timing: Time_between: Sets the baseline duration in milliseconds between each
stimulation block. The default value is 10 000.

• Timing: Stim_repeats : Defines how often the stimulation block will be repeated
during the script. The default value is 5.

• Timing: Skript Duration: This is the duration of the whole script including all the
timings listed above. It will be calculated automatically by the program but can
be changed manually. Increasing this value will only increase the time after the
last stimulation block.

• Timing: Number of Samples : This is the number of samples the waveform consists
of. It is important to note that this number in combination with the Sampling rate
determines the duration of the waveform with duration = Number of Samples

Sampling rate
. This

number has to be adjusted depending on the waveform parameters, particularly of
the frequency3. The default value is 10 000.

• Timing: Sampling rate: The rate at which the datacard will write the waveform
values to the output ports. As described above, this value has to be set in combi-
nation with the Number of Samples. The default value is 1 000Hz. Higher values
are not recommended as the highest sampling frequency of the magnetometer is
1 000Hz so that higher writing frequencies can not be screened properly.

• Crosstalk : Setting this option to “true” enables the Offset option. Furthermore
it determines if the waveform values will be corrected by the crosstalk matrix A
saved in the Settings.ini file using the equation (3.3).

• Offset : The option is disabled by default and gets enabled by the Crosstalk option.
If it is set to true, the crosstalk-corrected waveform values will additionally be
corrected by the lab field saved in the Settings.ini file.

3As a typical example, a frequency of 0.1Hz needs 10 seconds for one cycle, so the default values of
10 000 samples and a sampling rate of 1 000 is fine, but need to be adjusted when using a frequency
of 0.01Hz.
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• AO Values/B Values : This should be set according to the type of values put into
the waveform parameters or into the array file. AO Values refers to the analog
voltage output values with a range of ±10V. The default setting is AO Values.

• Generate Waveform: Generates the waveform with all the settings described above.

• Ok : Puts the waveform settings as well as the array of waveforms with its values
into an output cluster, which will then be passed to the caller VI, in this case the
Magnet Skript.vi. The VI will be stopped and closed afterward.

• Cancel : Stops and closes the VI with an empty output cluster.

After the waveforms are generated by Generate Waveform they are displayed in the
graph.



4 Experiments - DWS

This chapter describes the experiments and results from DWS measurements on pigeons.
The signal processing and its application on measurements with optical stimulation are
presented first, whereat this part is planned to be published. The following general
findings of cerebral blood flow changes during anesthesia have been submitted, but are
not yet published. The two publications in progress are presented slightly modified in
order to avoid redundant content. The last part of this chapter describes and discusses
experiments and results obtained during magnetic stimulation. All experiments pre-
sented in this section have been performed together with Dr. Markus Belau and have
been described in his PhD thesis [102]. The signal processing of the DWS data closely
follows the work of Fekete et al. [154] and has been first implemented by Dr. Markus
Belau with the Igor Pro software. For a crosscheck the same processing procedure has
been implemented by the author using Matlab.

4.1 Signal Processing & Optical Stimulation

4.1.1 Signal Processing

The 32 output functions from the correlator are used to calculate the bundle-averaged
countrate-weighted autocorrelation function

g2 (τ, t) =
1∑32

i=1 Ci (t)

32∑

i=1

Ci (t)× g2i(τ, t) , (4.1)

with the intensity autocorrelation function g2i(τ, t) and the integrated intensity Ci(t) of
the i-th fibre. This is fitted with the analytical solution of the diffusion model for a semi-
infinite geometry, which is given by equation (2.45) in section 2.7. The effective diffusion
coefficient D is approximately proportional to the blood flow [155–165]. The term cerebral
blood flow (CBF) is therefore used interchangeably for the effective diffusion coefficient
(D). The optical parameters have been fixed to the following values: absorption coeffi-
cient µa = 20m−1, reduced scattering coefficient µ′s = 1200m−1, refractive index n = 1.4,
and k0 = 2πn/λ denotes the wavevector. β is a coherence factor which accounts for the
number of detected speckles and for the detection optics and approximately amounts to
0.5.
For a more detailed analysis, periodic variations due to heart beat and breathing as well
as non-periodic artifacts have to be removed from the signal.
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Fig. 4.1: Power spectrum of the original wave (top), after removal of heart beat and
breathing artifact (middle) and after non-periodic artifact removal. The position of the
HR with higher harmonics is marked in dark blue, the BR in green and the stimulation
frequency in orange. The dashed black line indicates the noise model (1/f-noise up to a
constant noise level at around 15.7Hz) which has been subtracted before identifying the
peaks in the spectrum (see text for details). Text and figure copied from [102].

Periodic artifacts

The most dominant periodic artifacts are the heartbeat and the breathing. The same
processing steps are applied, with the exception of no scaling in case of the breathing
(yellow marked steps in Fig. 4.2) and adjusted frequency ranges. Fig. 4.2 shows a
schematic drawing of the processing steps which are explained more detailed in the
following:

• The dominant frequency fdom in the expected frequency range [fmin,fmax] of the
artifact is identified:

1. Calculate the power spectrum (Fast Fourier transform (FFT) of the autocor-
relation (Wiener-Khinchin theorem)) of D(t).

2. Subtract a noise model which corrects for the observed pink noise (1/f-noise)
by fitting a log-log plot with f(x) = Yn + (a+ b× x)× (x < −a

b
).

3. Find the highest peak in the corrected spectrum, which corresponds to the
dominant frequency.

For the heartrate (HR), a frequency range of [1, 5]Hz is applied and for the breath-
ing rate (BR) a frequency range of [0.2, 1]Hz.
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• An acausal bandpass filter in the range [0.6fdom, 1.4fdom] is applied to D(t). The
filter consists of a third order butterworth low-pass (flat slope) and a 10th-order
butterworth high-pass filter (steep slope). Both filters are applied to D(t) in for-
ward and reverse direction, and the filtered data of both are averaged to the output.
The frequency range was chosen to include large heart beat variations which have
been observed in extreme cases, but not any higher harmonics to facilitate the
algorithm for peak detection.

• The positive peaks in the filtered data are identified using a custom-written peak
finder. The peak positions are used later on to calculate an average artifacts
signature.

• HR only: A scaling of the HR amplitude with the average diffusion coefficient has
been observed. To compensate slow variations, the scaling

D(t) = D(t)×
(
median(D(∆t = 10 s))

mean(D(t))

)−1

(4.2)

is applied.

• D(t) is filtered with an acausal bandpass filter in the frequency range [1, 10]Hz for
the HR and [0.2, 1]Hz for the BR. The larger frequency range is used in case of the
HR since higher harmonics have been observed up to the 6th order and the high
frequency signal needs to be included to accurately model the heart beat signal.

• All segments between the peak positions are extracted and interpolated to the
same length, which is given by the average segment length multiplied by a factor
of two.

• A time-invariant signature of the cardiac pulsations is calculated by averaging the
interpolated segments. In case the Y value of the segment start and end points
do not perfectly match, the waveform is corrected for the slope of a line through
these points.

• The segments are compressed/stretched back to their original length.

• The amplitude of the heart beat waveform is scaled back to its original height with
the second factor of equation (4.2).

• The residual after removing the artifact is calculated.

This procedure is repeated several times (four times is sufficient in most cases) to remove
all harmonics from the spectrum, as these are still visible in the power spectrum after
the first iteration.
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Fig. 4.2: Schematic drawing of the processing steps to remove periodic artifacts. A detailed
description of each step is given in section 4.1.1. Text modified and figure copied from [102].

Non-periodic artifacts

In the experiments, several non-periodic artifacts of different origins occurred. Most
prominent are motion artifacts due to movement of the pigeon or muscle motion due to
eye lid closure. These artifacts are mostly suppressed in narcosis, however anesthesia
causes a variety of arrhythmia in the heart beat and breathing, which are the second
most prominent types or non-periodic artifacts. Additionally sharp signal spikes occur
rarely, which are most likely related to systematic problems within the experimental
setup.
First the sharp spikes of only a few data points width are identified. A spike is detected
if

D(t)−median(D(∆t = 0.4 s)) > 2.5× std
[

D(∆t = 10)

medianfilter(D(∆t = 10 s))

]
(4.3)
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Fig. 4.3: Typical average heart beat (left) and breathing (right) waveform of the diffusion
coefficient (left axis, red) and the countrate (right axis, green) scaled relative to the average
over the whole measurement. Text and figure copied from [102].

the difference between a data point and the median over 0.4 s is at least 2.5 times higher
than the standard deviation of 10 s data points element-wise divided by the median-
filtered data points of the same time window. The value of the spike is replaced with
the value of the 0.4 s median.
After the short, sharp spikes are removed, the artifacts caused by motion and arrhythmia
are identified with an algorithm developed by Fekete et al. [154] which has been adapted
to our data.

• D(t) is acausally highpass filtered with a cutoff frequency of f = 0.01Hz.

• The filtered data is Z-transformed.

• Artifact: at least ten data points larger than 4 times the standard deviation.

• Find on- and offset of the artifact:

– Find the extremal value within the artifact interval.

– Find opposite extremal positions before and after, and add 40 data points to
both.

– The resulting interval is segmented into three segments on each side with a
bottom-up segmentation algorithm [166].

• If two artifacts overlap they are combined into one.

To remove the identified artifacts, the following procedure is used:

• The signal within the artifact interval is smoothed with a binomial smoothing of
the order of 40.
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• The smoothed data is subtracted from the signal.

• The 40 data points are interpolated before and after the artifact.

• The interpolated and the subtracted data are summed up.

This procedure preserves high frequency information of the signal while removing large
and slow variations. However, it has to be noted that this only works reliably if not too
many of such artifacts occur during a measurement. Data series with a high number of
such artifacts have been excluded from further analysis.

Fig. 4.4: A typical measurement with various sources of periodic and non periodic noise. The
top curve shows the fitted diffusion coefficient D(t) without any further processing, the middle
curve shows the diffusion coefficient after removal of periodic noise, and the bottom curve
shows diffusion coefficient after additional removal of non-periodic noise such as motion (first
blue area) or short spikes (second blue area). The right figure shows an enlarged view of the
first blue highlighted area for a clearer illustration of the effects. Text modified and figure
copied from [102].

4.1.2 Optical Stimulation

Narcosis

The following narcosis protocol has been applied: The pigeon is fastened for about 12h
before anesthesia. Anesthesia is performed with the pigeon spontaneously breathing in
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a half open system with a flow of pure oxygen at 2 l/min. The isoflurane concentration
is adjusted by effect with an isoflurane vaporizer (Eickemeyer, Isoflo) which can be
adjusted in steps of 0.5%. The anesthetic depth is accessed by the reflex score (see Ap-
pendix 1) with an intended reflex score of 3 (surgical plane). For anesthesia, isoflurane
was used as a single agent with a maintenance dose of ≈ 3%.

Stimulation

The experiments were performed with the setup described in section 3.1. For visual
stimulation, two LEDs with a peak wavelength of 590 nm were placed laterally to the
pigeon’s head with the main radiant cone centered onto the eyes. The LEDs are con-
nected to a NI PXI-6722 I/O card that is housed in a PXIe-1062 chassis. They are
controlled by a digital output port of the card providing a voltage of 5V and a current
of 24mA. The LEDs and a resistance are soldered onto a small circuit board. Within
each measurement, ten stimulation blocks were applied, where each stimulation block
consisted of one LED turned on and off alternately for 16 s.

Results

Fig. 4.5: The figure shows the relative change in blood flow averaged over 6 experiments. The
black line shows the average, red the standard error of mean, dark blue and light blue the
maximum and minimum, respectively. Blue and orange background indicates the LED off and
on, respectively. Text modified and figure copied from [102].

Measurements on two different pigeons were performed with visual stimulation of the
right eye. The processed, normalized and temporal averaged data of six measurements
with two pigeons are shown in Fig. 4.5. The average over all stimulations is shown in
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Fig. 4.6 left, which illustrates a steady decrease of the cerebral blood flow from signal
onset to a minimum of -1.8% after 9.5 s followed by a slight increase to -1.5% at the end
of the stimulation. The baseline level is regained 8 s after the end of the stimulation.
This result is proven with Students t-test to be highly significant with p = 2× 10−7 (see
Fig. 4.6 left). A significant decrease can be observed during a single measurement (see
Fig. 4.6 middle) and even during a single stimulation cycle.

Fig. 4.6: Left: Average and standard error of mean over 60 stimuli is shown. Middle: Average
values over individual measurements. Light blue shows times without stimulation and orange
with stimulation, respectively. Right: Average and standard deviation of all measurements.
The p-value is calculated with Students t-test over the six measurements. Text modified and
figure copied from [102].

Discussion

The measured data shows a significant decrease of almost 2% in the cerebral blood flow
in the sampling volume during stimulation with yellow light. As there is no associated
significant change in the countrate, the observed variations are most likely related to
functional brain activation. The positions of laser and detector tip were chosen in a
way for the sampling volume to be located in the area of the visual wulst, which is
the final processing area of the thalamofugal visual pathway (see section 2.3.1). This
pathway is more involved in the processing of laterally located visual cues, whereas the
tectofugal pathway processes frontal cues. Degroof et al. found a positive response to
visual stimulation in the entopallium (which is a part of the tectofugal pathway) of awake
pigeons but not in the visual wulst [167]. Our data is consistent with these findings, as the
LEDs in our experiment are laterally located contrary to the frontal alignment in [167].
However, an increase in the cerebral blood flow might be expected in an activated brain
area as it has been found in [167]. As discussed in section 2.5, the neuronal response
is very complex and different areas show very different responses to a specific task.
Additionally, anesthesia interferes with the neurovascular coupling at several points, so
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that the response in our experiments might be impacted by anesthesia.
It is not exactly clear why we find this strong negative response in our experiments.
One possible reason might be that our sampling volume did not perfectly correspond to
the activated area in the visual wulst. This might have resulted in the measurement of
areas which are not activated but located very closely to these. Negative responses of
surrounding regions can occur due to blood flowing from these regions into the activated
area.

4.2 Effects During Anesthesia

A number of studies have shown that the fitted effective diffusion coefficient D is pro-
portional to cerebral blood flow, where a large value corresponds to fast blood flow and
a low value to slow blood flow. The countrate is mainly given by changes in absorption
and is therefore approximately inversely proportional to the blood volume.
Due to the high temporal resolution of our DWS system, the heart beat and to a smaller
extend the breathing are clearly visible (see Fig. 4.7). In order to analyze the data in
more detail, variations due to heart beat and breathing have been removed as described
in section 4.1.1.
The heart rate is determined from the diffusion coefficient by a custom written peak
finding routine which identifies the peak position in the systole (gray lines in Fig. 4.7).

