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ABSTRACT

Live imaging of mammalian embryos can elucidate human embryonic
development, which is governed by several genetic and environmental factors.
Improvements in the acquisition and quality of imaging modalities can potentially
contribute to understanding, prevention, and, eventually, treatment of congenital birth
defects. This dissertation is devoted to investigate the morphological changes which are
associated with mouse embryonic development, using optical coherence tomography
(OCT). Firstly, the remodeling of the yolk sac vasculature in a mouse embryo is
analyzed. Detection of 3D vasculature using Doppler OCT and speckle variance (SV)
OCT were compared. The results demonstrate that SVOCT provides more accurate
representation of the vascular structure, as it is not sensitive to the blood flow direction.
Secondly, the development of ocular tissues from E13.5 to E18.5 was monitored in utero.
The volumes of the eye lens and eye globe was used as the parameter to monitor the
development of ocular structures. Results demonstrated the capability of OCT for high-
resolution, high-contrast imaging of ocular development in mouse embryos in utero.
Thirdly, OCT was compared with high-resolution ultrasound (US) to study the effects of
prenatal exposure to ethanol on brain development. Volume of the lateral ventricles was
used to assess the effect of ethanol exposure between the control and ethanol-exposed
fetuses. The results demonstrated that the volume of lateral ventricles was twice as high
in ethanol-exposed fetuses compared to the control ones. The results also demonstrated
clear advantages of using OCT for quantitative assessment of embryonic brain

development compared to US imaging.
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Chapter 1. Optical Coherence Tomography

1.1 Introduction

Optical coherence tomography (OCT) is an optical imaging modality capable of
depth resolved noninvasive 2D and 3D structural and functional imaging of biological
tissues [1-4]. OCT is analogous to ultrasound imaging as it obtains in-depth information
by measuring echo-time delay of photons scattered (back-reflected) from different layers
(optical boundaries or refractive index discontinuities) of a sample instead of ultrasonic
pulses. Due to the fact that light travels much faster than sound, present day detectors
cannot resolve the time delays of a photons coming from micron-thick layers of a sample.
This prompts the use of indirect methods to resolve these extremely small time delays.
For this purpose, OCT employs the principle of light interference by using an
interferometer. Contrast in OCT structural and functional images arises due to optical
interaction of light with tissue (absorption and scattering); therefore it requires no
external contrast agents. OCT typically provides an axial resolution of ~2-20 um and an
imaging depth of a few mm. Since its introduction in 1991 [1], OCT has been extensively
applied in various biomedical fields. OCT has shown its potential in the field of
ophthalmology [1], dermatology [5], dentistry [6], gastroenterology [7], tissue
engineering [8], amongst others. Besides providing structural information, OCT has also
been implemented to perform functional information such as flow dynamics within a
biological tissue [9, 10]. Over the last few years, OCT has successfully bridged the gap
between the macro-scale imaging modalities such as MRI and ultrasonography and

micro-scale modalities such as confocal microscopy.



1.2 Theory
1.2.1 Low coherence interferometry

Low coherence interferometry (LCI) is a nonscanning version of OCT and
typically employs a Michelson interferometer, with a broadband laser in the source arm, a
beam-splitter, and a photodetector in the detector arm (Figure 1.1). The beam-splitter
splits the light (usually 50:50) into a reference and a sample arm. The back-reflected light
from the reference and sample arms interfere at the beam-splitter and the resulting
interference pattern is detected by the photodetector. The broadband laser source in the
source arm has low time coherence, hence, interference between a particular layer of a
sample and the reference arm mirror is detected only when their optical path difference is
within the coherence length of the laser. A complete depth scan (A-scan) is obtained by
axially scanning the reference arm mirror as represented in Figure 1.1.

