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Abstract. We present experiments and analyses of confocal reflec-
tance and two-photon microscopy studies of zebra finch skull
samples. The thin and hollow structure of these birds’ skulls is quite
translucent, which can allow in vivo transcranial two-photon imaging
for brain activation monitoring. However, the skull structure is also
quite complex, with high refractive index changes on a macroscopic
scale. These studies aim at exploring the geometrical and scattering
properties of these skull samples with the use of several confocal mi-
croscopy contrasts. Moreover, the study of the axial reflectance expo-
nential decay is used to estimate the scattering coefficients of the
bone. Finally, two-photon imaging experiments of a fluorescent object
located beneath the skull are carried out. It reveals that two-photon
fluorescence can be collected through the skull with a strong signal. It
also reveals that the spatial resolution loss is quite high and cannot be
fully explained by the bulk scattering properties of the bone, but also
by the presence of the high refractive index inhomogeneity of this
pneumatic skull structure. Even if the optical properties of the skull are
different during in vivo experiments, these preliminary studies are
aimed at preparing and optimizing transcranial brain activation moni-
toring experiments on songbirds. © 2009 Society of Photo-Optical Instrumentation
Engineers. �DOI: 10.1117/1.3155522�
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coefficients.
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Introduction

ased on the initial works of Göppert-Mayer,1 the patent of
enk, Stickler, and Webb2 describing two-photon microscopy

s now almost 20 years old. This application of two-photon
bsorption has been widely adopted for in vivo imaging be-
ause of its ability to maintain good spatial resolution �a few
icrometers�, even at the depth �1 mm� of scattering biologi-

al samples.3–5 In more recent years, two-photon microscopy
as been used for in vivo brain monitoring.6–12 Many of the
tudies were performed on rats or mice and have proved very
fficient. Unfortunately, the thickness �roughly 2 mm� and the
ighly scattering properties of rat skulls requires that a part of
he skull be removed and replaced with a glass window. The
ura mater has to be removed, too. In the case of mice, the
kull is much thinner, which allows two-photon imaging to be
erformed through thinned cranium.10–12 This approach in
ice tends to reduce many problems and artifacts associated
ith craniotomy �like abnormal temperature, pressure, or

ddress all correspondence to Thomas Olivier Laboratoire Hubert Curien, Uni-
ersity of Saint-Etienne, 18, rue Pr. Benoit Lauras-Saint-Etienne, 42000 France;
el: 00 33 4 77 91 58 20; Fax: 00 33 4 77 91 57 81; E-mail:
homas.olivier@univ-st-etienne.fr
ournal of Biomedical Optics 034038-
blood flow changes� by reducing the thickness of the skull to
about 200 to 250 �m or even less,12 and imaging directly
through this thinned skull to depths reaching 350 �m.10,11

Miniature head-mounted elements and optical fibers have
been successfully employed on freely moving rats, but still
require craniotomy.6 More recently, two-photon microendos-
copy experiments have been tested with very thin gradient
index lenses, allowing micrometer resolutions deep inside the
brain.8,9 In most of these various multiphoton in vivo brain
studies, the monitoring relies on the study of the dynamics of
red blood cells in brain capillaries.7,13 By staining the plasma
with various fluorophores, contrast can be obtained between
the fluorescent plasma and the dark-contrasted blood cells.
These studies, based on red blood cell motion, seem to require
quite a good resolution, which involves craniotomy. However,
the feasibility of such a measurement has been demonstrated
on mice through 250-�m thinned skull.11 Another way to
monitor brain activity can be the use of the endogenous fluo-
rescence of the reduced form of nicotinamide adenine di-
nucleotide �NADH� or flavoproteins involved in the metabo-

1083-3668/2009/14�3�/034038/11/$25.00 © 2009 SPIE
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ism of cells.14–18 This approach has the advantage of
liminating the need for contrast agents.

The framework of this study is to develop two-photon deep
maging �0.3 to 1 mm deep� in the particular case of brain
ctivation monitoring of songbirds like zebra finches �Tae-
iopygia guttata�. The motivation is to study the neuromecha-
isms underlying vocal recognition. In the animal communi-
ation field, zebra finches have become a widely studied
odel, as they are specialists in sound production and percep-

ion, and exhibit interesting social interactions.19 In the frame-
ork of ethological studies, and especially with fragile ani-
als like birds, it is crucial to try and develop brain activation
onitoring methods that are minimally invasive. Among non-

nvasive solutions, functional magnetic resonance imaging
fMRI� and near-infrared spectroscopy �NIRS� have been
sed and have demonstrated their efficacy.20–22 They are cur-
ently developed and applied to the particular case of the ze-
ra finch.23 Unfortunately, the blood oxygen level dependent
BOLD� signal measured in fMRI experiments remains diffi-
ult to link quantitatively with parameters expressing neural
ctivity. Moreover, the spatial and temporal resolutions of this
ethod are not completely satisfactory in the case of the
onitoring of fast sound processing on small animals. On the

ontrary, NIRS gives quantitative information about the cere-
ral blood volume �CBV� and the hemoglobin oxygen satura-
ion level, which reflects cerebral activity, but it is not an
maging method and thus has poor spatial resolution. The use
f two-photon microscopy is promising and offers a comple-
entary way to monitor brain activation via NADH fluores-

ence. In the case of the zebra finch, the structure of the skull
s quite unusual, as it has a pneumatic structure composed of
0-�m-thick internal and external cortical bones linked by
pproximately 250-�m-high trabeculae �see Fig. 1�. Thus, the
kulls of zebra finches are much thinner than the skulls of rats
nd are mainly composed of air, which renders them quite
ranslucent and poorly absorbing. Here we propose prelimi-
ary studies aimed at exploring the possibility of deep two-
hoton imaging through the intact skull of such a bird. The
ain purpose in our case is the activation monitoring of shal-

ow brain areas that are known to be involved in sound pro-
essing, i.e., the hippocampus and the caudomedial neostria-
um �NCM�. The NCM is located between the caudal and the
orsal part of the bird’s head and extends from 1 to 3 mm
elow the external surface of the skull. The hippocampus is
ocated above the NCM, between 370 and 920 �m below the
urface of the skull. The geometry of this multilayer problem
s illustrated in Fig. 1. This illustration sums up various his-
ology studies that have been performed in the Écologie &
euro-Éthnologie Sensorielles �ENES� laboratory, Saint-
tienne, France.