Narcosis

The narcosis of the pigeons was performed as described in section 4.1.2 except for the
fact that three anesthesia regimes have been used: 1) isoflurane as a single agent, 2)
isoflurane with buprenorphine (0.5mg/kg i.m.), 3) isoflurane with midazolame (5mg/kg
i.m.). For regime 1 and 2 the maintenance dose is about the same (≈ 3%) while the
maintenance dose in regime 3 is ≈ 2%.

4.2.1 Arrhythmia

Different types of arrhythmia have been observed during anesthesia. Here only the case
with a delayed cardiac output will be described in detail. A typical time course of the
delayed cardiac output is displayed in Fig. 4.7. The variations in blood flow during
systole (high value of D - gray vertical lines) and diastole (low value of D) can be clearly
seen. During a skipped heart beat, the blood flow is decreased to about half its value
compared to the regular blood flow. The pulsoximeter signal measured on the distal
end of the left M. gastrocnemius shows the same effect albeit with a small delay. For
the count rate the variations due to heart beat are significantly smaller, but can still be
clearly identified in the Fourier transform. During the delayed cardiac output a small
increase in count rate is observed. The curves DmArtefact and CmArtefact show the diffu-
sion coefficient and count rate after adaptive filtering which removed variations due to
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Fig. 4.7: The figure shows a typical example for an arrhythmia where one heart beat has
produced no cardiac output. The top graph represents the diffusion coefficient which is ap-
proximately proportional to cerebral blood flow and the count rate which is approximately
inversely proportional to blood volume. Heart beat has been determined from the peaks in the
diffusion coefficient which are additionally indicated by gray vertical lines. The pulsoximeter
signal is measured at the distal end of M. gastrocnemius and is shown in dark yellow. The
lower two curves are the diffusion coefficient and the count rate after removal of variations due
to heart beat and breathing. Text modified and figure copied from [102].

heart beat and breathing.
To access the behavior more quantitatively, a total of N = 201 events with a delayed
cardiac output (from 18 experimental days and 12 different pigeons, with 182, 1 and
18 artifacts in narcosis regime 1, 2 and 3, respectively) have been analyzed. The de-
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Fig. 4.8: Left: relative cerebral blood flow as a function of delay of heart beat. Right: relative
countrate vs relative heart rate. Text modified and figures copied from [102].

pendence of the ratio of cerebral blood flow during delayed cardiac output and baseline
cerebral blood flow is plotted as a function of the ratio between the heart rate during
delay and baseline heart rate (Fig. 4.8). The blood flow shows a linear relation with the
relative delay of the cardiac output (slope: 0.96 ± 0.04, r=0.90, p < 10−10). The count
rate has a larger variability, but also shows a linear relation with the heart rate (slope:
−0.024± 0.007, r=-0.248, p < 0.0005).
When normalizing the change during the delayed cardiac output to the average ampli-
tude of the change during a normal heart beat, one finds a slope of 3.41 ± 0.12 and
−4.35±2.53 for the blood flow and the count rate, respectively. The relative time of the
diastole is 61± 2% of the heart cycle. With a linear decay in flow, this leads to a decay
of 1.64±0.05 times the heart beat amplitude for a skipped heart beat. This corresponds
to a slope of 3.28 ± 0.11, which is consistent with the observed changes in blood flow
and blood volume.

Discussion

A linear correlation between heart rate and cerebral blood flow is found during the
delayed cardiac output. The linear dependence of the cerebral blood flow can be simply
understood (neglecting pulsatile effects for the moment): The cardiac output (CO) is
given by stroke volume (SV) times the heart rate (HR)

CO = SV ·HR , (4.4)

and the mean arterial blood pressure (MAP) is related to the systemic vascular resistance
(SVR) and central venous pressure (CVP) by

MAP = CO · SV R + CV P . (4.5)
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The cerebral blood flow (CBF) can then be calculated by Ohm’s law

CBF =
CPP

CV R
=
MAP − ICP

CV R
=
CO · SV R + CV P − ICP

CV R
, (4.6)

with CPP representing the cerebral perfusion pressure and ICP the intracranial pres-
sure. Assuming that CVP and ICP are small and that the stroke volume and vascular
resistance are approximately constant, this reduces to

CBF ≈ CO · SV R
CV R

= HR · SV · SV R
CV R

∝ HR . (4.7)

The slope of the decay during diastole is approximately proportional to the negative
diffusion coefficient. This exponential behavior can be understood by the windkessel
model of the blood vessels [168]. Almost no effect due to wave reflection is seen in the
data.
A delayed cardiac output has been observed both in the cerebral blood flow measured
with DWS and in the pulsoxy data measured on the distal M. gastrocnemius. Most
likely reasons for the delayed cardiac output are ventricular extrasystoles (premature
ventricular contraction) with a compensatory pause, however no definite assignment can
be made since no electrocardiogram has been recorded during the experiments. Arrhyth-
mia, such as ventricular extrasystoles, are quite common in anesthesia, but also occur in
healthy people and are considered to have a weak illness value and a benign prognosis.
However the dramatic decrease in blood flow may have severe effects in situations such
as during resuscitation and in critically ill patients where the maintenance of circulation
is of utmost importance.
In addition, blood flow monitoring is often performed with slow sampling rates (< 1Hz)
which do not allow for the monitoring of variations during the heart cycle. In these mea-
surements, the effect of arrhythmia might be overlooked, leading to wrong conclusions.
Note that the blood flow is not only affected during a delayed heart beat but also during
an early heart beat (data not shown). The linear correlation of heart rate and blood
flow allows to correct the data for these artifacts. This is of particular interest in situa-
tions, such as functional imaging, where one wants to distinguish between physiological
changes and other effects.

4.2.2 Isoflurane concentration

During some measurements, the isoflurane concentration has been changed by ±0.5%.
Fig. 4.9 shows exemplary data of a measurement where the isoflurane concentration has
been decreased from 2.5% to 2.0% at 50 s, and increased back to 2.5% at 250 s. After
the decrease in the isoflurane concentration, an increase of about 8% is observed in the
heart beat averaged blood flow, which returned to the baseline value after return to
baseline isoflurane concentration. Note that the change in blood flow during systole and
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Fig. 4.9: Change in the diffusion coefficient averaged over the heart rate DHR (cerebral blood
flow) due to a variation in the isoflurane concentration. The inset shows the non-averaged
diffusion coefficient. Text and figures copied from [102].

diastole is larger than the observed changes due to the isoflurane concentration (inset in
Fig. 4.9).

For a more detailed understanding of the effect, both a decrease and an increase in the
isoflurane concentration has been performed for two pigeons (Fig. 4.10). Both pigeons
have been in narcosis for about 40-45 minutes with a maintenance dose of 2.5%. For the
decrease in isoflurane concentration, one finds an increase and an opposite response for
an increased concentration, with a decrease in relative cerebral blood flow (rCBF). The
amplitude and temporal course show some variations but the same tendency.
In order to better understand the origin of the blood flow change, the grand average of
all measurements where the concentration has been changed during the measurement is
calculated (Table 4.1 and Fig. 4.11). Except for body temperature, both groups have
non significant different properties (however note the group size difference) but show an
opposite behavior in the average cerebral blood flow.

Ohm’s law implies that the change in blood flow might arise from a change in blood
pressure or vascular resistance. Considering only the brain it follows that

CBF =
CPP

CV R
with CPP = MAP − ICP , (4.8)

where CPP is the cerebral perfusion pressure, CVR cerebral vascular resistance, MAP
the mean arterial blood pressure and ICP the intracranial pressure. Changes in CVR
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Fig. 4.10: The figure exemplary displays the effect of a change in isoflurane concentration on
the relative cerebral blood flow (rCBF) in two pigeons (red and blue). For more clarity in
the data representation the 10s median is shown. The maintenance dose was 2.5% (blue area)
and has been decreased to 2.0% at 50 s (pink area), and then increased back to 2.5% at 150 s,
followed by a measurement where the concentration has been increased to 3.0% at 50 s (orange
area) and decreased back to 2.5% at 150 s. Text modified and figure copied from [102].

are often accessed with Ultrasound by the Gosling Pulsatility index (PI) [169,170]:

PI =
vsystole − vdiastole

vmean
Gosling pulsatility index . (4.9)

Here we use the effective diffusion coefficient to introduce a DWS pulsatility index in a
similar manner:

PI =
Dsystole − Ddiastole

Dmean

DWS pulsatility index . (4.10)

In the literature a linear dependence of PI and CVR is often assumed, but in some
situations PI and CVR show inverse behavior [171] (for a detailed discussion and a simple
model for PI see [172,173]). The simple model nonetheless leads to the assumption that
|PI| ∼ |CV R| should be approximately valid. Therefore, if there are no changes in the
pulsatility index, the cerebral vascular resistance should also be constant. Assuming
furthermore that ICP is significantly smaller than MAP, one gets

MAP ∝ PI ∗ CBF . (4.11)

Fig. 4.11 summarizes all measurements with a changed isoflurane concentration, show-
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decrease increase significance
Number of Experiments 15 4
Buprenorphin 2 0
Isoflurane Concentration [%] 2.63± 0.3 2.75± 0.5 ns
Time in Narcosis [min] 45± 9 39± 8 ns
SpO2 [%] 91± 4 92± 4 ns
Heart rate [bpm] 126± 19 131± 18 ns
breathing rate [bpm] 26± 5 23± 4 ns
Weight [g] 464± 65 495± 80 ns
Temperature [◦C] 40.8± 1.0 41.7± 0.3 *
Source Detector Separation [mm] 15± 3 17± 2 ns
Average CBF change [%] 1.6± 5.3 −2.2± 1.6 *+

Table. 4.1: Group averages of physiological data from the measurements where the isoflurane
concentration has either been increased or decreased by 0.5%. Statistical analysis was performed
with Student’s t-test and Wilcoxon-Mann-Whitney test. ns: not significant in both tests. *:
p < 0.05 Student’s t-test. +: p < 0.05 Wilcoxon-Mann-Whitney test.

ing the percentage change of the normalized cerebral blood flow (∆rCBF), the pulsatility
index (∆rPI) and the estimated mean arterial blood pressure (∆rMAP). Solid lines show
the average over all measurements, light dashed lines show individual measurements. It
can be clearly seen that a decrease in isoflurane concentration leads on average to an in-
crease in CBF, and an increase in isoflurane to a decrease in CBF. It has to be noted that
the data shows a great variability both in amplitude and time, and even reverse effects
occur in some instances. Nevertheless the difference is highly significant (p < 0.001)
(Student’s t-test, Wilcoxon-Mann-Whitney test).
In contrast, the pulsatility index is nearly constant over time. Some stronger variation
can be seen in the case of increased concentration due to additional artifacts in the data
(e.g. ventricular extrasystole with compensatory pause which could not be fully com-
pensated in the data analysis). This results in some errors in the determination of the
pulsatility index, and due to the smaller number of experimental data (n=15 decrease;
n=4 increase) for the increase, this does not fully average out.
The change in the estimated mean arterial blood pressure shows a similar behavior to
cerebral blood flow, although the increase in MAP during decreased isoflurane concen-
tration is smaller and the decrease during increased isoflurane concentration is larger
compared to the change in CBF. The difference between increased and decreased data
is however approximately constant in both MAP and CBF.

Discussion

The observed response to a change in isoflurane concentration is somehow surprising
since it is reported in literature that an increase in isoflurane concentration is associated
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Fig. 4.11: Average over all data where the isoflurane concentration has been decreased by 0.5%
(red) and increased by 0.5% (blue) at 0 s from the maintenance dose (average 2.66%. (2.0%(1),
2.5%(12), 3.0%(5), 3.5%(1))). The solid lines indicate the average over all measurements and
the light dotted lines show all data used for the averaging. All data has been normalized to the
average value in the range -10 s to 0 s. ∆rCBF denotes the percentage change in cerebral blood
flow, ∆rPI the change in the pulsatility index, ∆rMAP the estimated change in mean arterial
blood pressure. Text modified and figure copied from [102].

with a cerebral vasodilation, which results in an increase of blood flow [174–176]. However,
this response is reported for concentrations usually used in humans (1-2%) which are
considerably lower than the concentrations used in pigeons which have been applied in
this study (2-3%). A likely explanation is that due to the high concentrations used in
pigeons the cerebral autoregulation might already be disturbed. In this regime the dom-
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inant effect is a change in mean arterial blood pressure which shows an increase during
decreased isoflurane concentration and vice versa. Additional support for this hypothe-
sis is given by the fact that the pulsatility is nearly unaffected by changes in isoflurane
concentration, indicating that cerebrovascular resistance is constant in the range of the
applied changes.
However, one has to note the limitations of these finding: First, many important physi-
ological parameters such as blood pressure, end expiratory CO2 concentration, end tidal
isoflurane concentration, narcotic depth (from electroencephalography or bispectral in-
dex), metabolic rate, ecg etc. have not been measured. In particular CO2 and to a
smaller extent O2 also influence the vascular diameter and thereby the blood flow. In
order to fully assign the effect to the concentration of the inhalation anesthetic, the
other gas concentrations should be kept constant. Monitoring the end tidal isoflurane
concentration would allow monitoring the wash-in and wash-out times and identification
of the time when equilibrium is reached. Monitoring of blood pressure could confirm
the assumed relationship and would allow for a more thorough analysis. In addition,
monitoring the pulsatility index both with DWS and TCD would allow to provide a
quantitative relationship between both modalities. Second, one should use a standard-
ized study protocol with equal group sizes to infer more meaningful quantitative values.
Nevertheless this preliminary work already demonstrates the great potential of DWS in
anesthetic monitoring and anesthesia research. It particularly shows that, even though
average values might be similar, the monitoring of each individual is very important
because of the great variability in the response to changes in isoflurane concentration.

4.2.3 Body temperature

The body temperature is an important factor in narcosis, because a loss of tempera-
ture is associated with a higher number of critical incidents. It may also be used as
a therapeutic tool during certain interventions to decrease the metabolic rate, thereby
protecting the tissue. Here we report the effect of body temperature on cerebral blood
flow during isoflurane anesthesia in pigeons. Fig. 4.12 left shows the data from all
measurements with isoflurane as a single agent against temperature difference relative
to the first measured temperature. One finds that on average the rCBF is significantly
reduced by about 5% per 1◦C of decreased temperature (n=168, r = 0.178, p < 0.021).
The maintenance dose of isoflurane is shown as a function of the first measured tem-
perature (Fig. 4.12 right). Although the correlation is not significant (n=31, r = 0.203,
p=0.27), the slope in the linear regression of the data demonstrates that the first mea-
sured temperature may be a useful predictor for the maintenance dose.
No correlation can be found with weight (n=31, r=-0.085, not significant) and age
(n=31,r=-0.089, not significant).
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Fig. 4.12: The left figure shows the relative diffusion coefficient normalized to the time of the
first temperature measurement versus the temperature difference relative to the first measured
temperature. The right figure shows the maintenance dose of isoflurane versus the first measured
temperature. The straight line represents a linear regression of the data with a slope of 0.05±
0.02 and 0.11 ± 0.10% per ◦C for the left and right figure, respectively. Text modified and
figure copied from [102].