A Dbiological sample can be modeled as an ensemble of discrete

reflectors/scatterers. Mathematically they can be represented as,

rs(zs) = Zg=1 Tsn0(Zs — Zsn), (1-1)

where, 7, is the reflectivity of the n™ reflector at a path difference of zg, from the
reference arm mirror [11]. The current at the photodetector I, as the reference arm

axially scans across zg, is given by,

Ip(zg)  2[ So XN_;(JRgRsy €@~ 204K cos[ 2k (2 — 261)]) ], (1.2)

2



where, p is the responsivity of detector, S, is the integrated spectrum power, Ry is the
reflectivity of the mirror at reference arm, Ry, is the reflectivity of the n™ sample
reflector, zy is the path length of the mirror at the reference arm from the beam-splitter,
Zs, is the path length of the n™ sample reflector from the beam-splitter, k, and Ak are the
central wavenumber and bandwidth wavenumber of laser source. The plot of the current
detected at the photodetector with the axial scanning length of the mirror at the reference

arm is referred to as an A-scan.
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Laser source
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Source arm
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Figure 1.1. General schematic of a LCI system. A - central wavelength of the laser source, A\ - bandwidth
of the laser source, M - Mirror, S - Sample, BS- Beamsplitter and PD — Photodetector.
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1.2.2 Time-Domain OCT

Time-Domain OCT (TDOCT) is an extension of LCI, first introduced in 1991 in
the field of ophthalmology [1]. TDOCT employs a moving mirror in the reference arm to
perform in-depth scanning of the sample. Galvanometer mounted mirrors (galvos)

perform transverse scanning across tissue surface to form 2D (B-scans) and 3D images



(C-scans). Scanning of the mirror in the reference arm can also be performed using a
rapid scanning optical delay line (RSOD) instead of mechanical movement of the mirror
along z-direction [12]. Nevertheless, requirement of mechanical movement of the mirror
in the reference arm limits the speed of image acquisition in TDOCT systems (up to a
few kHz). However, it is preferred for ophthalmological applications due to its ability to
provide high imaging depths (limited basically by how much the reference mirror can be

translocated).

Reference arm

I >

<>
M
L

Continuous broadband
laser source

L
G

Photodetector

\‘1..

G
Sample
Sample arm

Computer
Figure 1.2. General schematic diagram of a TDOCT system. BS — Beamsplitter. L — Lens. M — Mirror. G —
Galvanometer mounted mirrors.

1.2.3 Fourier-Domain OCT

Alternative to the time-domain approach, the depth information can be obtained
by spatially resolving the laser spectrum into its frequency components. Due to Fourier
relation (Weiner-Khintchin theorem) between the autocorrelation and the spectral power
density, the depth information of the sample is encoded as a function of frequency of the
laser spectrum which is linear in wavenumber space (k-space). The mathematical

representation of the detected current for a multi-layered sample is given by



In(2) < £[v(2) * ZN_1(JRrRsn 81z + 2(zg = z)D], (1.3)
where, y(2) is the inverse Fourier transform of the laser source spectrum S(k). Fourier-
Domain OCT (FDOCT) is further classified into two subtypes based on their method to
resolve the wavenumbers of the laser spectrum: Spectral-Domain OCT and Swept-source
OCT.
1.2.3.1 Spectral-Domain OCT

Spectral-Domain OCT (SDOCT) resolves the wavenumbers using a spectrometer
instead of a photodetector at the detector arm (Figure 1.3). The spectrometer typically
comprises of a diffraction grating, a focusing lens and a CCD/CMOS array [13]. The
diffraction grating spatially separates the source spectrum as a linear function of
wavelengths instead of linear in k-space. This mandates the use of calibration techniques
for linear k-space conversion before application of Fourier transformation. Recently,
modifications have been made in the spectrometer by incorporating a prism, which

spatially separates the spectrum linear in wavenumber [14]. This saves computational

time as linear k-space interpolation techniques are no longer required.