It has been demonstrated that two-photon fluorescence im-
ging can be performed with satisfactory contrast to a depth
f 1 mm in living mice brains and after craniotomy.5 In the
ase of NADH fluorescence variation monitoring, contrast
nd resolution requirements are reduced and a greater penetra-
ion depth may be reached. In the case of transcranial two-
hoton imaging on birds, the skull structure is hollow and
uite translucent, which could make the two-photon imaging
asier than for the small mammals usually used. However, we
o not know how much scattering occurs in the dense parts of
ournal of Biomedical Optics 034038-
the bird skull. Moreover, the refractive index inhomogeneity
due to the air gap and the trabeculae greatly reduces the ab-
sorption and scattering properties of the skull, but it may be
an important source of phase degradation of the excitation
beam. To our knowledge, there is no confocal or two-photon
imaging data of the structure or bulk scattering properties of
bird skulls. In our framework, it is important to explore the
possibility of performing transcranial two-photon imaging on
zebra finches to validate this approach and try to develop
adequate strategies for future in vivo experiments. In this
work, we thus present investigations and quantifications of the
complex micro- and macrostructure of the zebra finch skull.
Various contrasts were used to give geometrical and qualita-
tive data about the complexity and the intimate structure of
these samples �confocal reflectance mode, two-photon fluo-
rescence, and second harmonic generation�. To quantitatively
complete these investigations, we propose as well an estima-
tion of the bulk scattering properties of the dense parts of the
bird’s skull. To do so on such an inhomogeneous and multi-
layered structure, it was necessary to use an approach based
on reflectance mode confocal microscopy to characterize the
exponential decay of the backscattering as the focus goes
deep inside a scattering sample.24–27 Finally, we present two-
photon imaging experiments of a known calibrated fluores-
cent object located under skull samples to estimate the effect
of the skull of zebra finches on the spatial quality of the ex-
citation beam. These experiments are intended to provide a
methodological foundation for future in vivo monitoring ex-
periments with appropriate excitation and detection strategies.

Fig. 1 Schematic representation of the main different parts of the head
of zebra finches above the region of the caudomedial neostriatum
�NCM�. The layers represented here correspond to the main parts that
have to be crossed to reach the hippocampus or NCM with an imag-
ing system. The distances provided are average values that have been
previously measured on fixed histological slices of the zebra finch
head in the ENES Laboratory, University of Saint-Etienne, France. The
high inhomogeneity of the skin can be especially noticed, with a
height that varies typically between 100 and 190 �m. This is mainly
due to the presence of feather follicles on the bird heads �with a
surface density of 0.6 feather/mm2�.
May/June 2009 � Vol. 14�3�2
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Materials and Methods
.1 Two-Photon Fluorescence Imaging of Skull

Samples
o perform two-photon imaging as well as reflectance mode
onfocal imaging of skull samples, we used a TCS-SP2 con-
ocal microscope from Leica Microsystems. The laser system
as a Ti:sapphire MIRA 900 oscillator from Coherent,
umped with a 5-W Verdi Nd:YAG laser at 532 nm. The
aser system delivers typically 800-mW, 200-fs pulses with a
6-MHz repetition rate. The wavelength can be adjusted be-
ween 710 and 900 nm with a maximum power around
00 nm.

For two-photon imaging experiments �see Fig. 2�a��, the
uorescence was collected just after the microscope objective
ia a dichroic beamsplitter, which is transparent to wave-
engths greater than 700 nm. The collected visible radiation
pectrum is split by another dichroic cube into two channels
oward the nondescanned photomultipliers. This configuration

inimizes the losses in the fluorescence collection. The pres-
nce of additional filters �Chroma HQ525/50M and Chroma
Q610/75M� on the dichroic cube sets the detection bands

between 500 and 550 nm for one channel and between 575
nd 645 nm for the other one�. Microscope objectives that
ere used are long working distance water-immersion Leica
bjectives �HCX APO L U-V-I 10� NA 0.3, HCX APO L
-V-I 20� NA-0.5 or HCX APO L U-V-I 40� NA 0.8�. An

lectro-optical modulator �EOM� was used to adjust the laser
ower at the entrance of the confocal system. This was par-
icularly useful to automatically compensate for energy losses
ue to scattering as the focus moves inside the samples.

Concerning the preparation of the skull samples, male ze-
ra finches with an average weight of 12 g were sacrificed
ith a lethal intramuscular injection of pentobarbital. Their
eads were plucked a couple of days before sacrifice. The
lood was removed from the vascular system by cutting the
orta just after the death of the animal to avoid staining of the
one with blood during dissection. Approximately 4�4-mm

ig. 2 �a� Setup configuration and detection scheme for reflectance
eflecting radiations above 700 nm, DM2 is the dichroic mirror reflect
s the microscope objective, S is the sample, and TS is the translation
andpass filters �Chroma HQ525/50M and Chroma HQ610/75M�, DM
nd NDD2 are nondescanned detectors. �b� Comparison between th
ird and rhodamine B. The transmission spectra of the two filters �F
dashed curves� to show which part of the spectra will be received b
ournal of Biomedical Optics 034038-
pieces of skull were taken between the dorsal and caudal parts
of the bird’s head and along the sagittal suture. These skull
samples were fixed with a 4% paraformaldehyde solution.

2.2 Near-Infrared Reflectance Imaging and
Exponential Decay Measurements

To have a better knowledge of the zebra finch’s skull scatter-
ing properties, we chose to use a method based on reflectance
mode confocal measurements. Indeed, in our case, it is diffi-
cult to use conventional methods like time-resolved reflec-
tance measurements. We do not have a uniformly scattering
sample that is large enough to be considered as a semi-infinite
medium. This hypothesis allows then simpler simulations
based on the diffusion equation. In the particular case of this
hollow and thin skull structure, only a method based on 3-D
spatially resolved measurements can be used to estimate the
bulk scattering properties of the dense parts of the zebra
finch’s skull.