Discussion

The measured data demonstrates a significant correlation of the cerebral blood flow
during isoflurane anesthesia with body temperature. One has to note that not only
the body temperature has been changed during the experiments, but also functional
stimulation with light and changes in the isoflurane concentration have been applied
in some of the measurements. No corrections for the correspondent effects have been
performed. In addition, one finds a tendency, albeit not significant, to require a higher
maintenance dose if the first measured temperature is higher. One has to note that
the first temperature has not been measured before induction of anesthesia, but shortly
after loss of consciousness (9.5± 3.3 min, range 5-20 min), where a small drop in body
temperature might already have occurred. Furthermore, the focus of the experiments
have not been on setting up the minimal required maintenance dose, which can only be
set up coarsely in steps of 0.5%. With an optimized study protocol and an adequate
group size, the results are likely to be significant.
One explanation might be that the increased body temperature leads to higher
metabolism and therefore requires a higher isoflurane concentration. The increased
metabolism will certainly have an effect, but the data can be explained almost com-
pletely with the temperature solubility of isoflurane. Lockwood et al. [177] reported that
the solubility increases by 5.4% (compared to the value at 37◦C) for each degree the
equilibration temperature was reduced. Note that no data is available for temperatures
above 40◦C. Furthermore, for a larger temperature range the relation is rather logarith-
mic than linear [178–180].
Nevertheless, reported changes are in good agreement with the observed data, with a
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slope of 5±2% per ◦C of the relative blood flow and a change relative to 2.5% isoflurane
of 4 ± 4% per ◦C. This is also in good agreement with data of Liu et al. [181] who
investigated the effect of hypothermia on the MAC in children and found a reduction of
5.1% per ◦C reduced body temperature.

4.3 Magnetic Stimulation

The results shown above clearly demonstrate the capacity of DWS to measure changes
in the cerebral blood flow down to a sub-percent level. We thus used DWS to investigate
the neuronal response to magnetic stimulation, although this task is more difficult due
to several reasons.
First, as already discussed in section 2.2, the receptor for the magnetic field is not known
until now, if existing at all. This results in the absence of knowledge about the mag-
netic processing pathways in the brain as well as the strength and shape of the neuronal
response function, as discussed in section 2.3 and 2.5. Thus, neither the location of the
optimal brain area for the measurement of functional changes during magnetic stimula-
tion nor the size of such an area are known.
However, the content of these sections provide some informative basis to design first
experiments both regarding measuring positions and stimulation patterns. In our ex-
periments, two rather big brain areas were sampled, first the optical tectum and second
the visual wulst. The stimulation patterns we used will be described in more detail in
the next section.
The experiments were performed with the setup and software as described in section 3.1
and 3.2. For narcosis, the anesthesia regime number 3 (see section 4.2) was used. The
light conditions inside the pigeon box during the experiments were not always the same.
During most experiments, the room light as well as an additional light source inside the
box was turned on. In some cases, LEDs were used to illuminate the eyes of the pigeon,
or all lights were turned off for complete darkness inside the pigeon box.

Stimulation patterns

Finding the right stimulus and the right time pattern for that stimulus is the most crucial
part for the measurement of a functional response to a specific cue. In our experiments
we used two different time patterns:

1. A baseline of 50 s followed by a sudden change of the magnetic field to a new value
for 50 s. This is repeated two times, followed by another 50 s baseline after the last
stimulus (see Fig. 4.13 left). The change of the magnetic field was performed by
manually changing the magnetic field with the Magnetfeld Options as described in
section 3.2.

• Stim1: swap By and Bz with constant | ~B| (⇒ change of inclination angle).



98 4 Experiments - DWS

• Stim2: swap Bx and By with constant | ~B| (⇒ change of declination angle).

• Stim3: increase | ~B| by 20% with constant direction.

• Stim4: compensation of the labfield (⇒ zerofield).

2. The magnetic field vector is shifted towards the x-axis before the measurements.
After a baseline period, the magnetic field vector is rotated around the z-axis
(ventral to dorsal, see Fig. 3.4 in section 3.1 for the alignment of all axes) by a
cosine and sine modulation of Bx and By. A small modulation in Bz was observed
in “Stim5” because of crosstalk between the coils, and was retained with an in-
tentional modulation in the “H”-scripts. This is repeated five times, followed by
another baseline period after the last stimulus (see Fig. 4.13 right). The dura-
tion of the baseline and the stimulation period was either 10 s or 16 s, respectively.
These stimulus time patterns were applied by executing magnetic scripts, which
were created with the Magnet Skript.vi and an externally calculated array as de-
scribed in section 3.2.3.

• Stim5: counter-clockwise (ccw) rotation around the z-axis with constant Bz.
The lack of a proper crosstalk calibration, the Bz component showed a os-
cillation with a peak-to-peak amplitude of 10µT. The magnetic script values
were calculated with the Magnet Skript.vi described in section 3.2.3 without
an externally created array.

• Horizontal1: ccw rotation around the z-axis.

• Horizontal2: clockwise rotation (cw) around the z-axis.

• H1_2Labfield: ccw rotation around the z-axis with doubled | ~B| and no mod-
ulation of Bz.

• H2_2Labfield: cw rotation around the z-axis with doubled | ~B| and no mod-
ulation of Bz.

In all four “Horizontal”-scripts, an oscillation in the Bz component with a 10µT
peak-to-peak amplitude was added to maintain the same stimulus as in “Stim5”.

Fig. 4.13: Time pattern of “Stim1-4” (left) and the 10 s variant of the “Stim5”-script (right).
Figures copied from [102].
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These two patterns are illustrated in Fig. 4.13, but only the 10 s script is shown for the
rotating field. The values Ai to create each stimulation script with the Magnet Skrip.vi
described in section 3.2.3 are listed in Table 4.2. With these values the analog output
of the I/O card are calculated by the program. It has to be noted, that the values
for the output voltage are valid for a specific state of the setup. In a given state, a
calibration measurement for the magnetic field as described in Appendix 4 has to be
performed. If the position of any component inside the pigeon box changes, these values
are not valid anymore and the values have to be re-calibrated. However, during some
experiments, particularly the camera position had to be re-adjusted due to movement of
the pigeon or other unpredictable circumstances without a new calibration measurement.
Therefore, the actual magnetic field shows slight differences between the experiments.
The plots of the magnetic field in Figs. 4.14 and 4.16 represent the data measured with
the fluxgate magnetometer. The label “V2” indicates a change in the camera position,
such that the magnetic field is changed compared to the “V1” label, as the AO values
were not adjusted. The values in Table 4.2 for the rotating fields (“Stim5”, “H1”, “H2”,
“H1_2Labfield” and “H2_2Labfield”) represent the starting values of the I/O card and
thereby the magnetic field vector.

Script name Ax [mV] Ay [mV] Az [mV]
Stim1 -0.0195 -1.6537 0.82171
Stim2 -2.5436 -1.9614 0.16434
Stim3 0.0617 0.3436 0.17872
Stim4 -0.3084 -1.718 -0.8936
Stim5 Sinus Sinus Sinus

Offset: -0.2933 -1.6897 -0.0071
Amplitude: 2.2616 1.6937 0.1779
Frequency: 0.1 0.1 0.1
Phase: 7.4504 93.933 -182.3

Horizontal1 1,9681 -1,6115 -0,1829
H1_2Labfield 4,2446 -1,5050 0,52776

Table. 4.2: The table shows the output voltage of the I/O card for each axis as well as the
corresponding B-field values. The field values are calculated using equation (2) in Appendix
4 with the crosstalk matrix for the setup-state at the time of the experiments. The values for
the “H2” and “H2_2Labfield” are equal to the corresponding “H1” script, as only the rotation
direction changes.

4.3.1 Optical tectum

Measurements on the left optical tectum of nine pigeons have been performed. In these
experiments, we applied the stimulation patterns “Stim1-5”, whereas “Stim5” was applied
in both the 10 s and 16 s variant.
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Stim 1-4

The average relative diffusion coefficient over all measurements with “Stim1-4” is shown
in Fig. 4.14 plotted in red on the left axis. The average components of the measured
magnetic field vector Bx (light blue), By (violet) and Bz (orange) are plotted on the
right axis. The steps in the plot of the magnetic field of the “Stim4 V1” stimulations
are due to a delay in changing the field back to the baseline level caused by the manual
switching.
Changes in the average relative diffusion coefficient of about 1-2% compared to the
baseline level are observed during stimulation. Although the deviations are only small
and do not show a clear on/off-type response to the stimulation, a tendency towards
an opposing response to a By change is visible. To investigate this tendency in more
detail, the average response is plotted as a function of the relative change of each mag-
netic field component in Fig. 4.15. The data was fitted to reveal any linear dependency
between the field changes and the relative cerebral blood flow. A significant (p=0.005)
anti-correlation between the relative cerebral blood flow and a relative change of the
By component is found for the short time response (8.5 s-11.5 s of the stimulation pe-
riod). The response over the entire stimulation period shows an anti-correlation, which
is however not significant, but very close to significance (p=0.06).

Stim 5

For the rotating magnetic field applied by the “Stim5”-script, a similar tendency for an
anti-correlation between the relative diffusion coefficient and the By component can be
seen for the 10 s stimulation period script (see Fig. 4.16 upper and middle plots). The
oscillations occurring in “Stim5-10_V2” measurement after the end of the stimulation
period might be explained by adaptive effects in the pigeon after several measurements,
as these were performed after the “Stim5-10_V1”.
The anti-correlation effect is not observed in the data of the “Stim5-16_V2” measure-
ment (see Fig. 4.16 lower plot), however two small peaks, a negative one right after the
start of the stimulation period and a positive peak at the turning point of the magnetic
field could be interpreted towards a similar statement. In all three cases, the amplitude
of the oscillation is about 2‰. For investigating the anti-correlation tendency, the rela-
tive diffusion coefficient and the magnetic field components were averaged over 1 s and
correlated with each other in the interval of 2 s previous and 8 s after the start of the
stimulation period. For “Stim5-10_V1” a correlation coefficient of r=-0.522 (p<0.0182)
was found, for “Stim5-10_V2” r=-0.586 (p=0.0066) and for “Stim5-16_V2” r=0.0739.
The anti-correlation for both 10 s stimulation scripts is significant, while no significance
was found in case of the 16 s stimulation period.
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Fig. 4.14: The average results of the average diffusion coefficient (red - left axis) for stimulation
1 to 4 averaged over 5 s with the standard error of mean are shown. The Bx (light blue), By
(violet), Bz (orange) components of the average magnetic field during stimulation are shown
on the right axis. It can be seen that the response of the cerebral blood flow on average shows
a tendency opposite to the y-axis of the magnetic field. Text and figure modified from [102].

4.3.2 Visual wulst

In further experiments, we wanted to investigate the observed effect of an anti-correlated
response to changes in the By component in the left visual wulst. In these experi-
ments, the stimulation script “Horizontal 1&2” were applied in order to confirm the
anti-correlation. With the change of the rotational direction, any unspecific cues such as
magnetic induction effects or noise of the power supply can be excluded to be responsible
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Fig. 4.15: Average values and standard error of mean of the change in cerebral blood flow in
response to a sudden change in the magnetic field and a linear fit thereof. The top row shows
the short time response in the range of 8.5 to 11.5 s, and the bottom row shows the average
response of the complete stimulation period (0.5 s to 47 s). Text modified and figure copied
form [102].

for the change of the cerebral blood flow.
The results of these measurements are shown in Fig. 4.17. The amplitude of the changes
in the relative diffusion coefficient is with 2‰ similar to the previous measurements on
the optical tectum. However, the shape of the response is not biphasic, but M-shaped for
Horizontal1 and W-shaped for Horizontal2. It has to be noted that some of the pigeons
showed pronounced arrhythmia (as described in section 4.2.1) during the narcosis, which
decreases the SNR of these measurements.
Fig. 4.18 shows the measurements with the stimulation scripts, where | ~B| was doubled

and no modulation of Bz was applied. The magnetic field was changed shortly before the
first measurement to the new baseline value, so that there was no time for the pigeon to
adapt to the new field. The number of measurements with these scripts was significantly
smaller compared to the “H1&2” scripts with the ambient field strength.
For both directions of rotation, neither a biphasic shaped, nor a clear M- or W-shaped
response can be observed. Both plots show two small dips at around 4 s and 13 s with
different durations. The first dip lasts for roughly 5 s in case of the “Horizontal1_-
2Labfield” script and 10 s for the reversed rotation. The second dip lasts roughly 5 s for
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Fig. 4.16: Average response of the relative diffusion coefficient (red) to a horizontally rotating
magnetic field. The magnetic field components Bx (light blue), By (violet) and Bz (orange) are
plotted on the right axis. The top and middle figure show the response to a rotation with a 10 s
period, and the bottom one to a rotation with 16 s. Note that a periodic stimulation is applied
with a 10 s (top, middle), and a 16 s (bottom) pause between two stimulations. Therefore the
figures should also be viewed as periodic, so that e.g. in the top graph the times 10-18 s are
identical to the times -10 to -2s . Text modified and figure copied form [102].
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Fig. 4.17: The figure shows the average response of the relative diffusion coefficient (left axis
- red) to a counterclockwise (Horizontal 1) and clockwise (Horizontal 2) rotated magnetic field.
The right axis indicates the Bx (light blue), By (violet) and Bz (orange) component of the
average magnetic field during stimulation. Text modified and figure copied form [102].

Fig. 4.18: Average response of the relative diffusion coefficient (red - left axis) to a rotating
magnetic field with a field strength of twice the ambient field. Horizontal 1-2Labfield and
Horizontal 2-2Labfield corresponds to a counterclockwise and clockwise rotation, respectively.
The average magnetic field components Bx (light blue), By (violet) and Bz (orange) are shown
on the right axis. Text modified and figure copied form [102].



4.4 Conclusion 105

both stimulation scripts.

Fig. 4.19: Response of the relative diffusion coefficient (red - left axis) to magnetic stimulation
with Horizontal 1 (left) and Horizontal 2 (right) on the days where the doubled magnetic field
has been applied. The Bx (light blue), By (violet) and Bz (orange) components of the average
magnetic field are shown on the right axis. Text modified and figure copied form [102].

For a better comparison of the two stimulations, Fig. 4.19 shows the data of the
measurements with the “Horizontal_1&2” scripts of only those days where the doubled
field stimulation was applied as well. By averaging only over these measurements, the
observed response is similar to the results of “Stim5-10” of the experiments performed
at the optical tectum (see Fig. 4.16). Here as well the response is biphasic and anti-
correlated with an amplitude of 2‰. However, the ccw rotation (“H1”) shows additional
oscillations after the end of the stimulus period, while the cw rotation clearly shows the
biphasic response.