Continuous broadband - )
laser source
L L Mirror
Beam splitter
Spectromet
L
L G
L

Sample

Sample arm

Computer

Figure 1.3. General schematic of a SDOCT system. BS — Beamsplitter. L — Lens. M — Mirror. G —
Galvanometer mounted mirrors



1.2.3.2 Swept-source OCT (SSOCT)

An alternative approach to SDOCT is to resolve the wavenumbers at the source
rather than at the detector end. A sweeping wavelengths laser source is the center of a
swept-source OCT (SSOCT) system [15]. Instead of a spectrometer, the SSOCT system
employs a photodetector (Figure 1.4). The spectrum swept by the laser source linear in
wavelength. An external interferometer, such as Mach-Zehnder interferometer (MZI) or
Fabry-Perot interferometer (FP) are often employed for conversion into linear k-space
[16, 17]. The peaks, troughs and the zero crossings from the interferometric signal
detected using MZI or FP correspond to indices which are linear in k-space. Hence, the
corresponding indices from the raw signal, detected by the photodetector, are chosen to
reconstruct the depth information. Recent developments have been made in Fourier-
domain mode locking (FDML) laser technology which can produce linear wavenumbers

in time, thus saving time that would be needed for linear k-space conversion [18].

Reference arm

Swept-source | - >
broadband laser

L L Mirror

BS

Photodetector

L G
1 L
G
Sample
Sample arm

Computer

Figure 1.4. General schematic of a SSOCT system. BS — Beamsplitter. L — Lens. M — Mirror. G —
Galvanometer mounted mirrors



1.2.4 OCT system parameters

Axial resolution, transverse resolution, imaging depth, imaging acquisition speed
and signal-to-noise ratio (SNR) are a few parameters which are often used to evaluate
OCT systems. These parameters have been described in this section.
1.2.4.1 Axial resolution

The use of low coherence light in OCT enables it to resolve depth information as
interference is recorded only when the optical path difference between the reference and
the sample arms matches within the coherence length of the laser source. The axial
resolution Az, is numerically evaluated as,

In2 1,2
Az = 2;‘2 >, (1.4)

2
where, % is the coherence length of the laser source. A broadband source with low

central wavelength (4,) and high bandwidth (41) has a low coherence length, as
indicated by equation 1.4. For example, for the same bandwidth a source with a central
wavelength of 860 nm has a better resolution than compared to a source with a central
wavelength of 1300 nm (Figure 1.5). The axial resolution is completely determined by
the laser source characteristics unlike other optical imaging modalities, where axial
resolution depends on the characteristics of the optics used in the system. The axial
resolution of an OCT system is often degraded by dispersion mismatch between the
reference and the sample arms. Dispersion compensation optics are often employed to

resolve this issue [19].
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—— Central wavelength: 860 nm
80 Central wavelength: 1300 nm
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Figure 1.5. Plot of axial resolution versus spectral width (AX) for central wavelengths (A0) of 860 and 1300
nm.

1.2.4.2 Transverse resolution
The transverse resolution in OCT is determined by the focusing optics used in the

sample arm. Numerically, transverse resolution (4x) is evaluated as,

A
Ax = 2o (L5)
T NA

where, NA is the numerical aperture of the focusing lens used in the sample arm. A high
NA results in a better transverse resolution, however, it reduces the depth of focus of the
laser beam.
1.2.4.3 Imaging depth

In a TDOCT system, the imaging depth is determined by the extent to which the

mirror at the reference arm can be translated. Theoretically, the imaging depth can extend



to infinity in a clear medium, considering that the mirror at reference arm can be
translated to infinity.

In a FDOCT system, the imaging depth is determined by the spectral resolution of
the system. The spectral resolution is determined by the characteristics of the
spectrometer in a SDOCT system, and the spatial pulse width of the swept-source laser in

a SSOCT system. Theoretical imaging depth can be evaluated from,

A’
Zmax = E’ (1-6)

where, 61 is the spectral resolution. The spectral resolution determines the Nyquist
criterion which limits the imaging depth.
1.2.4.4 Image acquisition speed

The speed of a TDOCT system is limited by the mechanical movement of the
mirror in the reference arm. The time for A-scan acquisition is determined by the time
taken by the reference arm to complete a single scan.