It is well known that in confocal reflectance mode imag-
ing, the backscattered power decreases as the beam focus goes
deep into a scattering sample. Indeed, it is commonly as-
sumed that the ballistic power at focus decreases exponen-
tially because of scattering. Then, because of the confocal
detection principle, the backscattered power that is collected
by the objective comes mainly from the focal volume. It may
also be assumed that the photons undergo the same exponen-
tial decay on the return path, which gives the following sim-
plified expression of the detected backscattered power:

P�z� = P0 exp�− 2�tz� , �1�

where P0 is the incident power of the beam, z is the position
of the beam focus inside the scattering sample, and �t is the
total extinction coefficient �including absorption and scatter-
ing losses�. When the absorption can be neglected, which is
often the case in biological media, this coefficient can be
identified as the scattering coefficient �s. This simplified
model can be a preliminary approach that is sometimes used

nd two-photon experiments. Excitation: DM1 is the dichroic mirror
ations below 700 nm �only present for two-photon experiments�, MO
etection: P is the pinhole, F0 is the IR high-pass filter, F1 and F2 are

e dichroic mirror with cut-off wavelength around 560 nm, and NDD1
hoton fluorescence spectra of the calvaria �autofluorescence� of the
F2� used in front of the nondescanned detectors are also presented
ondescanned detectors.
mode a
ing radi
stage. D
3 is th

e two-p
1 and
y the n
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o compare different scattering media.28,29 Actually, this equa-
ion is a good approximation only in the case of isotropic
cattering events, which are known to happen rarely in bio-
ogical samples. Moreover, this approach does not take into
ccount the real effective path of the photons inside the scat-
ering medium, which do not go straightforward in a highly
ocused beam configuration. This effective path correction de-
ends on the numerical aperture of the microscope objective
nd on the beam spatial profile.26 Moreover, the exponential
ecay of the reflectance highly depends on the anisotropy of
he scattering: as more power reaches the focus, less power is
ackscattered and more power reaches the confocal pinhole in
he case of an anisotropic scattering. This dependency was
ecently used by Jacques, Gareau, and Samatham et al.24–27 to
stimate the separate contributions of the scattering coeffi-
ient and the anisotropy coefficient. The decay of the confocal
eflectance as the focus goes deep into the sample can be
tted by the simple relationship:

R�z� = � exp�− �z� , �2�

here � is then the reflectance at the surface of the sample,
nd � is a decay coefficient, not to be mixed up with the
ctual scattering coefficient �s. With an anisotropic behavior
f the scattering, these coefficients both depend on the aniso-
ropy coefficient g and the scattering coefficient �s. In this
tudy, we aimed at measuring these parameters � and � on
one samples. At this point, only Monte Carlo simulations
hat take into account the geometry of the beam and the an-
sotropy of the scattering are able to link these two coeffi-
ients to the anisotropy and scattering coefficients g and �s.

26

ndeed, these reflectance mode measurements are performed
nly on a range that represents several scattering mean-free
aths. This implies that the multiple scattering hypothesis
sed in the diffusion approximation would not apply here.30,31

onte Carlo simulations were not performed in our case.
owever, with an adequate analysis of the problem, it is pos-

ible to deduce, as a first step, a quite accurate order of mag-
itude of the reduced scattering coefficient �s�, defined as

s�= �1− ��s. Further discussions about this are given in the
esults and discussion in Sec. 3.

Thus, to measure � and �, we performed near-infrared
NIR� reflectance mode imaging experiments �see Fig. 2�a�
or the experimental settings�. The standard spectral detection
f the microscope was used. The NIR laser beam is injected in
he optical path of the microscope via a SP700 dichroic mirror
ith a cut-off wavelength around 700 nm. We thus had to set

he laser wavelength of the MIRA 900 oscillator at 710 nm to
se the dichroic mirror as a simple beamsplitter. Indeed, the
xcitation wavelength was chosen to be close to the cut-off
avelength of the dichroic beamsplitter. In these conditions, it
as then possible to collect a small amount of the excitation
avelength on the photomultipliers tubes and thus acquire

eflectance mode images. As these experiments required a
ood axial resolution, only the HCX APO L U-V-I 40� NA
.8 was used, because it offers a higher numerical aperture.

This method requires measurement of the exact power
raction that is reflected or backscattered by a sample, and
hus a calibration was necessary. For this purpose, several
tacks of confocal reflectance images were performed on a
icroscopy glass plate of known refractive index �n=1.512�.
ournal of Biomedical Optics 034038-
All the reflectance data that are presented here are calibrated
to give a real value of the reflectance of the samples. Further-
more, these confocal reflectance stacks were used to estimate
the actual axial resolution by observing the axial extension of
the reflectance signal due to the interface between the glass
and the immersion medium. An experimental value of 6.2 �m
was measured as the axial resolution �full-width at half maxi-
mum �FWHM� of the axial reflectance distribution�. All re-
flectance experiments �glass and bone samples� were per-
formed with the same experimental conditions. Only the
incident average power of the NIR laser beam may have been
changed from one experiment to the other, but the average
power of the beam was measured using a power meter for
each experiment and taken into account in the calibration pro-
cess of the reflectance curves.

A first experiment was performed on a skull sample pre-
pared as described in the previous section. However, the skull
sample was kept in a phosphate buffered saline �PBS� solution
just after the sacrifice of the bird, and the confocal reflectance
stacks were acquired only few minutes after that. This sample
is referred in the next parts as the fresh bone sample. After
this first set, the sample was rinsed with PBS and kept over-
night in a 4% paraformaldehyde solution for fixation. A sec-
ond set of experiments was then performed on this fixed
sample and is referred in the next parts as the fixed bone
sample.