4.4 Conclusion

In our experiments we were able to measure changes in the cerebral blood flow in the
brain of pigeons during magnetic stimulation with DWS. A significant response with an
amplitude of 2‰, which is anti-correlated to the By component, was found at the left
optical tectum with sudden changes of the magnetic field.
For a rotating field vector, a statistically relevant biphasic, By anti-correlated response
was found at the left optical tectum and at the left visual wulst. This shape does only
occur at the visual wulst if the analyzed data is confined to these experimental days of
the application of an additional stimulation with doubled field strength. If all datasets
are included, the shape of the response changes towards a M-shape for counter-clockwise
rotation and a W-shape for clockwise rotation. Stimulations with doubled field strength
did not show a clear response.
There are various reasons leading to the observed variations in the hemodynamic re-
sponse. As already discussed in several sections in Chapter 2 there is no knowledge
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about either the reception mechanism for the magnetic field (section 2.2) or the neuronal
processing of magnetic cues (section 2.3). Additionally, the neurovascular coupling is
still far from being entirely understood (section 2.5), which also holds true for the mech-
anisms of anesthesia (section 2.4) and particularly the interaction between anesthesia
and neurovascular coupling. Thus, the response to any magnetic stimulus is not known,
if there is a response at all.
Furthermore, the blood from birds strongly differs from the blood of mammals (e.g. the
absorption spectrum of zebra finches shown in the inlet of Fig. 2.20), so that the DWS
signal may be influenced by the oxidation state of the blood.
The rather low spatial resolution of DWS in terms of the sampling volume further com-
plicates the finding of functional responses. It is very likely that the sampling volume
does not only contain activated areas, but also neighbored areas. If these areas show an
inverted response compared to the activated area, the average response measured with
DWS will be close to zero, as the positive and negative change even each other out.
To overcome these problems, the functional Ultrasound (fUS) method was established
in Konstanz. This method allows a very good mapping of the brain, which is mandatory
for functional measurements with such little information. If an activated area can be
identified with fUS, the DWS sampling volume can be adjusted to that specific area,
allowing parallel measurements of the hemodynamic response with both methods. The
method of fUS, preliminary experiments in Paris and the results of measurements in
Konstanz are discussed in the next section.
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The signal processing required to analyze the data of the functional Ultrasound data
is described at the beginning of this chapter. The result of the first measurements in
Paris using the Supersonics Aixplorer together with the group of Prof. Matthias Fink,
as well as later measurements in Konstanz using our own Verasonics Vantage 128 device
are presented afterward, followed by a brief description of the surgical operation on the
pigeon to establish a cranial window. All experiments presented in this section have
been performed together with Richard Rau, who is mostly responsible for programming
the ultrasound device, and Dr. Markus Belau.

5.1 Signal Processing

The Ultrasound device measures the RF signals RF (x1, t). As no focusing is carried
out during the transmit process, the image spatial resolution is obtained by coherently
adding up the received echoes from the same scatterers. This is called “beamforming”
and will be explained in section 5.1.1. This leads to the image signal

s(x, z) =

∫ x+a

x−a
RF (x1, τ(x1, x, z))dx1 (5.1)

of one transmit event. The aperture 2a that takes into account only elements close to
the central element x which contribute to the signal and the traveling times τ(x1, x, z) to
a scatterer at point (x, z) and back to the transducer element at the place x1. Acquiring
several images over time leads to a signal with three different contributions:

s(x, z, t) = b(x, z, t) + c(x, z, t) + η(x, z, t) . (5.2)

c(x, z, t) is the clutter signal originating from tissue or static structures such as bones,
and η(x, z, t) is the background noise. b(x, z, t) is the most important part, representing
the signal from the blood cells.
To calculate the Power- or Color Doppler signal from the blood, s(x, z) - obtained
by beamforming and compounding the RF data of all the different angles - has to
be filtered in order to remove the clutter signal. The clutter signal has the highest
intensity because tissue and static structures such as bones have a much larger scattering
coefficient than blood. The filtering (see section 5.1.2) of our data was carried out using
either a butterworth filter or singular value decomposition (SVD).
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5.1.1 Beamforming

There are different ways of beamforming the RF data. The most commonly used method
is the delay-and-sum beamforming (D&S).

Fig. 5.1: (a) Sketch of the axis convention, with the black bars representing
the piezo elements of the transducer, and the black dots below acoustic
scatterers. (b) Time delays for a plane wave insonification and (c) for a
wave steered under an angle α to the transducer surface. Image copied
from [182].

In this method, the traveling times

τ(α, x1, x, z) = τe + τr (5.3)

of an Ultrasound wave traveling to a scatterer and back are calculated (see Fig. 5.1). If
a plane wave with is emitted under an angle α into a medium, the traveling time to a
scatterer at point (x, z) is given by

τe(α, x, z) =
z cosα + x sinα

c
, (5.4)

with c representing the speed of sound in the medium. The backscattered signal is
received at element x1 after the time

τr(x1, x, z) =

√
z2 + (x− x1)2

c
. (5.5)

These delay times are calculated for each pixel and lead with equation (5.1) to the pixel
data for the reconstructed image (see Fig. 5.2).

Another method of beamforming is provided by a fast Fourier transformation (FFT) of
the received echo signals. Afterward, the Fourier transformed data has to be remapped to
the sampled object before an inverse fast Fourier transformation (IFFT) can be applied
to obtain the beamformed image (see Fig. 5.3).
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Fig. 5.2: Schematic representation of the single transmit plane wave
method. (a) The ultrasonic array insonifies the medium using a plane wave
transmission. (b) The backscattered RF signals are recorded by the trans-
ducer array. (c) The beamforming procedure consists of applying time delay
laws and summations to the raw RF signals in order to focus in the receive
mode. Contrary to standard ultrasonography, each line of the image is cal-
culated using the same RF data set but a different set of time delays. Image
and text copied from [182].

The 2D FFT of the received signals gives the wavenumber k = ω/c in the time dimension
and k′x in the lateral spatial dimension, with k′x = 2π/pitch. The pitch is the center-to-
center distance of two neighboring transducer elements. The recorded spectrum R(k, k′x)
contains both the transmitted wavevector kT = (ktz, ktx) and the received wavevector
kR = (krz, krx). Before the IFFT can be applied, the received spectrum R(ktz,rz, ktx,rx)
has to be remapped to match the object frequency grid O(kz, kx). Transmission of a
plane wave under an angle θ results in delay time τj in transmission which shifts the
kx. A reverse time-shift of the received signal by τj leads to complete coincidence of the
x-dimension of R and O. Because the R-grid is non-uniformly spaced due to acoustic
dispersion, a direct IFFT would create artifacts and signal loss. Therefore the time
dimension still has to be remapped to match the uniformly spaced object grid O before
the application of the 2D IFFT.
This interpolation can be carried out in several ways, with the main difference being the
computational time. Kruizinga et al. proposed a beamforming of the k-space data by
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Fig. 5.3: Schematic representation of the k-domain vector. Image
and text copied from [183].

using a nonuniform Fourier tranform (NUFFT) [183] with the mathematical description

Yk =
N−1∑

n=0

xne−i(2π/K)kn , k = 1, · · · , K − 1 , (5.6)

X̂(ωm) =
J∑

j=0

Y(km+j)uj(ωm) , m = 1, · · · ,M .

Yk denotes the resampled FFT with K points of the equally spaced signal samples xn.
X̂(ωm) are the approximated nonuniform frequency samples of the xn with the nonuni-
formly spaced frequency nodes ωm. The uj(ωm) are the optimal pre-computed frequency
coefficients. The software implementation of the NUFFT and the determination of the
uj(ωm), which is key to all NUFFT methods, is adopted from [184] which also provides
more details about the mathematical background of the NUFFT.
The main advantage of the NUFFT method compared to other Fourier methods and the
D&S beamforming is its computational speed. If the beamforming can be performed on a
GPU instead of CPU, the speed can be increased by at least one order of magnitude [183].

5.1.2 Filtering

After the RF data is beamformed, the clutter signal has to be removed. Because the
sources of the clutter signal are either static scatterers or tissue, which is moving slowly
compared to blood, it can be removed by applying a highpass filter. In our analysis
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a butterworth highpass filter has been designed from a built-in Matlab function and
applied to the signal data. The filter order as well as the cutoff frequency was adapted
to the data, as the clutter signal varies strongly between different experiments.

(a)

(b)

(c)

Fig. 5.4: (a) The image depicts
s(x, z, t = 0) of an Ultrafast ac-
quisition acquired during 0.5 s at
a Frame Rate of 500Hz, on the
brain of a thinned skull rat. In-
side each pixel, the simplified sig-
nal s̃(x, z, t) is calculated to elim-
inate phase difference and ampli-
tude difference from one pixel to
another. (b) s̃ is then plotted with
color respective to the position
in the nine pixel neighborhood
(black, blue or red). (c) The pixel
data in the green nine pixel neigh-
borhood are filtered using a 50Hz
cut off 4-th order Butterworth fil-
ter to discriminate between tis-
sue and blood flow signals. On
the right are displayed the 9x9
covariance matrices (magnitude)
of the normalized zero-mean com-
plex signals for the low frequency
(LF) and high frequency (HF)
part, respectively. The HF blood
signal is highly decorrelated com-
pared to LF tissue signal. Image
and text modified from [185].

Another method to filter out the blood signal was proposed by Demene et al. [185] and
is based on singular value decomposition (SVD) or principle component analysis (PCA).
This method utilizes the fact that the covariance matrices of blood and tissue signal are
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very different such that the tissue signal is spatially coherent whereas the blood signal
is not (see Fig. 5.4).
The beamformed image pixel data s(x, z, t) of a time series consists of nx × nz × nt
samples, with nx being the samples in x-direction (usually the number of transducer
elements used), nz in z-direction (which depends on the depths) and the number of
timesamples nt. This matrix is then reshaped into a Casorati form, leading to a 2D
matrix S with the dimension (nx × nz, nt).
The SVD of S decomposes it into two orthonormal matrices U and V containing the
spatial and temporal eigenvectors of S, and a diagonal matrix ∆ with the ordered
eigenvalues λi of Ui ⊗ Vi:

S =

rank(S)∑

i=1

λiUi ⊗ Vi = U∆V∗ . (5.7)

Here ⊗ indicates the outer product of the i-th column of U and V, and ∗ denotes the
conjugate transpose. Because of the high spatiotemporal coherence of the clutter signal,
this signal should mainly be described by the first singular values. The blood signal
is of lower coherence and should thus be identified with singular values of a higher i.
Filtering of the SVD can be performed by setting a set of singular value to zero and thus
eliminating these components (e.g. the first few values to remove the clutter signal), by
limiting the sum index in 5.7 or both.

Fig. 5.5: (a) The Ultrafast Doppler acqui-
sition forms a 3D stack of images with two
spatial dimensions and one temporal dimen-
sion (same data than Fig.1). It is reshaped
in one spatiotemporal representation (Ca-
sorati matrix) where all pixels at one time
point are arranged in one column. As a con-
sequence all time points for one pixel are
arranged in one row. (b) The covariance
matrix is presented here in magnitude and
is of dimension nt × nt. Image and text
copied from [185].

In Ultrasound measurements, the time dimension is usually smaller than the spatial di-
mension nx×nz and hence it is less computational effort to calculate the time covariance
matrix nt × nt first. The implementation in Matlab consists of the following steps (see
also Fig.5.5)):

1. Reshape the image data s(nx, nz, nt) into S(nx × nz, nt).
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2. Calculate the temporal eigenvectors of S with the Matlab built-in function eig(),
giving

V,∆2 = eig(S∗ · S)
5.7
= eig(V∆∗U∗U∆V∗) = V∆2V∗ , (5.8)

with ∆2 being a 1D vector with the eigenvalues of V.

3. Sort V and ∆2 in a descending order and calculate

∆ = diag(sqrt(∆2)) . (5.9)

4. Calculate the spatial eigenvectors with

Ud = S ·V 5.7
= U∆V∗V = U∆ (5.10)

⇔ U = Ud./∆
∗ ,

where ./ refers to the element-wise division.

With the output matrices U,∆ and V it is now possible to calculate

s(x, z, t) =

rank(S)∑

i=1

λiUi(x, z)Vi(t) (5.11)

and apply spatial and temporal filtering as illustrated in Fig. 5.6 to finally obtain the
blood signal

sblood(x, z, t) =

rank(S)−nc∑

i=cr

λiUi(x, z)Vi(t) . (5.12)

The indices cr (clutter rejection) and nc (noise cutoff) describe the order of singular
values being removed from the signal. With both filtering methods the clutter signal
can be removed resulting in the Power Doppler intensity given by

PDI(x, z) =
1

N

N∑

i=1

|sblood(ti)|2 . (5.13)
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Fig. 5.6: Singular value
decomposition of the
data in Fig.5.4 into a
set of spatiotemporal
couples of vectors. By
rejecting the first 49
couples of singular
vectors, tissue signal is
rejected and a very good
PW Doppler image of
the vascularisation in
the rat brain is obtained.
Image copied and text
modified from [185].
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5.2 Supersonic Aixplorer

The idea for this project rose from the publication of Mace et al. in 2011 [148]. There-
fore, the first experiments for a proof of principle were performed with the Supersonics
Aixplorer in collaboration with the group of Prof. Fink in Paris.

5.2.1 Intact Skull

Fig. 5.7: Power Doppler Images of transcranial measurements of a pigeon head with a 8MHz
Transducer (left images) and a 15MHz transducer (right images). For both transducers, the
imaging sequence contained 17 angles between -8◦ to +8◦ and 500 ensembles. All Power Doppler
images are calculated with equation (5.13). The upper images are SVD filtered, whereas the
lower images were filtered using a 4-th order butterworth highpass filter with a cutoff frequency
of 75Hz.

For the first series of measurements a skin incision on the pigeon head with a length
of 20mm from rostral to caudal was performed. The skull was left completely intact in
order to investigate its influence onto the signal. Additionally two different transducers
were used, one with a central frequency of 8MHz and one with 15MHz to investigate the
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possibility of transcranial measurements with lower frequencies. For both transducers
the following imaging sequence was used:

Nangles = 17, with the angles ranging from −8◦ to 8◦ in 1◦ steps including 0◦.

Ne = 500 with a framerate of 500Hz in case of the 8MHz transducer and 700Hz with
the 15MHz transducer.