FDOCT systems are much faster than TDOCT systems as there is no mechanical
movement of the reference mirror is required. The entire A-scan is captured as a single
shot of the CCD/CMOS line camera in a SDOCT system. A-scan rates up to 312 kHz
have been recorded using a SDOCT system [20]. In a SSOCT system, the A-scan rate is
determined by the sweeping rate of the swept-source laser. Speeds up to 20 MHz have
been shown using buffered Fourier domain mode locked lasers (FDML) [21].
1.2.4.5 Signal-to-noise ratio

The signal-to-noise ratio (SNR) for a TDOCT system is given by,



_ pStpocTRs
SNRrpocr = Py 1.7)
TDOCT

where, p is the responsivity of the detector, Sypocr 1S the instantaneous source power, Rg
is the reflectivity of the sample, e is the electronic charge and BrpocriS the electronic
detection bandwidth [11].

The SNR for a FDOCT system is given by,

SNRppocr = pSrpocrlkm]Rs M, (1.8)

4eBrpocr

where, Sgpocrlkm] 1S the instantaneous power at wavenumber k,,, M number of
sampling points, Brpocr IS the electronic detection bandwidth [11].

Previous studies have proved the sensitivity advantages of FDOCT over TDOCT
up to 30 dB [22-24]. Due to the finite resolution of wavelengths in FDOCT systems, they
suffer from sensitivity drop off as imaging depth increases. This effect is more
pronounced in SDOCT as compared to SSOCT, where the effect is less pronounced [25].
1.2.5 Speckle in OCT

Speckle is a natural consequence in OCT due to use of coherent light source.
Biological tissues are optically inhomogeneous media and cause multiple scattering of
the incident light which distorts its phase as is propagates within the tissue. Speckle arises
as a consequence of interference of the multiply scattered beam with random phase [26].

Being a random phenomenon, speckle distribution is described by it statistical properties.

10



The probability of measuring intensity (I), in a fully developed speckle is given by a

negative-exponential density function as,

1 I
p(l) = 56 <I>, (1.9

Speckle in OCT is considered as a source of noise for most applications as it
degrades the contrast of the image and makes it difficult to resolve boundaries between
different layers in the tissue. Numerous methods have been devised to reduce speckle
noise in OCT images [27-31]. However, the speckle is also a carrier of information about
the underlying tissue and can be used to, e.g., distinguish between different tissue types
[32, 33].

1.3 Flow detection using OCT
1.3.1 Doppler OCT

Doppler OCT (DOCT) uses the Doppler shift information which is caused by
axial movement of the dynamic scatterers. Simple DOCT images can be obtained by
subtracting phase from consecutive A-scans using the Kasai autocorrelation function

[34],

— ZM=1 ZNzl(Im n+1Qm n— Qm n+11m n)
AP = tan [T - - L) 1.10
¢ [Z‘nM"L:l Zg=1(Qm,n+1Qm,n+ Im,n+11m,n)] ( )

where, A¢ is the change in phase between consecutive A-scans, M is the vertical window
size, N is the horizontal window size, and I and Q are the real and complex part of the
signal obtained after performing fast Fourier transform (FFT) on the calibrated signal

[35].
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The change in phase is directly proportional to the axial velocity component as

A = U(Zni—:‘rcos(ﬁ)), (1.11)

where, v is the velocity of the dynamic scatterer, n is the refractive index of the meduim,
Ao is the central wavelength of the laser source, 7 is the acquisition time between
consecutive A-scans and S is the angle made by the velocity vector of the dynamic
scatterer with respect to the laser beam [36]. For a static scatterer, the ideal phase
difference is zero. It is clear from equation 1.11 that in order to calculate velocity of
blood flow it is necessary to determine the angle, S. DOCT heavily relies on the phase
stability of the system and extremely sensitive to external disturbances. It is also observed
from equation 1.11 that phase difference is zero when g = 90°. This implies that if the
blood vessel is perpendicular to the laser beam, DOCT will not be able to distinguish
moving components from static tissues. These are the major disadvantages of DOCT for
detection of 3D vasculature.
1.3.2 Optical micro-angiography