Each set of experiments was composed of image stacks
that were recorded on five different parts of one skull sample
�fresh or fixed�, and for each stack ten different ROIs were
considered. Each ROI consisted of a 20�20-�m square se-
lection located above a trabecula. Indeed, the outermost cor-
tical part of the skull is only 30 �m deep between trabeculae.
To observe the exponential decay as deep as possible, it was
thus necessary to measure it in parts of the skull that offer
enough depth �i.e., the trabeculae�. The exponential decay
curves that are plotted in Fig. 3 represent the variation of the
average of the gray levels in the 20�20-�m square selection
�average more than roughly 730 pixels�. The size of the ROI
was chosen to have the best compromise between fluctuations
�that appear when averaging on too small areas�, and the
steepness of the reflectance curve when the beam approaches
the sample surface �which is smoothed by possible tilts of the
surface relatively to the optical axis�.

2.3 Two-Photon Imaging Experiments of Rhodamine-
B-Filled Fiber Below Skull Samples

For this set of experiments, the material and settings are the
same as in the preceding section. However, preliminary spec-
tral studies were performed on skull samples and on
rhodamine B by using the spectral detection scheme of the
Leica microscope, allowing a wavelength scanning in front of
the photomultipliers. In Fig. 2�b�, the transmission spectra of
the filters are overlaid on the fluorescence spectra of the ana-
lyzed samples �skull samples and rhodamine B in ethanol�.
For these fluorescence spectra measurements, the microscope
was calibrated using a mercury lamp, and the spectral reso-
lution had been evaluated to be roughly 10 nm �FWHM�. The
spectra presented in Fig. 2�b� have been corrected thanks to
this wavelength calibration. In this figure, the skull fluores-
cence appears in both channels, while rhodamine B appears in
May/June 2009 � Vol. 14�3�4
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he orange/red channel, which indicates that fluorescence
rom rhodamine B can be easily discriminated from the en-
ogenous fluorescence of the bone samples. A second har-
onic generation �SHG� peak is also present around 410 nm

n the fluorescence spectrum of the calvaria. This type of
ontrast �SHG� was only used for Fig. 4�f� with a forward
etection scheme �i.e., through the bone sample�, including a
.5-NA condenser lens, a Chroma HQ400/50 bandpass filter,

ig. 3 �a� Fits of the exponential decay of the confocal reflectivity sign
he fits were performed by linearly fitting the logarithm of the reflectiv
ox-and-whiskers plots of the coefficients � and � measured on fres
ecays measured on ten different regions of interest of one stack and
ignificant differences can be seen between fresh and fixed tissues.
unction of the anisotropy coefficient g �according to the values of the
ine� bone samples.

ig. 4 �a� and �b� Two-photon fluorescence images of the bone structu
n a 900-�m-thick transverse slice of skull. �b� is a projection of a sta
xternal calvaria. This image was used to estimate the trabeculae aver
onfocal images of the external calvaria at 710 nm. The images repre
alvaria and the air gap within the skull, where the reflection signal is q
n a PBS solution, �d� was performed on fixed bone samples that wer
rojection of the external calvaria �taken from the same stack as for
SHG� image of the external calvaria. �g� and �h� DAPI labeling of the
g� is a projection from a 15-�m-thick stack acquired inside the exter
elow the external calvaria, revealing the starting of the trabeculae an
t are trabeculae, c are collagen fibrils, o are osteocytic lacunae, n are
g�.
ournal of Biomedical Optics 034038-
and the transmission detector of the Leica TCS-SP2 system
�not represented in Fig. 2�a��.

Concerning the sample preparation, the aim was to observe
a well-known and calibrated highly fluorescent object through
skull samples. Thus, silica hollow core fibers were used to
simulate, for instance, a single rectilinear blood capillary. The
fibers we used had a 120-�m total diameter and a hollow core
of a diameter equal to 10 �m. The core of the fiber pieces

ormed on five different regions of the same confocal stack of images.
es, ignoring the part where the background noise level dominates. �b�
fixed skull samples. These data were obtained by fitting exponential
different stacks acquired on five different regions of the skull sample.

t of the possible values of the reduced scattering coefficient �s� as a
nce at the surface �� for the fresh �straight line� and the fixed �dashed

he zebra finch skull. �a� is a projection of a stack that was carried out
t was performed approximately between 150 and 200 �m below the
meter and their surface-filling factor. �c�, �d�, and �e� Reflection mode
projections of stacks acquired near the surface between the external
gh. �c� was performed on freshly excised bone samples that were kept
overnight in a paraformaldehyde solution, and �e� is a perpendicular
tween the two trabeculae�. �f� Forward second harmonic generation
clei. This labeling reveals the location of cells in the zebra finch skull.
varia, and �h� is a projection from a 30-�m-thick stack acquired just
kull inner vascular system. Some features are highlighted with arrows
and v are blood vessels�. The scale bars represent 100 �m �a� through
al perf
ity curv
h and
for five
�c� Plo
reflecta
re of t
ck tha

age dia
sent z-
uite hi

e kept
�c�, be
cell nu
nal cal
d the s
nuclei,
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as filled with rhodamine B by capillary action and sealed
ith glue at both extremities. For optimized two-photon im-

ging of these samples, wavelengths close to 840 nm and a
oncentration of rhodamine of 10−1 mol /L were used.

As shown in Fig. 5�a�, the fiber was set on a 100-�m-deep
ectilinear groove machined on a plexiglas half-cylinder
hose radius of curvature is equal to 7 mm �which is the

verage radius of curvature of the zebra finch’s head�. The
ber was then glued on the plexiglas stand and covered with

he skull sample. The skull samples were prepared exactly the
ay it was described in the previous section. The microscopy

ransparent glue �Entellan, refractive index n=1.5� was used
o fill the empty spaces between the fiber and the skull, to
revent from having another air gap between the skull and the
lexiglas stand. To prevent the filling of the skull’s pneumatic
avity with water, the immersion medium we used for the
icroscope objective was a transparent gel, mainly composed

f water �echography gel�.
Several stacks of images were recorded between the sur-

ace of the skull and roughly 700 �m deep below the outer-
ost calvaria with the 20� microscope objective. One stack

s composed of roughly 300 images, and each 512�512 im-
ge is an average over three frame scans, and each line is an
verage over two line scans. In these conditions, these stacks

ig. 5 �a� Representation of the setup that was used to image a hollow
bjective. IM: immersion medium. Sk: skull sample. G: Entellan glue.
uorescence images of the calvaria and the rhodamine-B-filled fiber at