The images in Fig. 5.7 show the results of these measurements. With both the 8MHz
and the 15MHz transducer the skull reflects almost all of the signal. Although some of
the bigger vessels are visible in all pictures, the necessity of a trepanation is evident as
no microvasculature can be resolved, which is crucial for functional measurements.
In Fig. 5.7, the effect of the two clutter filters can be clearly seen. With both filters, the
same vessels are visible in the images, but the butterworth filtered (4-th order with 75Hz
cutoff frequency) signal shown in the lower images still contains all the contributions of
the static scatterers. The skull is clearly visible in the lower two images, and additionally
the earplugs of the stereotactic device are visible in the lower left image at the positions
(x ≈ −20mm,y ≈ 11mm) and (x ≈ 19mm,y ≈ 11mm).
Although contributions of the two earplugs and the skull are still visible in the upper
SVD filtered images, the amplitude is much lower, because the singular value components
containing the contributions of these static scatterers are removed. However, despite this
advantage of the SVD filter, the upper right image shows a slight disadvantage. Within
the singular value decomposition, it is not straightforward how this decomposition as-
signs the different signal contributions to the components of the filter matrices. In the
upper right image, a large signal appears at the positions x ≈ −7mm and x ≈ 3mm,
which is completely absent in the butterworth filtered lower right image. This means
that some of the clutter signal which is removed by the high-pass filter, was assigned to
higher SVD components also containing the blood signal.

5.2.2 Thinned Skull

As the previously described measurements showed the necessity removing at least the
air inclusions in the skull, a trepanation was performed. The surgery was carried out as
described in Appendix 2, but without the installation of a permanent window. As shown
by the above results, the 15Mhz transducer has to be used for functional measurements
the microvasculature can not be resolved with the 8MHz transducer. In all following
measurements, the 15MHz transducer was being used.
A first Ultrasound scan was performed with the middle part of the skull being intact and
only one window with a thinned area on either side (see Fig. 5.8 left). The microvas-
culature of the pigeon brain is clearly visible in the areas of the thinned skull whereas
the middle part is completely dark, again showing the strong reflections taking place at
the air-bone interfaces in the skull. After thinning the middle part of the skull as well,
the entire brain below the thinned area could be imaged as shown in Fig. 5.8 right. A
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Fig. 5.8: Left: Power Doppler Image of a pigeon brain with two thinned areas. The intact
skull in the middle causes a shadowing in the Ultrasound Image, whereas the microvasculature
is very well resolved below the thinned areas. Right: CT image of a pigeon head with the brain
structure overlayed in green. The violet bar on top of the skull indicates the thinned area and
the red line indicates one brain slice scanned with Ultrasound. CT data from [49]

spatial 3D-scan was performed, containing 14 slices with a distance of 500µm starting
at the rostral border of the thinned area.

Magnetic stimulation

At the position with the best Power Doppler signal, several measurements were per-
formed in order to investigate changes in the blood flow due to a magnetic stimulation.
The parameters of these measurements are shown in Table 5.1. The baseline was mea-
sured first without any stimulation applied. The stimulation pattern in the measure-
ments “functional1” and “functional2” consisted of setting the horizontal component of
the magnetic field to zero between 60-70 seconds of the measurement.

The following analysis of the data with magnetic stimulation was performed to iden-
tify any potential change in the signal associated to magnetic field changes. Although
this is not a very elaborated analysis for Ultrasound data, it was applied, because no
assumptions about the expected response could be made at this point. A more elabo-
rated analysis was established in Konstanz later.
In order to investigate changes in the cerebral blood flow (CBF) during any stimulation,
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Parameter baseline functional1 functional2
Offset [mm] 3
Depth [mm] 10.5 10.5 5.5
Nangles 24 (8× [−3◦0◦3◦])
Ne 220
Framerate[Hz] 500
dt[s] 4 4 2
Duration[s] 180 180 120

Table. 5.1: Ultrasound parameters of the measurements at a position 4.5mm posterior to the
rostral end of the thinned area.

the relative differential Power Doppler signal ∆PDr was calculated pixel wise with

∆PDr =
〈PD(60 : 70s)〉− < PD(1 : 60s) >

< PD(1 : 60s) >
. (5.14)

The < PD(t1 : t2) > are the average over the Power Doppler signal within the measure-
ment time t1 to t2. The Power Doppler signal for each stack of Ne compound images
has been calculated using a 75Hz 4-th order butterworth high pass filter. Afterward the
signal was smoothed with a first order Savitzky-Golay filter over three data points.
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Fig. 5.9: Baseline Measurement. Left: ∆PDr image of the smoothed Power Doppler signal
(first order Savitzky-Golay filter over three data points). Right: Non-smoothed Power Doppler
image calculated using a 4-th order butterworth highpass filter with a cutoff frequency of
75Hz. The green rectangle indicates the region of interest in which localized changes occur in
the measurements with stimulation (see also Fig. 5.10).

The right image in Fig. 5.9 shows the ∆PDr for the baseline measurement. As the
baseline is not stable due to fluctuations in the physiological parameters as heartbeat,
breathing, body temperature and so on, it is expected that the ∆PDr image shows as
well some relative changes. It is however clearly visible that these fluctuations are not
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Fig. 5.10: ∆PDr images of the smoothed Power Doppler signal (first order Savitzky-Golay
filter over three data points) for measurement “functional1” (left) and “functional2” (right). The
positive localized changes in the ROI (green rectangle) in the left image are more pronounced
than the negative changes in the right image. The size and position of the ROI is the same in
both images.

localized in a certain brain region as one would expect during the activation of this region
due to a stimulation. The fluctuations are randomly distributed all over the brain and
include both positive and negative changes, indicating the absence of a global changing
of the baseline.
Within the green rectangle, several regions show localized changes in the Power Doppler
signal during the stimulations in measurement “functional1” and “functional2” (see Fig.
5.10). The ∆PDr in these regions shows positive changes in the average Power Doppler
signal up to 30% during the magnetic stimulation for the “functional1” measurement
(red areas in Fig. 5.10 left), and negative changes in the same order during stimulation
in case of the “functional2” (blue areas in Fig. 5.10 left).

Although this first result is very promising in sight of the detection of brain activation
due to magnetic stimulation, it has to be treated very carefully and can not be interpreted
as a functional signal. Despite the identification of rather large changes in the Power
Doppler signal, those should be consistent in the same brain region over consecutively
applied stimulation. Switches in the sign of the CBV change make any interpretation
towards the activation of this specific region highly doubtful. Another indication against
interpreting these changes as a functional signal is the fact that after stimulation the
CBV did not decrease back to the baseline level. Albeit a delayed response and relaxation
is expected due to narcosis, a steady increase is not in agreement with other studies on
functional changes in the brain as discussed in section 2.5.

The averaged PD signal over the entire ROI, indicated by the green rectangle in Figs.
5.9 and 5.10 is plotted over the measuring time in Fig. 5.11. A general trend during the
entire measuring time is visible for both measurements with a stimulation. Such a steady
change over several minutes is usually rather related to a physiological change than to an
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Fig. 5.11: Power Doppler signal averaged over the ROI (green rectangle in Fig. 5.10
and Fig. 5.9) plotted over the entire measuring time. The signal is smoothed with a
first order Savitzky-Golay filter over three data points.

activation. Despite this fact there is not much knowledge about the activation patterns
in pigeons and particularly the response to a magnetic stimulation. Therefore, it can
not be excluded that the observed increase may be somehow caused by the magnetic
stimulation.

The findings of these first measurement show that the method of functional Ultrasound
is capable of visualizing the microvasculature of pigeons and changes in the CBF in the
percentage regime. Therefore, this technique looked very promising for functional studies
on the pigeon brain and was established in Konstanz afterward.

5.3 Verasonics Vantage 128

Because of the promising results shown in the previous section, the Verasonics Vantage
128 was bought to perform Ultrasound measurements in Konstanz. In combination with
the trepanation procedure described in Appendix 2 it is possible to measure for several
hours per day and carry out consecutive measurements on the same pigeon for almost
two months. With the permanent cranial window it is also possible to use the experimen-
tal setup described in section 3.1 and to simultaneously perform fUS and DWS measure-
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ments.

Fig. 5.12: Image of the Power Doppler data of the
StimVI measurement. The data was SVD filtered and
beamformed with the NUFFT method.

The greatest advantage of the Ve-
rasonics Vantage 128 device is the
high flexibility it offers within its
programming. It is controlled
by Matlab and is therefore freely
programmable by the user in al-
most every aspect. This allowed
us to test several imaging se-
quences in order to find the one
that best matches the needs for
the pigeon experiments (see Ta-
ble 5.2 for the different imaging
sequences). Additionally the con-
nected host-PC was bought with
128GB RAM, which opens up
the possibility of continuous mea-
surements with a PRF of 12 kHz
for 30 to 60 seconds depending
on the penetration depth (high
frame rate (HFR) long ensemble

acquisition). Another advantage of the Verasonics Vantage system is the accessibility of
the raw RF data. The Supersonics Aixplorer could only transfer the beamformed and
compounded images due to its limitations in memory and data transfer rate. With the
new system this limitations do not exist, allowing the beamforming and compounding
to be performed “offline” after the measurement. This gives the opportunity to opti-
mize both steps and try out different beamforming procedures for example the NUFFT
method described in section 5.1.1.
The continuous measurements are a major advantage compared to the measurements
performed in Paris, where only a block of compound images could be acquired every 2
to 4 seconds. The blocks of compound images acquired with the Supersonics Aixplorer
always included one complete heart cycle of a rat. As the physiological parameters of a
pigeon strongly differ from a rat this was not the case for the pigeons due to its heart
rate being about a factor of two to three slower. A complete heart cycle of a pigeon
takes about 400 to 500ms, which is longer than one block of compound images acquired
with the Supersonics Aixplorer. In this case, the heart beat can not be filtered and high
variations in the PD signal will occur depending on the relative position of the image
set within the heart cycle. As the variations in the PD signal during a heart cycle are in
the percentage range, the detection of small functional changes is very difficult or even
impossible.
This problem is overcome with the HFR long ensemble acquisition, where the heart
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beat can be filtered out and smaller signal changes can be detected. However, the first
measurements on pigeons with a cranial window did not show any functional responses.
Despite this fact, the results were highly promising in terms of image quality and tem-
poral resolution (see Fig. 5.12). The parameters of the imaging sequence are listed
in Table 5.2. After the experiment, the RF data was beamformed with the NUFFT
method and the 18 angled images were compounded. A set of 100 frames was used for
SVD filtering, whereat the frame set was moved in steps of one frame to obtain Power
Doppler images with a framerate of 500Hz. The isoflurane maintenance dose was 2.5%
in this measurement with a 5mg/KG midazolame injection 30 minutes before the start
of the narcosis.

Parameter StimVI StimXII StimV
Offset [mm] 5 2 5
Pen. Depth [mm] 11 12 11
opening angle 18 14 18
Nangles 10 6 10
PRF [kHz] 10 15.625 10
DopplerFR [Hz] 1000 1000 1000
Duration [s] 33 48 33

Table. 5.2: Parameters of the imaging sequences used in the data presented in this section.
The “StimVI” data was used for the PD image shown in Fig. 5.12, during the “StimXII”
measurement the arrhythmia was observed and the tactile stimulus was applied within the
“StimV” measurement. The opening angle is the angle between the two outer angles.

5.3.1 Arrhythmia

In later experiments DWS and fUS data was acquired simultaneously, which allowed us
to compare the Ultrasound data with both the DWS and the physiological data from the
pulsoxymeter. During a measurement on pigeon nr. 88, heart arrhythmia similar to the
ones describes in section 4.2 was observed. The parameters of the imaging sequence are
listed in Table 5.2. The isoflurane dose was 1.5% with a 5mg/KG midazolame injection
30 minutes before the start of the narcosis. For the DWS data acquisition the laser tip
was placed lateral left at the head of the pigeon and the detection tip slightly left of
the median caudal of the Ultrasound transducer (see Fig. 5.13 a).The distance between
laser and detector tip was 15mm. The DWS data was processed as described in section
4.1.1 and for the Ultrasound data processing a SVD filter was used with a noisecut of
120 and a clutter rejection of 60.
In Fig. 5.13 c it can be clearly seen that the Ultrasound and the DWS data both show
the same behavior during an arrhythmia event. A drastic negative change occurs at
the time of 24 s in the relative diffusion coefficient curve (rel. D) and the relative Power
Doppler signal (rel. PD). The filtered rel. D (thick solid red line in Fig. 5.13 c) decreased
by ∼29% whereas the rel. PD signal dropped by ∼15%.
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Fig. 5.13: Measurement with both DWS and fUS on the head of a pigeon with a thinned
skull and a cranial window. Upper right: The detector tip was placed slightly left of the
median, caudal of the Ultrasound transducer. The laser tip is placed lateral left of the pigeon
head, roughly 5mm above the ear. Upper left: Power Doppler image of the pigeon brain,
the green square indicates the region of interest for the averaging. Lower part, blue plot:
Power Doppler data averaged over the ROI relative to the mean of the first 100 samples
shown on the left. The orange curve with its axes on the right shows the heartrate extracted
from the Power Doppler data with a sliding FFT. Lower part, red plot: relative change of
the unfiltered diffusion coefficient D on the left axes. The right axes in orange shows the
heartrate, extracted from the rel. D signal with a peakfinder. Lower part, green plot: signal
of the pulseoxymeter (left axes) and the extracted heartrate in orange (right axes)
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The difference between the relative changes in the diffusion coefficient and the Power
Doppler signal is explained by the fact that DWS is sensitive to changes in the dynamics
of the scatterers whereas the Power Doppler signal is directly proportional to the volume
of moving blood. The pulsoxymeter data indicates - according to our interpretation in
section 4.2.1 - a skipped heartbeat, which leads to a drastic decrease of the cerebral
blood flow and only a small change in the CBV. The stronger decrease of the PD signal
compared to the change in the countrate reported in section 4.2.1 (see Fig. 4.7) is due
to filter effects. Within the arrhythmia, the velocity of some amount of the blood drops
below the SVD clutter rejection value and thus does not contribute to the PD signal
anymore. This leads to a larger change in the PD signal.
The heart rate is calculated from the diffusion coefficient and the pulsoxymeter signal
by the time value difference between the peaks that correspond to a heart beat. Both
heart rates, the HRD and the HRPulsoxy showed a strong decrease of roughly 50% due to
the skipped heart beat, followed by an increase of about 30% afterward. This is due to
the compensation process to keep the blood circulation in the brain high enough. The
decrease in the heart rate does not occur in the HRPD which is most likely linked to the
different calculation process. In the case of the PD signal, the peaks could not be reliably
detected leading to a calculation of the heart rate with a sliding FFT. This method is
not capable of detecting short changes occurring only once in the measurement.
The Power Doppler signal is consistent with our findings described in section 4.2.1 and
supports the interpretation of the DWS countrate as being mostly dominated by the
CBV and only to a small extent by other optical parameters such as changes in the
absorption coefficient.