hrough the Chroma HQ525/50M filter, and the red channel corresp
articular depths are imaged �z=0, outermost surface of the first cal
=351 �m, last visible parts of the skull �second calvaria�; and z=71
uorescence images of the skull and the rhodamine-filled fiber. Only t
oth from the calvaria and rhodamine B. This figure is an averaged pro
he scale bars widths are 100 �m on �b� and �c�. Some features are h
nd i.c. are internal calvaria�. �d� and �e� are respectively the lateral �a
n �c�. The FWHM is respectively 23 �m for the lateral profile and 19
ournal of Biomedical Optics 034038-
represent a volume of 750�750�1170 �m. The images that
are presented in the results in Sec. 3 may be either xy projec-
tions averaged over a couple of frames or xz projections av-
eraged over the whole stack. xz projections are used to obtain
an average cross section image of the fiber fluorescence. This
was possible because, in each experiment, the fiber was per-
fectly aligned with the y direction.

3 Results and Discussion

Several types of experiments were carried out and gave us
quite different insights on the geometrical and scattering prop-
erties of the zebra finch skull and the possibility of performing
deep imaging through this structure. These results are pre-
sented next in three parts. The first is dedicated to the descrip-
tion of general structural information on the skull, obtained
with either the confocal reflectance mode or two-photon fluo-
rescence contrast. The second part is dedicated to a set of
confocal reflectance experiments that were carried out to es-
timate the reduced scattering coefficient of the skull. Finally,
the last part explores the feasibility and the loss of resolution
of two-photon deep imaging through skull samples.

ber filled with rhodamine B through skull samples. MO: microscope
iglas stand. HF: hollow-core fiber. RhB: rhodamine B. �b� Two-photon
s depths. The green channel corresponds to the fluorescence collected

the fluorescence collected through the Chroma HQ610/75M. Four
=58 �m, inner side of the first calvaria �the trabeculae are visible�;

rhodamine-B-filled hollow fiber�. �c� xz projection of the two-photon
rescence collected in the red channel is represented here, as it comes
along the y direction as the fiber was set perfectly parallel to this axis.
ted with arrows �t are trabeculae, f is fiber, e.c. are external calvaria,
and axial �along z� profile of the rhodamine B fluorescence observed
for the axial profile.
-core fi
St: plex
variou
onds to
varia; z
5 �m,
he fluo
jection
ighligh
long x�
0 �m
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.1 Structural Analysis of the Skull Samples

n most studies that aim at measuring brain parameters or
ctivation with optical methods, rats or mice are used. These
odents have a thick and dense skull compared to birds. In the
ase of birds, the skull structure is pneumatic and mainly
omposed of air and two very thin calvariae linked by trabe-
ulae �see Fig. 4�a��. Thus, this skull structure is quite trans-
ucent, because only a small part of this structure is made of
ense, absorbing, and scattering material. We showed that tra-
eculae have good circularity �Fig. 4�b��. Their average
quivalent diameter was estimated to be 102.7�8.5 �m. The
ensity of trabeculae was also estimated and lies between 11
nd 13 trabeculae /mm2. In these conditions, the trabeculae
urface filling factor is 9 to 11%. This indicates that roughly
0% of a light beam can cross this bird skull without being
bsorbed or scattered by trabeculae, that is to say that 90% of
he photons will only experience absorption and scattering of
he two thin calvariae.

The structure of the calvaria was explored using several
ifferent contrasts. As can be seen in Figs. 4�c�–4�e�, reflec-
ance mode confocal imaging highlights the high reflectance
hat comes from the high refractive index change between the
alvaria and the air gap. The contrast of Figs. 4�c� and 4�d�
ainly comes from this refractive effect, which gives insights

n the roughness of the inner interface. In particular, the dif-
erence between fresh bone �Fig. 4�c�� and fixed bone �Fig.
�d�� concerning the trabeculae shapes and the speckle-like
spect indicates that the skull samples are degraded by the
xation process. This is confirmed by the scattering analyses

n the next section. Figure 4�e� �performed on a fresh sample,
ide projection� confirms that the calvaria is quite regular be-
ween trabeculae, with a thickness equal to 35 to 40 �m.

The microscopic structure of the skull has been more pre-
isely investigated with second harmonic generation contrast
Fig. 4�f��, which is known to be quite specifically induced by
ollagen fibrils. This image shows the high density and pre-
ominancy of the collagen matrix in that kind of bone sample.
oreover, it is possible to see 10-�m cavities �osteocytic

acunae�, which indicate the presence of osteocytes embedded
n the collagen and mineral matrix of the calvaria. These os-
eocytes are more obviously observed in Fig. 4�g� where a
� ,6-diamidino-2-phenylindole �DAPI� labeling of the cell
uclei was performed. These measurements were treated
ualitatively in this work, but further quantitative analysis of
hese stacks may be useful to simulate the scattering proper-
ies of this bone. Finally, Fig. 4�h�, which was performed
eeper in the DAPI-labeled sample, shows trabeculae, osteo-
ytes, and vascular cells. This image illustrates the fact that
ighly resolved images can be obtained via two-photon mi-
roscopy, at least through the first calvaria. Notice that only a
ew blood capillaries will scatter and absorb the light passing
hrough the skull, and it may be reasonable to think that this

ay only have a slight effect on the overall losses of the
ncident beam.

According to these structural investigations of the zebra
nch skull structure, it is obvious that the scattering properties
f these samples come from a complicated distribution of in-
omogeneities with sizes varying from tenth of nanometers
for collagen fibrils� to several microns �osteocytes� and even
ne hundred microns �for trabeculae�. Moreover, we noticed
ournal of Biomedical Optics 034038-
the presence of underlying blood capillaries, which absorb a
lot compared to the other components of the bone, but they
are hopefully not too numerous and not too thick. As it is well
known in tissue optics, all these inhomogeneities lead to scat-
tering properties that result from a complex mixing of Ray-
leigh and Mie scatterers, which is the case in many biological
samples, but in a quite different manner here. In addition to
that, the presence of a very high refractive index change and
of macroscopic scale structures �trabeculae� is very unusual. It
is thus difficult to have a good representation of the whole
scattering properties of this original and particularly complex
type of samples.

3.2 Confocal Reflectance Experiments for the
Estimation of the Scattering Properties

The results of our estimations of the exponential decay mea-
surements are summed up in Fig. 3. In Fig. 3�a�, the decrease
of the logarithm of the normalized calibrated reflectance �see
Sec. 2 for details� as a function of z is presented �black dots�
for five different ROI in a single trabecula. The linear fit of
these experimental data is presented as a solid line. The num-
ber of points that were used for a single fit is indicated �more
than 20 for all the fits�, as well as the corresponding � and �
parameters that were found. This method was applied to ten
different ROI of a single trabecula, and this was repeated for
five different trabeculae. This gives 50 values of � and � for
each type of sample �fresh or fixed�. As can be seen in Fig.
3�a� the data follow quite well an exponential decay until the
background noise dominates, roughly 0.1 mm deep inside the
sample. The quality of the fits indicates that the reflection
induced by the interface between the immersion medium and
the bone surface can be neglected compared to the back-
scattering from the surface. The results are summed up in a
box and whiskers plot �Fig. 3�b��. The first interesting result is
that the values of the reflectance at the surface �, as well as
the decay coefficient �, are quite different for fixed and fresh
samples. This confirms quantitatively the qualitative results
showed in Figs. 4�c� and 4�d�. The modification of the scat-
tering properties is clearly shown here between fresh and
fixed samples. The average values and the standard deviations
are summarized in Table 1.

As we said in Sec. 2, only Monte Carlo simulations in our
geometry could help us find the value of the scattering coef-
ficient g and �s from the knowledge of the reflectance expo-
nential decay parameters � and �. However, some further
analyses can be made at this point. Indeed, if we make the
assumption that the phase function of the scattering follows
the Henyey-Greenstein function32 �which is often made in
Monte Carlo simulations of photon transport in biological me-
dia�, the confocal reflectance at the surface of the sample can

Table 1 Average values of � and � and their standard deviations
calculated over a sample of 50 different regions on the skull samples.

Sample type � ��mm−1�

Fresh �8.20±2.44��10−4 45.2±5.3

Fixed �2.23±0.58��10−4 68.3±16.1
May/June 2009 � Vol. 14�3�7
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e approximated by using the classical phenomenological ap-
roach of light scattering. In this approach, the backscattered
ignal that is detected through the confocal pinhole comes
ainly from the backscattering due to the scatterers present in

he focal volume. The total scattering cross section �s in the
ocal volume can then be written as:

�s = �sV�s, �3�

here �s is the volume concentration of scatterers, V is the
ocal volume, and �s is the scattering cross section of one
catterer. By definition, the scattering coefficient �s is equal
o �s�s. To have a reflectance value, it is necessary to divide
his total scattering cross section by the cross section of the
eam at the focal plane. The focal volume is approximated by
cylinder with a height equal to �z �which is assumed to be

qual to the axial resolution, i.e., 6.2 �m as estimated in Sec.
�. Thus, the total fraction R of light scattered in the focal
olume is equal to:

R = �s�z . �4�

To take into account the anisotropy of the scattering and
he part that is collected by the objective, this total scattered
raction has to be multiplied by the integration of the Henyey-
reenstein function from � to ��+	�, where 	 is the collec-

ion angle of the objective, determined by its numerical aper-
ure. After integrating the Henyey-Greenstein function, the
ackscattered fraction � at the surface of the scattering sample
s thus:

� = �s�zF�g� , �5�

here

F�g� = A�g�� 1
�B�g� + u

−
1

�B�g� + 1
� , �6�

A�g� =
1 − g2

�2g�3/2 , �7�

B�g� =
1 + g2

2g
, �8�

u = cos 	 =�1 −
NA2

n2 . �9�

NA is the numerical aperture of the collecting objective
nd n is the refractive index of the immersion medium.

We used Eq. �5� and the values of � presented in Table 1 to
lot the possible values of the reduced scattering coefficient

s�= �1−g��s as a function of g �see Fig. 3�c��. With this
efinition, 1 /�s� represents the equivalent mean-free path be-
ween successive isotropic scattering events due to multiple
nisotropic scattering events �then characterized by �s and g�.
ach curve of Fig. 3�c� represents the possible values of �s�

or each sample �fresh and fixed�. As can be seen, the fresh
ample seems to be more scattering than the fixed samples. At
his point, only Monte Carlo simulations could help us deter-
ournal of Biomedical Optics 034038-
mine precisely the possible values of g according to the ex-
ponential decay parameter �. The relationship between � and
the scattering coefficients �s and g can be written as:24–26

� = 2�sGa�g� , �10�

where a�g� is a function that is determined by Monte Carlo
simulation for one particular focusing condition �it depends
only on the numerical aperture of the beam�. This function
approaches 1 for isotropic scattering �g→0� and approaches
0 for perfectly forward directed scattering �g→1�. G is a
corrective term that accounts for the fact that, in a highly
focused beam, the photons entering perpendicularly to the
sample surface cross less scattering medium to reach the fo-
cus than the photons coming sideways. It depends then on the
beam profile and the numerical aperture of the objective.25