5.3.2 Tactile Stimulation

As no neuronal response could be identified within the brain during visual and magnetic
stimulation, a tactile stimulus was applied. This is considered to be a stimulation with
a rather large response in the brain, which is imposingly easier to detect. The experi-
ment was performed on pigeon nr. 88 with an isoflurane dose of 2.5% and a 5mg/KG
midazolame injection 30 minutes before the start of the narcosis. The parameters of
the imaging sequence can be found in Table 5.2. The laser tip was placed lateral left
at the head of the pigeon and the detection tip slightly left of the median caudal of
the Ultrasound transducer (see Fig. 5.14 a). The distance between laser and detector
tip was 14.6mm. The DWS data was processed as described in section 4.1.1 and the
Ultrasound data was SVD filtered with a noisecut of 75 and a clutter rejection of 60.
Tactile stimulation consisting of squeezing the skin of the pigeon between the toes with
a forceps for 1 s, was applied every ten seconds (red boxes in Fig. 5.14). The filtered
relative diffusion coefficient shows an increase after each stimulation with a peak of ∼9%
increase compared to the value at the beginning of the stimulation block. The PD signal
shows an increase of only 1-3% after each stimulation and similar changes during the
baseline periods. Therefore, a distinct identification of the stimulation times would need
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Fig. 5.14: Measurement with both DWS and fUS on the head of a pigeon with a thinned skull
and a cranial window. Upper right: The detector tip was placed slightly left of the median,
caudal of the Ultrasound transducer. The laser tip is placed lateral left of the pigeon head,
roughly 5mm above the ear. Upper left: Power Doppler image of the pigeon brain, the green
square indicates the region of interest averaging. Lower part, blue plot: Power Doppler data
averaged over the ROI relative to the mean of the first 100 samples shown on the left. The
orange curve with its axes on the right shows the heartrate extracted from the Power Doppler
data with a sliding FFT. Lower part, red plot: relative change of the unfiltered diffusion
coefficient D on the left axes. The right axes in orange shows the heartrate, extracted from the
rel. D signal with a peakfinder.
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additional signal processing. However, these observed signal changes are of physiological
origin, which can be seen when calculating the heart rate (orange lines in Fig. 5.14).
The heart rate calculated from the PD and the DWS signal both increases associated
to the stimulation, so that any changes in the CBV or the blood dynamics can not be
related to brain activation, but rather an increasing heart beat.
This becomes more evident with the pulsoxymeter signal. The heart rate extracted from
this signal increases as well, while it is measured at the leg of the pigeon (see Fig. 5.14
green plot).
Despite the fact that the detected changes have a definite physiological origin, the ex-
periment was a success. It clearly shows the possibility of detecting signal changes in
both the fUS and DWS data within the range of reported neuronal responses to several
stimulations.

5.4 Conclusion

The preliminary experiments in Paris showed that functional Ultrasound can be per-
formed on pigeons. Changes of the CBV within the range of few percent could be re-
solved, which is expected for neuronal responses to different stimuli. However, a surgery
for thinning the skull is essential for such measurements.
The method was successfully established in Konstanz for the first time with a different
Ultrasound system - the Verasonics Vantage 128. As this system offers much more flexi-
bility, a long ensemble HFR acquisiton sequence could be tested, which is advantageous
for measurement on pigeons. Additionally it was possible to implement the SVD filter
and try out several beamforming algorithms.
With this new hard- and software setup, measurements on pigeons were performed in
Konstanz, with improved temporal resolution and better image quality. Although no
functional responses could be identified for visual, acoustic and magnetic stimulation,
DWS and fUS could be measured simultaneously for the first time. Using the example
of heart arrhythmia, it was possible to compare data of both methods with physiolog-
ical data and validate our previous interpretation even more. With tactile stimulation
changes in the DWS data up to roughly 9% and 3% for the PD data were observed, how-
ever with the physiological data they were identified as physiological and not functional
responses.
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The objective of the thesis presented here was to investigate the neuronal response
due to magnetic stimulation in pigeons. The hemodynamic response in the brain was
measured using two methods, namely diffusing wave spectroscopy (DWS) and functional
Ultrasound (fUS).

First experiments with DWS [186] previous to the studies presented in this thesis in-
dicated the necessity of the proper acquisition of additional parameters allowing the
identification of artifacts in the signal. In order to record these parameters, several
hardware components were integrated into the experimental setup and the data acqui-
sition was implemented into the measurement software. The development of both the
experimental setup as well as the measurement software continued during the entire
time of this thesis and will continue into the future due to constantly changing require-
ments. The successful identification of artifacts allowed filtering of the signal through the
implementation of signal processing methods developed for near infrared spectroscopy
(NIRS) [154]. By removing the artifacts, the signal to noise ratio could be improved to
the point of allowing the distinction of very small changes in the cerebral blood flow
(CBF) down to several per mille.

The measurements with DWS presented in this work showed a small but significant
anti-correlation of the relative change in the cerebral blood flow with a sudden change
in the By component. To investigate this further, rotating magnetic fields were applied
around the Bz axis, which has lead to a neuronal response in earlier studies [26]. A
biphasic response in the relative diffusion coefficient, anti-correlated to the By field
component with an amplitude of 2‰ was found for rotating field stimulation with the
“Stim5”-script. However, in experiments with a similar stimulus, an anti-correlated,
double peaked response (M- andW-shape) was found for counter-clockwise and clockwise
rotation when averaged over all available data. An average over a smaller number
of datasets showed the same response as the measurements with the “Stim5”-script.
Measurements with the same rotation but a doubled | ~B| showed no clear response.

These findings show that DWS is capable of measuring very small changes in the CBF
in anesthetized pigeons. However, the results have to be interpreted very carefully, as
they varied strongly between different experiment days and individuals. Due to lacking
knowledge about the hemodynamic response in anesthetized pigeons and in particular
about magnetoreception, we can not conclude to have found functional responses to
magnetic stimulation. Despite this uncertainty, the results provide starting points for
future work.
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In addition to the magnetic field, we applied visual stimulation as the neuronal process-
ing for such cues has already been investigated in other studies [65,167]. Measurements
over the left visual wulst using a stimulation with yellow light (λ = 590nm) lead to
statistically significant changes in the relative diffusion coefficient even during a single
stimulation period. The average response showed a relative change in the cerebral blood
flow of approximately -2%.

As all the results presented in this thesis were obtained with anesthetized pigeons, we
investigated the influence of several factors resulting from the narcosis on the cerebral
blood flow.
First, the effect of heartbeat and breathing arrhythmia was investigated. Such arrhyth-
mia events were very pronounced during anesthesia of some pigeons and also regularly
occur in humans. In the case of a delayed cardiac output, further analysis revealed a
linear correlation between the heart rate and the cerebral blood flow, which showed a
decrease of 1.64± 0.11 times the heartbeat amplitude during a skipped heart cycle.
Secondly, changes of the isoflurane concentration were found to affect the CBF in such
a way that a 0.5% concentration increase leads to a 8% decrease of the heart beat av-
eraged CBF. This finding is in contrast to literature, where an increase in isoflurane
concentration has been found to increase the cerebral blood flow [174–176] due to cerebral
vasodilation. However, in our experiments we might be in an anesthesia regime, where
the the mean arterial pressure constitutes the main factor for changes in the CBF. With
a constant pulsatility index, which was found to be the case for the pigeons, an increase
in the mean arterial pressure leads to a decreasing CBF.
Third, the CBF was found to change by 5 ± 2% per 1◦C change in body temperature.
This change can be explained by an increase of 4±4% in the isoflurane maintenance dose
per 1◦C increase in body temperature. The higher isoflurane concentration is necessary
due to the temperature dependency of the isoflurane solubility.

One of the main challenges of measuring neuronal responses to magnetic stimulation
is that neither the brain regions involved in the processing of such cues nor the best type
of stimulation is known. Because diffusing wave spectroscopy is not a proper method
to map the entire brain for activated areas, we applied a second method. Functional
Ultrasound is an excellent method for this purpose and allows a mapping of almost the
entire brain with a spatial resolution below 100µm and a temporal resolution of less
than 1ms.
Preliminary experiments in Paris with the group of Prof. Matthias Fink showed the
suitability of the application of fUS to pigeons. Changes in the CBV of few percent
could be measured, although no response to a magnetic stimulus was observed. With
a new Ultrasound system in Konstanz we were able to increase the temporal resolution
and to perform long ensemble measurements without any delays due to limited data
transfer rates.
With combined measurements of both DWS and fUS we were able to validate the results
of these two methods against each other. In the case of the arrhythmia event due to
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delayed cardiac output, the relative diffusion coefficient and the averaged Power Doppler
signal showed the same qualitative course. With further analysis of the physiological
data, more precisely the heartrate, functional changes can be distinguished from global
physiological effects. A tactile stimulation of pigeons showed a change in the relative
diffusion coefficient up to 9% and 2% for the relative Power Doppler signal. A correlated
increase of the heartbeat calculated from the DWS, the fUS and the pulsoxymeter data
identified these changes to be globally occurring physiological effects and not functional
responses to the stimulation.

While we were able to detect changes of a few percent in the CBF independently with
two methods, we can not constitute conclusive evidence for the detection of functional
brain responses. To overcome this, the next step will be to perform measurements on
rats and reproduce the data published by Mace et al. [148]. Rats are a common laboratory
animal and several distinct stimulation cues were associated with specific brain areas.
Activation due to whisker stimulation and induced epileptic seizures has been detected
with ultrasound [148] as well as electrical forepaw stimulation [187].
Applying these stimulations to rats would allow the validation and calibration of our
Ultrasound system and the new data acquisition script. Once everything has been
tested and verified with known stimulation pattern on a well understood laboratory
animal, further experiments on pigeons can be performed using stimulations with known
neuronal processing pathways such as visual and acoustic stimulation. For the challenge
of identifying activation due to magnetic field changes, the right stimulation pattern has
to be found. It still remains unclear, if either sudden or slow, strong or weak changes,
rotating fields or any combination leads to the highest activation in the pigeon brain.

This thesis shows the successful establishment of two methods for measuring the cere-
bral blood flow in Konstanz. Both techniques are rather novel for this application and we
were able to resolve changes in the CBF of pigeons which has not yet been accomplished
before. Once a conclusive evidence for functional neuronal responses is given by these
techniques, new possibilities for investigating brain activation and complex processing
pathways with enhanced spatial and temporal resolution compared to contemporary
methods will open up. A spatio-temporal mapping of the entire brain with different
stimulation pattern will lead to new insights into magnetoreception and will hopefully
allow to find answers to some of the open questions about this unknown sensory mech-
anism.





7 Zusammenfassung

Das Ziel dieser Doktorarbeit war die Untersuchung der neuronalen Antwort bei magnetis-
cher Stimulation von Brieftauben. Die hemodynamische Antwort im Gehirn wurde mit
zwei Methoden gemessen, der diffusing wave spectroscopy (DWS) und dem funktionalen
Ultraschall (fUS).

Erste Experimente mit DWS [186] vor den hier präsentierten Untersuchungen machten
die Notwendigkeit der Aufzeichnung von zusätzlichen Parametern deutlich, um Arte-
fakte im Signal identifizieren zu können. Um diese zusätzlichen Daten aufzunehmen,
mussten verschiedene Hardwarekomponenten in den experimentellen Aufbau integriert
und die Datenaufnahme über unterschiedliche Schnittstellen ins Messprogramm einge-
bunden werden. Die Weiterentwicklung sowohl des experimentellen Aufbaus, als auch
des Messprogramms erstreckte sich über die gesamte Dauer dieser Arbeit und wird auf
Grund sich stetig ändernder Anforderungen auch in der Zukunft anhalten. Erfolgre-
iches Identifizieren von Artefakten erlaubte das Herausfiltern dieser Artefakte durch die
Implementierung von Signalverabeitungsmethoden, welche ursprünglich für Nahinfrarot-
Spektroskopie (NIRS) entwickelt wurden [154]. Dadurch konnte das Signal zu Rauschver-
hältnis soweit verbessert werden, so dass auch sehr kleine Änderungen des zerebralen
Blutflusses (CBF) im Promille Bereich sichtbar gemacht werden konnten.

Die in dieser Arbeit präsentierten Messungen mit DWS zeigen eine geringe, aber sig-
nifikante Antikorrelation der relativen Änderung des cerebralen Blutflusses mit einer
plötzlichen Änderung der By Feldkomponente. Um dies weiter zu untersuchen, wurden
um die Bz-Achse rotierende Magnetfelder angelegt, bei denen in anderen Studien eine
neuronale Antwort nachgewiesen werden konnte [26]. Eine biphasische, zur By Feldkom-
ponete antikorrelierte Signaländerung mit einer Amplitude von 2‰ wurde für Stimula-
tionen mit dem Skript “Stim5” gefunden. Allerdings wurde in darauffolgenden Messun-
gen mit ähnlicher Stimulation bei Mittelung über alle Messreihen eine antikorrelierte
Antwort mit Doppelpeak (M- und W-förmig) für Rotation gegen- und im Uhrzeigersinn
gefunden. Eine Mittelung über eine gewisse Auswahl von Datensätzen zeigte dahinge-
gen eine ähnliche Antwort wie die Messungen mit dem “Stim5”-Skript. Messungen mit
verdoppeltem | ~B| zeigten keine eindeutige Antwort.
Diese Ergebnisse verdeutlichen, dass DWS dazu geeignet ist, sehr kleine Änderungen

des CBF in narkotisierten Tauben nachzuweisen. Allerdings müssen die Ergebnisse mit
Vorsicht behandelt werden, da sie stark zwischen unterschiedlichen Versuchstagen und
Individuen variierten. Wegen des stark begrenzten Wissens über die hemodynamische
Antwort in narkotisierten Tauben und Magnetorezeption insbesondere, erlauben unsere
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Daten keine Schlussfolgerung auf den Nachweis einer funktionalen Antwort auf magnetis-
che Stimulation. Ungeachtet dessen bieten die Ergebnisse einen guten Ausgangspunkt
für zukünftige Untersuchungen.

Neben magnetischen Feldern wurden visuelle Stimuli angewendet, da die neuronale
Verarbeitung dieser Sinneswahrnehmungen bereits in anderen Studien untersucht
wurde [65,167]. In Messungen am linken visuellen Wulst wurden bei Stimulation mit
gelbem Licht (λ = 590 nm) statistisch signifikante Änderungen des relativen Diffusion-
skoeffizienten bereits bei Einzelstimulation nachgewiesen. Die gemittelte Antwort zeigte
eine relative Änderung des zerebralen Blutflusses von ungefähr -2%.