However, even with a uniform beam shape and with a 0.8
numerical aperture �our case here�, it cannot exceed 1.25,
which is the ratio between the path length of the most tilted
ray coming out of the objective over the path length of a
perpendicular ray reaching the focus. Monte Carlo simula-
tions that can be found in Ref. 25 were performed with a
numerical aperture of 0.9. In these conditions, it can be seen
from the same reference that the a�g� function is unambigu-
ously close to 1 when g
0.7, and it is reasonable to think
that this would also be true in our case, where the numerical
aperture is 0.8. With this hypothesis �g
0.7�, it can be seen
from the results of Fig. 3�c� that the scattering coefficient �s
would be less than 11.8 mm−1 for fresh samples and
3.2 mm−1 for fixed samples. According to Eq. �10�, with
a�g��1 and G
1.25, this would not be compatible with the
values of the exponential decays � that we found �see Table
1�. Following the same analysis, this incompatibility is still
valid with the hypothesis that g
0.9, but only for fixed
samples. Therefore, despite the fact that we did not perform
Monte Carlo simulations, the anisotropy coefficient is more
likely to be above 0.7 for fresh samples and above 0.9 for
fixed samples. According to this and to the results of Fig. 3�c�,
a relatively small range of variation can be given for the re-
duced scattering coefficient �s� and the anisotropy coefficient
g. These values are summarized in Table 2. These values in-
dicate that the scattering properties of the skull sample of
zebra finches are quite low and forward directed. Moreover, it
seems that for fixed samples, the scattering is much lower in
terms of reduced scattering coefficient. First, this indicates
that extra care must be taken when we try to draw conclusions
from post-mortem experiments on fixed samples. Secondly,
this suggests we try to lower the scattering properties of the
skull during future in vivo experiments. This kind of reduction
of the reduced scattering coefficient has been recently studied
with propylene glycol and glycerol.33 To our knowledge, no

Table 2 Estimation of the reduced scattering coefficients and aniso-
tropy coefficients of fresh and fixed skull samples at 710 nm.

Sample type �s��mm−1� g

Fresh 3.5 to 4.9 0.7

Fixed 1.2 to 1.3 0.9
May/June 2009 � Vol. 14�3�8
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alue can be found about the scattering properties of bird
kull; however, our values can be compared to the measure-
ents performed by Firbank et al. on pig skull samples in the
IR region.34 In this study, values of the anisotropy were

ound from 0.925 �at 650 nm� to 0.945 �at 950 nm�, and val-
es of the scattering coefficients varied from 35 mm−1 �at
50 nm� to 24 mm−1 �at 950 nm�. This would give values of
he reduced scattering coefficient ranging from 2.62 mm−1 �at
50 nm� to 1.32 mm−1 �at 950 nm�. We find here quite
igher values in the case of fresh samples. However, it may be
oticed that the reduced scattering coefficient that we found
ere has the same order of magnitude as the reduced scatter-
ng coefficient of the zebra finch head that was measured by
n vivo time-resolved spectroscopy in a former study.35 A re-
uced scattering coefficient of 4.8 mm−1 was found, which
ame mainly from the scattering in the brain of the bird. Ac-
ording to these data and in the perspective of two-photon
maging deep in the brain of the bird, it is clear that the bulk
cattering of the bone should not account much for the scat-
ering losses of the incident excitation beam. However, the
ext part of this work gives further insight on this last as-
umption.

.3 Two-Photon Deep Imaging through Zebra Finch
Skull Samples

s estimated in the previous section, bulk scattering in the
wo calvariae of the skull of the zebra finch is small, com-
ared to the scattering that would occur in the brain tissues.
owever, we consider it important to explore the impact of

he whole skull structure on the excitation beam, and thus on
wo-photon imaging of fluorescent objects located below the
kull. To do so, we chose to image a small and highly two-
hoton fluorescent object, i.e., a hollow fiber filled with
hodamine B �see Sec. 2 for details�. In Fig. 5�a�, a schematic
f the sample is presented, which was described in Sec. 2. In
ig. 5�b�, it is possible to see several two-photon fluorescence

mages that were performed on the skull sample below which
he rhodamine-B-filled fiber is located. As was already men-
ioned, the endogenous fluorescence of the bone is principally
ollected in the green channel, whereas the exogenous fluo-
escence of the rhodamine B is collected almost entirely in the
ed channel. The contrast for the first calvaria is quite high,
evealing details that were already shown in Fig. 4. Trabecu-
ae are clearly observed just below the first calvaria, but for
reater depths it becomes difficult to distinguish them clearly,
s is the case for the second calvaria. However, at 715 �m
eep below the outermost calvaria, the fluorescent fiber is
learly seen, indicating that it is possible to detect the fluo-
escence of a small and highly fluorescent object through the
kull of the zebra finch. The loss of resolution and contrast
nd the fluorescent object are also observable on the xz pro-
ection of Fig. 5�c� �red channel only�. On this projection, it is
ossible to estimate the resolution loss, especially in the z
irection. The lateral and axial fluorescence distributions are
lotted in Figs. 5�d� and 5�e�. On these plots, we measured
hat the FWHM of the fluorescence is 23 �m in the lateral
irection and 190 �m in the axial direction. This fluorescence
ntensity distribution is not the well-known point spread func-
ion �PSF� of the excitation beam, as the fiber fluorescent core
10 �m� is too close to the final lateral spread of the fluores-
ournal of Biomedical Optics 034038-
cence �a smaller object should have been taken to simulate a
Dirac delta function�. Moreover, what is represented here is
not the spatial distribution of the excitation beam intensity,
but the distribution of the two-photon fluorescence, which is
supposed to follow the squared excitation intensity. However,
this fluorescence spatial distribution gives a good evaluation
of the two-photon fluorescence imaging resolution or spatial
selectivity that we can expect when imaging through only the
skull of the zebra finch, without considering any other scat-
tering brain parts.

The fact that a highly fluorescent object can be detected
through a thin scattering sample is not really surprising, but it
was worth testing because our sample is quite unusual. We
have shown earlier that only 10% of the beam is affected by
trabeculae, while roughly 90% of the beam experiences only
the scattering from the two calvariae, i.e., roughly
60 to 80 �m of scattering medium. However, it is interesting
to observe that the beam is quite spread by the skull. By
simply taking the square root of the fluorescence profile of
Figs. 5�d� and 5�e�, it appears that the beam intensity spread-
ing would be 48 �m in the lateral direction and 397 �m in
the axial direction. It seems reasonable to think that such a
spreading of the excitation beam is not fully explained by the
bulk scattering properties of the two thin calvariae, but also
by the high refractive index inhomogeneities induced by the
presence of the air gap. Indeed, thanks to the previously de-
scribed reflectance experiments, the bulk scattering properties
of the bone do not seem to be particularly higher than in most
biological samples.36 Moreover, recent studies10–12 have dem-
onstrated that fluorescent objects can be imaged via two-
photon microscopy through thinned skulls. In these studies,
small structures like fluorescein isothiocyanate �FITC�-
injected capillaries located below the skull of mice have been
imaged through the skull thinned to 250 �m without losing
resolution as much as we do.11 This also strongly supports the
idea that our structure is quite unusual and that our resolution
loss may be mainly due to its pneumatic structure. Moreover,
we did not work on intact skull in vivo, but on fixed samples
that were found to be less scattering than fresh samples �see
Table 2�. The image quality might then be even worse during
in vivo experiments because of bulk scattering as well as the
presence of blood in the capillaries.

4 Conclusion
To lay the groundwork for two-photon imaging through the
skull of zebra finches, we study the 3-D microscopic structure
of skull samples, as well as their macroscopic structure, which
is quite unusual compared to the skull of rodents. We use
several microscopy techniques for this purpose �reflectance
mode confocal microscopy, two-photon microscopy, and sec-
ond harmonic generation microscopy�. The peculiarity of the
bird skull is the presence of an air gap and trabeculae. The
size of the outer and inner calvariae is not very deep
�35 to40 �m� and quite regular. However, the presence of
300-�m trabeculae may eventually be a problem for imaging
through the skull. These trabeculae only represent 10% of the
total area of the skull. In these conditions, most photons from
the excitation beam are not affected by these structures. How-
ever, this view does not hold in the case of high numerical
aperture objectives, because the rays that cross the skull with
May/June 2009 � Vol. 14�3�9
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high angle are certainly more affected by the presence of
rabeculae. Concerning the inner bulk structure of the bone,
econd harmonic generation imaging, DAPI labeling, and re-
ectance mode confocal imaging reveal that the bone is quite
omogeneous, with only several small osteocytes and a dense
ineral and collagen matrix.
To better characterize the bulk structure of the bone, re-

ectance mode experiments are performed that rely on the
ecay measurements of the backscattered power. These ex-
eriments are quite well adapted to our particular case for two
easons. First, the complex geometry of the skull renders im-
ossible the use of other techniques based on numerous scat-
ering events that require large and homogeneously scattering
amples. Second, the surface of the skull sample is quite
mooth, which makes it simpler to locate the surface on re-
ectance curves. However, the use of this technique requires
onte Carlo simulation of the anisotropic photon transport in

he scattering sample, and this with the geometry of the fo-
used beam must be taken into account. We did not perform
uch simulations in our case, but by a correct analysis of the
eflectance at the surface and by comparing our results with
ther works that used almost the same geometry, it was pos-
ible to give a range of variation for the reduced scattering
oefficient �s� and a lower limit for the anisotropy coefficient.
hese results indicate that the bulk scattering properties of the
one that composes the skull of the bird are higher, but com-
arable, to those of pig skull.34 An important point is that
xed bones are less scattering than fresh ones, giving perhaps

deas to reduce the scattering properties of the bone, as was
one in a recent work.33 As a conclusion, the dense parts of
he skull of zebra finches are not particularly more scattering
han most biological samples. Moreover, it seems that it scat-
ers a little less than the bird’s head that was characterized in
ivo in a previous study.35

Finally, to test the feasibility of two-photon fluorescence
ollection and imaging through the skull, we study the effect
f skull samples on the two-photon imaging of a known ob-
ect located deep beneath the skull. While the contrast is quite
igh with this highly fluorescent object, the loss of resolution
s important, especially for the axial resolution. However, in
he case of NADH fluorescence monitoring, the spatial reso-
ution required is less stringent. Indeed, we are interested in
btaining an axial resolution that allows us to distinguish be-
ween the metabolism of two different brain regions. Accord-
ng to our studies, a resolution of 23 �m in the lateral direc-
ion and 190 �m in the axial direction may be reached, which
s reasonable compared to the lateral extent of the region un-
er study �roughly 1 mm�. However, it would be interesting
o reduce the mixed scattering and aberrational problem that
ccurs, because the spreading of the beam reduces the reso-
ution and also decreases drastically the intensity of the beam
t focus, which leads to a less powerful excitation and to a
esulting decrease of the fluorescence �which follows the
quared intensity�. When comparing the resolution and fluo-
escence losses to the size of the scattering calvariae and to
he scattering properties found in Sec. 3, it seems clear that
he scattering problem here cannot be reduced to the case of
n uniformly scattering slice of 2�35 �m. The entire skull
ust be taken into account and could help us, by performing
ournal of Biomedical Optics 034038-1
simulations, to better understand what disturbs the excitation
beam.

In the case of uniformly scattering samples, the maximum
imaging depth is known to be reached when the two-photon
fluorescence from the surface is comparable to the fluores-
cence at focus.4,5,37 The conventional strategies that are pro-
posed to improve the maximum imaging depth are the use of
high numerical aperture objectives, higher pulse energies,4,5,37

or even special excitation or beam shaping
configurations.38–40 However, these studies always rely on the
hypothesis of two-photon imaging in one uniformly scattering
sample. In our case, it is clear that the energy loss will have to
be compensated by higher energy pulses, as well as the fact
that the NADH is much less fluorescent than rhodamine B.
On the contrary, it is not obvious here that a greater numerical
aperture will improve our experiments. Indeed, if a larger
fraction of the photons crosses the skull with a high angle, it
is likely that they will have to cross more trabeculae, which
may have a catastrophic consequence on the beam spatial dis-
tortion. Besides, the problem of the contrast losses still re-
mains and will certainly be quite different from the case that
is usually described in the formerly cited studies. Thanks to
these preliminary studies, several ways are about to be ex-
plored and the choice of the best strategies depends on the
respective roles of various phenomena on the beam distortion
and energy losses �bulk scattering of the bone, distance be-
tween the scattering slices, macroscopic refractive index
variation, and presence of the trabeculae�. One of the most
promising strategies is beam shaping and the use of adaptive
optics to precompensate for aberrations. It could drastically
improve our resolution and imaging depth, especially in this
unusual configuration where macroscopic refractive index
changes are present. Unfortunately, this method is quite diffi-
cult to set up and expensive, but the several preliminary stud-
ies that we carried out here give precious insights that will
help us prepare this in the most adequate way.
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