Da alle in dieser Arbeit vorgestellen Ergebnisse mit narkotisierten Tauben erzielt wur-
den, wurden verschiedene aus der Narkose resultierende Einflüsse auf den cerebralen
Blutfluss weiter untersucht.
Zunächst wurden die Effekte von Atem- und Herzschlagarrhythmien analysiert. Solche
Arrhythmie Ereignisse waren während der Narkose einiger Tauben sehr ausgeprägt
und sind auch bei Menschen häufig vorzufinden. In Fällen eines verzögerten kardialen
Ausstoßes zeigte eine detailiertere Auswertung eine lineare Korrelation des Herzschlages
und des zerebralen Blutflusses. Während eines ausgesetzten Herzschlages zeigte der CBF
eine Abnahme von 1.64± 0.11 mal der Amplitude des Herzschlages.
Weiterhin zeigten Änderungen der Isoflurankonzentration einen Einfluss auf den zere-
bralen Blutfluss in der Art, dass eine um 0.5% erhöhte Konzentration zu einer 8%-tigen
Abnahme des herzschlag-gemittelten CBF führte. Dieses Ergebnis steht im Gegensatz
zu anderen Studien, in denen eine steigende Isoflurankonzentration zu einer Zunahme
des CBF führte [174–176].
Zuletzt wurde eine Änderung des CBF um 5±2 % pro 1◦C Änderung der Körpertemper-
atur festgestellt. Dies kann mit einer Zunahme der Isofluranerhaltungsdosis um 4± 4 %
pro 1◦C Zunahme der Körpertemperatur erklärt werden. Die höhere Erhaltungsdosis
wird wegen der Temperaturabhängigkeit der Löslichkeit von Isofluran benötigt.

Eine der größten Herausforderungen beim Messen neuronaler Aktivierung auf Grund
magnetischer Stimulation ist das mangelnde Wissen über die in die Prozessierung solcher
Sinneswahrnehmungen involvierten Gehirnregionen. Zusätzlich gibt es nur wenige An-
haltspunkte für eine geeignete Art der Stimulation. Da Diffusing Wave Spectroscopy
keine geeignete Methode zum Scannen des gesamten Gehirns nach aktivierten Regionen
darstellt, haben wir eine zweite Methode eingesetzt. Funktionaler Ultraschall ist eine
exzellente Methode für diesen Zweck, die eine Kartierung nahezu des gesamten Gehirns
mit einer räumlichen Auflösung von unter 100µm und einer zeitlichen Auflösung bis zu
unter 1ms erlaubt.
Vorabexperimente in Zusammenarbeit mit der Arbeitsgruppe von Prof. Matthias Fink
in Paris, zeigten die Tauglichkeit von fUS für die Anwendung an Brieftauben. Änderun-
gen des zerebralen Blutvolumens von wenigen Prozent konnten gemessen werden, wobei
allerdings keine hemodynamische Antwort auf magnetische Stimulation nachgewiesen
werden konnte. Mit einem neuen Ultraschallsystem in Konstanz waren wir in der Lage,
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die zeitliche Auflösung zu verbessern und Messungen mit großen Ensemblenummern
durchzuführen, ohne dabei Wartezeiten wegen begrenzter Datentransferrate in Kauf
nehmen zu müssen.
Mit Messungen, in denen DWS und fUS kombiniert eingesetzt werden konnten, waren wir
in der Lage die Resultate beider Methoden miteinander zu vergleichen und gegeneinander
zu validieren. Im Falle der schon vorher untersuchten Arrhythmie mit verzögertem kar-
dialen Ausstoß, zeigten der relative Diffusionskoeffizient und das relative Power Doppler
Signal den selben Verlauf. Mit weiterer Hinzunahme der physiologischen Daten in die
Auswertung, insbesondere des Herzschlages, konnten funktionale und globale, physiolo-
gische Änderungen voneinander unterschieden werden. Während einer Zehenstimulation
wurde eine Änderung des relative Diffusionskoeffizienten von bis zu 9% und des relativen
Power Doppler Signals von bis zu 2% festgestellt. Diese Änderungen wurden durch einen
korrelierten Anstieg der Herzrate, die sowohl aus dem DWS Signal, dem fUS Signal als
auch den Pulsoxymeter Daten berechnet wurde, als global im Körper auftretende, phys-
iologische Änderungen identifiziert.

Zwar konnten wir Änderungen des zerebralen Blutflusses von wenigen Prozent mit zwei
Methoden unabhängig voneinander detektieren, ein überzeugender Nachweis über die
Detektion von funktionalen Gehirnaktivierungen konnte jedoch nicht geliefert werden.
Um dieses Ziel zu errreichen, sollen im nächsten Schritt Experimente an Ratten durchge-
führt werden, so dass die von Mace et al. [148] publizierte Studie reproduziert werden kann.
Da Ratten ein sehr stark verbreitet eingesetztes Versuchstier sind, konnte bereits Gehir-
naktivierung in spezifischen Regionen mit verschiedenen Stimulationen detektiert wer-
den. Gehirnarktivität durch Barthaarstimulation und induzierte epiletische Anfälle [148],
sowie elektische Vorderpfotenstimulation [187] wurde mit Ultraschall nachgewiesen.
Die Anwendung dieser Stimulationen auf Ratten würde es uns erlauben, unser Ultra-
schallsystem, sowie die neue Software zur Datenaufnahme zu validieren und kalibri-
eren. Ist alles mit bekannten Stimulationsmustern an einem gut untersuchten Labortier
getestet und verifiziert, können weitere Experimente an Brieftauben durchgeführt wer-
den, wobei Stimulationen mit bekannten neuronalen Verarbeitungswegen eingesetzt wer-
den sollen, wie z.B. visuelle und akustische Stimulation. Um die Herrausforderung des
Nachweises von Gehirnaktivität auf Grund magnetischer Stimulation zu meistern, muss
das richtige Stimulationsmuster gefunden werden. Es ist bislang nicht klar, ob entweder
plötzliche oder langsame, starke oder schwache Änderungen, rotierende Felder oder eine
Kombination davon zur größten Gehirnaktivierung bei Brieftauben führen.

In dieser Arbeit wird gezeigt, dass zwei Methoden zur Messung des zerebralen Blut-
flusses erfolgreich in Konstanz etabliert werden konnten. Beide Techniken sind vergle-
ichweise neu in dieser Anwendung und zum ersten Mal konnten Änderungen weniger
Prozent bis hin zu einigen Promille im CBF von Brieftauben gemessen werden. Sobald
ein überzeugender Beweis für funktionale neuronale Antworten mit diesen Methoden
geliefert werden kann, eröffnen sich völlig neue Möglichkeiten zum Untersuchen von
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Gehirnaktivität und komplexer Verarbeitungswege mit verbesserter räumlicher und
zeitlicher Auflösung als bisherige Methoden. Vierdimensionales Scannen des gesamten
Gehirns mit unterschiedlichen Stimulationsmustern wird neue Einblicke in die Magne-
torezeption liefern und hoffentlich Antworten auf einige offene Fragen über diesen immer
noch unbekannten Sinnesmechanismus geben können.
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Appendix

1 Korbel Reflex Score
A reflex score to access the optimal anesthetic depth for surgery in birds was developed
by Korbel et al. [82]. A score between 0 and 29 points can be reached. For the surgical
plane an intended reflex score of 3 has been suggested by [82] (see Table 2).

Reflexstatus (Score) Auslösung und Bewertung von Reflexen
1. Lidschluss
0 = Lidspalte geschlossen
1 = Lidspalte halb geöffnet
2 = Lidspalte geöffnet

Beurteilt wird der Zustand der Lidspalte. Mit
zunehmender Narkosetiefe wird von einem Schluß der
Lidspalte ausgegangen.

2. Palpebralreflex
0 = Reflex erloschen
1 = Auslösbar mit Lidbewegung
2 = Auslösbar; mit Kopfbewe-

gung

Die Refelexauslösung erfolgt mit einem angefeuchteten
Wattetupfer durch Berühren des Lidrandes im
medialen Augenwinkel.

3. Pupillenöffnung
0 = Mydriasis
1 = Pupillenöffnung 50 - 75 %
2 = Miosis

Beurteilt wird die relative Öffnung der Pupille. Mit
zunehmender Narkosetiefe wird eine größere
Pupillenöffnung erwertet.

4. Pupillarreflex
0 = Reflex erloschen
1 = Refex verzögert
2 = Reflex physiologisch

Beurteilt wird die Geschwindigkeit und das Ausmaß
der Pupillenreaktion nach Beleuchten des Augens
(Diaskleralkegel, Distanz 0.5cm).

5. Kornealreflex
0 = Reflex erloschen
1 = Verzögert auslösbar;

langsames, unvollst.
Vorziehen der Nickhaut

2 = Verzögert auslösbar;
langsames vollständiges
Vorzeichen der Nickhaut

3 = Reflex physiologisch

Die geschlossene Lidspalte wird geöffnet. Beurteilt
wird die Reaktion der Nickhaut nach dezentraler
Berührung der Hornhaut mit einem angefeuchteten,
sterilen Tupfer. Für die Gewichtung des Reflexes ist
die Bewegungsgeschwindigkeit der Nickhaut und die
Vollständigkeit des Reflexablaufes maßgeblich.

6. Kopflage
0 = Schlaff herabhängend
1 = Leichtes Anheben
2 = Deutliches Anheben

Beurteilt wird die Tiefensensibilität durch Lage des
herabhängenden Kopfes ohne Einwirken eines
speziellen Stimulus.
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7. Nackentonus
0 = Nicht vorhanden
1 = Vorhanden

Beurteilung der Tiefensensibilität anhand des
Muskeltonus durch vorsichtiges Bewegen des Kopfes.
Bei völliger Erschlaffung kein Widerstand.

8. Beintonus
0 = Nicht vorhanden
1 = Geringer Tonus
2 = Kontraktion
3 = Kontraktion & Abwehrbewe-

gung

Beurteilt wird die Tiefensensibilität anhand des
Muskeltonus und von Reaktionen nach passiver
Streckung der Gliedmaße (aktives Zurückziehen des
Ständers), Maximalreaktion durch zusätzliches
Abwehrbewegungen (Flügelschlagen) gekennzeichnet.

9. Pektoralisreflex
0 = Reflex erloschen
1 = Geringe Flügelbewegung
2 = Anziehen einzelner Kör-

perteile, Kopfbewegung, ggf.
Öffnung der Lider

3 = Massive Abwehrbewegungen

Beurteilt werden Reaktionen nach Kneifen der Haut
zwischen den Ossa pubis mit einem einheitlichen
Druch (Spez. Kneifzange) von 0.9 kp/0.5 cm2.
Geringgradige Reaktionen sind durch Flügelzittern
gekennzeichnet, stärkere Reaktionen durch
uneinheitliche Bewegung verschiedener Körperteile,
ggf. Öffnung der Lidspalote. Maximalreaktion mit
Flügelschlagen, Kopf- und Beinbewegung.

10. Propatagiumreflex
0 = Spannhautreflex erloschen
1 = Geringe Flügelbewegungen
2 = Anziehen v. Extremitäten,

Lidöffnung
3 = Massive Abwehrbewegungen

Beurteilt werden Reaktionen nach Kneifen der
Flügelspannhaut. Beurteilungskriterien s.o.

11. Interphalangealreflex
0 = Reflex erloschen
1 = Geringes Anziehen der Beine
2 = Deutl. Anziehen d. Beine,

Lidöffnung
3 = Massive Abwehrbewegungen

Beurteilt werden Reaktionen nach Kneifen der
Zwischenzehenhaut. Beurteilungskriterien s.o.

12. Kloakalreflex
0 = Reflex erloschen
1 = Kontraktion des Sphinkters,

geringgradiges Anziehen der
Beine

2 = Anziehen einzelner Kör-
perteile, Kopfbewegung, ggf.
Öffnung der Lider

3 = Massive Abwehrbewegungen

Beurteilt werden Reaktionen nach Kneifen der
Perikloakalen Haut. Beurteilungskriterien s.o.

Table. 1: Reflexscore developed by Korbel et al. [82].
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Parameter assessment intended score
1. Lidschluss 0 to 2 0
2. Palpebralreflex 0 to 2 0
3. Pupillenöffnung 0 to 2 1
4. Pupillarreflex 0 to 2 0
5. Kornealreflex 0 to 3 2
6. Kopflage 0 to 2 0
7. Nackentonus 0 to 2 0
8. Beintonus 0 to 2 0
9. Pektoralisreflex 0 to 3 0
10. Propatagiumreflex 0 to 3 0
11. Interphalangealreflex 0 to 3 0
12. Kolakalreflex 0 to 3 0
Sum of reflex scores 0 to 29 3

Table. 2: Goal reflex score to go for in a surgical tolerance stage in bird anesthesia. Copied
and translated from [82].
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2 Trepanation

As mentioned in section 2.6 and 2.8.2, the big difference of the acoustic impedance of air
and bone (see Table 2.6) makes it mandatory for Ultrasound measurements to remove
such surfaces. A trepanation of the pigeon skull was performed by us in order to remove
the outer bone layer as well as the struts and trusses, while leaving the inner bone layer
intact. The surgery was performed in one of the operating rooms in the animal facility
(TFA) of the University of Konstanz with the setup shown in Fig. 1. A complete list
of all surgical instruments and additional components necessary for the surgery and the
installation of the window can be found at the end of this section. After the surgery

a

b

c

d
d

e

f

gh

j

i

Fig. 1: Image of the surgery setup: a Narkovet narcosis unit with bubbling water bottle
attached; b pulsoxymeter; c surgical instruments; d two vertically adjustable tables to
reduce hand-shaking during the surgery ; e stereotactic device; f heating blanket connected
to thermostat; g micro drill; h air duster; i flexible hose to discharge waste gases; j surgical
microscope.
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the thinned area gets covered by a self-made polyamide basin that can be opened for
Ultrasound measurements. The volume inside the basin gets filled with agarose (about 1
weight percent). The anesthesia regime for this surgery is similar to regime 3 of section
4.2 but in addition, postoperative analgesia was applied as well. The postoperative
analgesia consists of three injections of meloxicam (Metacam 2mg/ml) 0.5mg/kg BW
i.m. every 4 h and 0.5mg/kg BW buprenorphine i.m. every 12 h for at least three days
(the end of the analgesia was decided by the veterinarian). The surgery is described in
detail in the following.

An approximately 15-20mm long medial
skin incision is performed from rostral to
caudal in the area of the regio frontalis.
The feathers in that area were cut before-
hand and disinfection spray was applied.
The thinning area is marked and the pe-
riosteum is removed.

The bone in the marked area gets slowly
removed with a micro drill (EWL-K9).
This part of the surgery is performed un-
der a surgical microscope (Wild M650).
The working area is cleaned every several
minutes with an air duster (Thorlabs CA3
- Duster w/ Integrated Nozzle) to get rid
of the bone dust.
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Only the inner bone layer remains in the
area of the cranial window. At the edges,
the sponge-like structure of the skull can
be seen.

A 3-D printed (i.materialze.com)
polyamide basin (designed by Richard
Rau) is fixed on the intact skull with
dental cement (Harvard Cement). The
basin can be closed and re-opened with a
fitting plate.

The basin is filled with sterile Ultrasound
gel and a first measurement is performed
in order to check the quality of the thinned
area. The skin is attached to the cortical
window with the same dental cement, so
that the wound is completely closed.

All operated pigeons (five pigeons so far) have recovered completely after the surgery.
The pigeons were held in self-made special cages inside the animal facility to allow easy
daily survey and to prohibit possible aggressive behavior of other pigeons in the loft.
These cages were big enough for the pigeons to fly inside them, so that they would not
lose too much weight during the period with the cortical window. After 1.5-2 month,
the basins fell off the head of the birds and the skin adhered completely by itself without
the need of further treatment.
After that, the pigeons could be released to the loft without any restrictions.
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2.1 Surgery Checklist

The following list can be used as a checklist before the surgery and the installation of
the cranial window.

Trepanation

� OP Mikroskop

� OP Lampe

� Küchenrolle zur Unterlage

� Stereotaktisches Gerät

� Mikrodrill 1 mit Ablage (Zahnarztbohrer)

� Absauger

� Höhenverstellbarer Tisch (1x)

� Skalpell (1x)

� Pinzette

– spitz (1x)

– stumpf (1x)

� Wundspreitzer (1-2x)

� Wundhaken (2-3x)

� Desinfektionsmittel

� Spritze 10ml; G20/1,5

– Wasser gefüllt

– leer

� PVC Fenster (1x, vorgefertigt ca 1,5x0,5 cm)

� Tupfer (ca. 5x)

� Faserschreiber oder Edding

� Klebeband
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Dental Cement

• Havard Cement Pulver schnellhärtend (1x)

• Havard Cement Flüssigkeit schnellhärtend (1x)

• Mikrospatel (5x)

• Wiegeschalen (5x klein)

• Portionierlöffel (1x)

PVC Window

• Mikrodrill 2 (für PVC Zuschnitt)

– Aufsatz zum Schneiden

– Aufsatz zum Schleifen

• Tisch-Schraubstock Proxxon

• PVC Platten 1mm

• Schieblehre

Miscellaneous

• Handschuhe Nitril M und L

• Tupfer

• Spritzen (je 10x)

– 1ml

– 2ml

– 10ml

– 20ml

• Kanülen (je 20x)

– G29 (braun)

– G20/1,5 (gelb)

• Mundschutz
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3 Magnetic Field Values

The values for the magnetic field vectors in the laboratory as well as in the pigeon box
listed in Table 2.1 are calculated in the following way.
The magnetic field is measured using the measurement software described in section 3.2
and transformed into the coordinate system of the earth’s magnetic field Bearth with the
equation 


BN

BE

BD


 =




cos(ϕ) sin(ϕ) 0
− sin(ϕ) cos(ϕ) 0

0 0 1


 ·




Bmag,z

Bmag,x

Bmag,y


 · 10 . (1)

The Bmag are the rawdata values measured with the magnetometer. The angle ϕ between
the two coordinate system is determined with Google Earth, where a line along the long
laboratory axis was drawn. The magnetometer is to a good approximation alined along
this axis. Google Earth automatically calculates the angle between the north direction
and the drawn line, which is in this case ϕ = 19, 8◦. The inclination and declination
angles are calculated with

inclination = arccos

(
~nED · ~BNE

|~nED| · | ~BNE|

)

declination = arccos

(
~nED · ~BED

|~nED| · | ~BED|

)

where ~nED = (0, 1, 0) is the normal plane-vector of the East-Down plane and ~BNE =

(BN , BE, 0) and ~BED = (0, BE, BD) are the projections of the ~Bearth vector in the North-
East and East-Down plane.
The values for the laboratory were measured on the 16.08.2016 - measurement nr. 1 at
the location in the lab where usually the pigeon is left the night before an experiment.
The values for the pigeon box where taken from the experiment on the 10.03.2016 -
measurement nr. 1, where all the hardware including the Ultrasound transducer were
properly arranged inside the box.

4 Magnetic Calibration

In order to calibrate the output voltage ~Uout of the NI PXI-6722 , a magnetic script has
been created with the software described in section 3.2.3. In the script, each component
of ~Uout runs subsequently through a predefined voltage curve with the values [0V->+3V-
>0V->-3V->0V]. The transition between the values takes 10 s and each value is hold
constant for 10 s respectively. The magnetometer returns voltage data that give the
magnetic field inside the box with equation (3.4). The components of the magnetic field
vector ~Bcoils are plotted in Fig. 2 where the crosstalk between the axes is already clearly
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Fig. 2: The three components of the magnetic field in the box during a calibration run. The
data is measured with a magnetometer as described in section 3.1.

visible. A Matlab script calculates the labfield ~B0 by taking the mean over all baseline
values (0V output voltage). The crosstalk matrix A is calculated with the mean over
all plateau values at ±3V during each voltage curve. For the calibration run performed
on the 18th of November 2015 this results in

A =




14.8155µT/V −0.2883µT/V −0.1884µT/V
0.9µT/V −19.8721µT/V 0.7127µT/V

1.8441µT/V −0.4483µT/V 22.3609µT/V


 and (2)

~B0 =



−2.8572
−34.6615
14.8737


 . (3)

5 Hardware

In this section some of the hardware components of the setup are described in more
detail. The circled letters correspond to the ones in Fig. 3.5, the hardware components
without a circled letter are not visible in that figure.

a Multitau-Correlator & APD’s

This correlator has been built customized for the fundamental DWS setup before the
start of this project by correlator.com. It has 32 parallel correlation channels, each
consisting of 15 blocks of constant sampling times. The first block has 16 autocorrelation
channels with a sampling time of 200 ns. All other blocks have eight autocorrelation
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channels each and the sampling time is doubled from one block to the next, resulting in
a maximum integration time of ≈ 104ms. The integration time can be adjusted in 16
steps to a minimum of ≈ 6.5ms. The correlator has a trigger in for a 5V TTL pulse.
The data is transferred to the PC via USB. Since the correlator and its dll are custom-
built for this setup, the software interface is not documented. The dll was provided and
updated by correlator.com for Windows 7 64-bit. More information about how to install
the correlator and its driver are given in Appendix 6. The dll has the the following
internal functions:

• USBFree: The USB connection should be reset and all resources should be free
after calling this function. Unfortunately this doesn’t work and even communi-
cation with www.correlator.com did not lead to a solution of this problem. The
workaround is a self-made power supply, which can be switched by a 5V TTL pulse
so that the correlator power can be interrupted and resetting the USB connection.
This is usually done by the program, but can be set to manual reset in case of an
error of either the measurement software or the correlator (which happens from
time to time for no obvious reason).

• USBInitialize: This establishes the connection with the correlator and prepares it
to be started. A value of 1 is returned if it was successful and 0 if not. This process
takes about one minute and it is important, that all other processes are on hold
during this time. Not respecting that pause leads to errors. Therefore, the cursor
is deactivated in LabVIEW to prohibit any user inputs during that initialization
phase.

• USBStart : This starts the correlator and prepares the data calculation and data
transfer. The function has two input parameters, where the meaning and the exact
value of the first is neither documented nor communicated by www.correlator.com.
The input value of 10 was adopted from previous programs as this value appeared
to work for our purpose. The second input parameter is the intfactor, which defines
the integration time for the correlation function.

• USBUpdate: By calling this function, the data is transferred from the correlator to
the PC. It has four input and four output parameters, where the first two inputs
are set to zero and have no further influence as far as we are aware. The third
input is an empty 1D float array for the correlation functions, which has the size of
time channels (128) x correlation channels (32) x number of correlation functions
(100). The last value of 100 is an empirical value which performs well. This value
should not be too close to the real number of transferred functions and also not
too large as errors will occur in either case. The fourth input is an empty 1D U32
array for the countrate values. Its size corresponds to the number of correlation
functions (32) x the time channels (128) x 2. The last factor of 2 is empirical as
well.
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Again, the meaning of the first output is not known to us. The second one gives
the number of transmitted correlation functions, the third one is a 1D array of
all the correlation functions. This gets converted into a 3D array - time channels
(128) x correlation channels (32) x number of functions. The last output is the
array of the countrate values for each correlation function and of each correlation
channel summed up over the integration time.

• USBStop: This stops the calculation and the data transfer from the correlator. It
has no input and the only output value has no meaning as far as we know.

The correlator gets its input data from 32 Avalanche Photo Diodes (APD, Perkin-Elmer
SPCM-AQ4C) that are built into a rack. These diodes produce a 25 ns 4.5V TTL pulse
for every photon and have a dead time of 50 ns. A peak count rate of > 4MHz on all
channels for a short burst time and a continuous count rate of 1.5MHz is possible. The
dark count rate is 500Hz at most.

c LEDs

At the start of the project a self made circuit board connected to a myAVR controller
was used to control a board with LEDs of different colors. As the controller board
sometimes crashed or just stopped working, it was replaced by an Arduino and a new
custom built LED board. Unfortunately the errors were still present, leading to the
current setup of two LED’s being directly controlled by the NI PXI-6722 card’s digital
outputs. The digital “on” state results in a constant 5V output voltage. The LEDs
are soldered to a small circuit board. A specific resistance for every LED controls the
current through the LED to prevent damaging it and control its brightness. The LEDs
available for an use in the setup are listed in Table 3.

Packaging ID Model Nr. Luminance [mcd] Color (peak;width) [nm]
668-6483 LL1502HCWW1-C01 1600 white - 470;200
247-1741 L-53S 1300 yellow - 590;28
466-3526 L-7104VGCK 2000 green - 515;30
466-3497 L-7104VGCK 800 green - 515;30
590-525 256 turquoise
247-1628 L-934MBC 90 blue - 430;60
247-1561 L-934MBD 40 blue - 430;60
247-1684 L-53SYD 400 yellow - 590;28

Table. 3: List of the LEDs available for an use in the current setup. The packaging ID is a
number found at the LED’s packaging, the other values are taken from their enclosed data
sheets.

e Gig E Camera Basler ACE
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Images of both eyes of the pigeon are obtained during a measurement every 13ms which
equals a rate of ≈ 77Hz. Each camera has a Pentax objective, which allows to adjust the
focal point depending on the camera position. They are connected to a NI PXI 8234 Gig
E card. A specific buffer number from an internal image buffer can be read to ensure no
image losses due to software lags. The camera settings can be adjusted for the needs of
the measurement with the measurement software. Especially the exposure time can be
set in steps of microseconds, which is important to allow a good synchronization between
the cameras and the correlator. In the Settings.ini are predefined camera setting files
specified, which are loaded to the cameras during the startup process. This ensures that
the cameras run with the correct settings during any measurement.
The cameras are in a manually set Ethernet subnet. It is important to note, that
particularly one camera often can’t be read anymore after the measurement software was
run once. This can be fixed by restarting the cameras (disconnect them from the power
supply), the PXI chassis and the Host PC twice. Another solution, that sometimes,
but not always, works, is to deactivate and reactivate the network connections.
g Pulsoxymeter

The device has a RS232 output for the heart rate, the oxygen saturation and the absorp-
tion signal. It is connected to the NI PXI-4300 analog input card and is read at a rate
of 100Hz. The data for the heart rate has to be multiplied by a factor of ≈ 355 to match
the actual heartrate. This factor results from comparison with the absorption and the
DWS data where the heart rate can be extracted from as well. The oxygen saturation
has to be multiplied by 100. The CO2 concentration in the expiratory air could not be
measured as the breathing volume of a pigeon is too small.

Thorlabs Powermeter

The reflected beam is measured with a Thorlabs PM100D powermeter and S120C head
connected. The data is transferred to the PC via USB. LabView VIs were delivered
with the powermeter software and are used in a modified version in the measurement
software.

NI PXI-1062

The NI PXIe-1062 chassis is connected to a NI PXI-PCIe 8361 card in the Host PC.
The chassis has eight slots for different NI cards, in our setup that is shown in Fig. 3
we use the I/O cards listed below.

a NI PXIe-1062Q chassis

b NI PXI-6722 card with the SCB-68 connector block f connected and a custom-
built AO BNC connector box h . The mapping of the BNC box with the connected
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hardware and the SCB-68 can be found in Table 4. The card has eight 13-bit aO
channels with a range of ±10V, eight digital I/O channels and two counters.

c NI PXI-8234 card with two Gig E connectors.

d NI PXI-4300 card with the TB-4300 connector block and a custom-built AI BNC
connector box g . The mapping of the BNC box with the connected hardware
and the TB-4300 can be found in Table 4. The eight AI channels of the card have
a CAT II channel-to-channel isolation to prevent crosstalk between the inputs, a
dynamic range between ±1V to ±10V and a 16-bit resolution.

e NI PXI-4462 card that has four AI channels with a range of ±10V and a 24-bit
dynamic resolution for high resolution of the magnetic field measurement.

BNC number I/O Card port connected hardware
Input

0 AI 0 Pulsoxymeter signal
1 AI 1 Pulsoxymeter heartrate
2 AI 2 Pulsoxymeter SPO2

3 AI 3 -
4 AI 4 -
5 AI 5 -
6 AI 6 EKG signal
7 AI 7 fUS transmit trigger
8 PFI 0 -
9 - -

Output
0 AO0 Coil power supply Bx

1 AO1 Coil power supply By

2 AO2 Coil power supply Bz

3 AO3 -
4 AO4 -
5 P 0.3 LED 2
6 P0.2 LED 1
7 P0.1 Shutter
8 ctr 0 Start trigger in/out
9 P 0.0 Correlator reset

Table. 4: Mapping of the numbers on the BNC box to the input/output ports of the NI cards
and the connected hardware. Note that not all the listed hardware is connected in Fig. 3, but
these ports are currently set in the Settings.ini in case the hardware should be recorded.
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a

b

c

d

e

f

g

h

Fig. 3: Image of PXI setup: a NI PXIe 1062Q chassis; b NI PXI-6722 c NI PXI-8234; d
NI PXI-4300 with TB-4300 connector block; e NI PXI-4462; f SCB-68 connector block; g

custom-built AI BNC connector box; h custom-built AO BNC connector box

6 Measurement Software

The program requires the following National Instruments software as well as other soft-
ware and drivers to be installed on the system:

• NI LabVIEW 2012 32-bit or newer with VI Package Manager. Note that the
64-bit LV does not work with the correlator dll. LabVIEW has to be run in
administrator mode for the SystemExec.vi that calls the “cmd.exe” to disable the
network connection and the Windows firewall. This will lead to an error message
when opening LV, which can however be ignored.

• NI Vision Acquisition Software

• NI Vision Development Module
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• NI Device Driver

• OpenG Toolkit (via VI Package Manager)

• Basler Pylon SDK (latest version). Once the camera driver is installed, the IPs of
the cameras and the network adapters of the NI-8234 card have to be set, whereas
the camera and the corresponding network adapter have to be in the same subnet.
After that, it is important to set the network buffer size of the two cameras to 1 500
byte. Otherwise an error will occur when trying to get images from the cameras.

• Correlator driver “flex32ch32c_trigger c_win7.dll”. An installation guide for the
driver can be found within the drivers zip archive. Note that the driver is working
with Windows 7 64-bit, but has not been tested with other operating systems yet.
For LV versions later than 2012 it is important to note that the error handling in
the “Call Library Function Node” has to be set to “disabled”. Otherwise, calling
the dll will lead to errors crashing the program.
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