Recently, optical micro-angiography (OMAG) was developed by Dr. R. Wang
using the same principle as obtaining full length imaging by introducing a modulation
frequency by reference arm translation [37]. Considering the reference arm velocity to be
vyer and the velocity of transverse scanning to be v,, the spectral interferogram in 4

domain can be represented as,

41r(zS +(Vrep+vs) a )

B G,x) = cos( 3 vl 4 ®(x,z,1)), (1.12)

where, x and z are the transverse and axial position of the scatterer respectively, v is

the velocity of the scatterer and ®(x, z, A1) is the phase [37]. Unlike conventional OCT,
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Hilbert transform is performed along the x direction prior to applying Fourier transform.
Only if |vg| > |17ref| such that v, and v,.; are in opposite directions, the scatterer will
appear in the negative side of Fourier transform. In all other cases, the scatterer will
appear in the positive side of the Fourier transform. Hence, OMAG effectively
differentiates dynamic scatterers from static scatterers. Modulation frequency can also be
introduced using offsetting of galvos. Further modifications have been introduced since
OMAG was first introduced, allowing it to be used to image bidirectional flow and
quantify flow using Doppler information, especially to detect cerebral blood flow [38-
40]. Even though OMAG has been used for 3D vasculature detection (an example is

shown in Figure 1.6), its insensitivity to transverse flow is still a limitation.

Figure 1.6. Typical image of an adult mouse brain obtained using OMAG. Adapted from [37].

1.3.3 Phase contrast
Phase contrast method was implemented to generate 3D image vasculature in a

zebra fish [41]. This method estimates the variance of phase in dynamic and static
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scatterers to detect flow. This method has been successful in detection of both axial and
transverse components of flow; however, it is extremely sensitive to phase stability of the
system and external disturbances.
1.3.4 Speckle variance imaging

Similar to phase contrast imaging, variance of time-varying speckle can be used
to detect both axial and transverse flow components. The speckles in OCT images caused
by dynamic scatterers decorrelate much faster than speckles from static scatteres in a
biological tissue. Hence, by determining the pixel variance in from OCT structural image
over time, blood vessels can be detected. Speckle variance (SV) images can be

constructed by implementing a simple variance algorithm,

1 _
SVij =+ 0 (i je = I jmean)? (1.13)

where, SV; ; is the variance at the pixel(i, j), ; ;. is the structural image at pixel (i, ) and
time t, I; j mean 1S the average of all N values. Speckle variance (SV) imaging has already
been shown to be superior to DOCT for 3D vasculature in skin of a nude adult mouse
[42, 43]. SV imaging is sensitive to both transverse and the axial components of blood
flow. SV imaging has also been demonstrated to be able to quantify flow velocity [44-
46].
1.4 Imaging of embryonic development with OCT

Embryos of various vertebrates are widely used to understand different aspects of
human development and associated congenital diseases. The mouse is particularly an
attractive model to study mammalian development, as they or not only physiologically

similar to humans, but recent technologies have enabled the creation of wide variety of
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models for human diseases. Mice models for ocular diseases [47], hearing disorders [48],
skeletal abnormalities [49], neurological disorders [50], neuromuscular disorders [51],
cardiovascular disorders [52] amongst many others exist. The other characteristics of
mice, which make them attractive for research use, are their size, low maintenance cost,
and a relatively quick gestation period of ~3 weeks.

OCT has been widely implemented for embryonic imaging due to its attractive
imaging characteristics. One of the earliest application of OCT in embryology was to
perform cross-sectional structural imaging in Xenopus laevis (South African clawed
frog), Brachydanio rerio (zebra fish) and Rana pipens (American leopard frog) embryos
[53]. OCT has been used to monitor the development of organs such as the eye, brain,
heart, ear and spine in zebra fish embryo [54]. OCT has also been very popular to study
cardiovascular dynamics in different embryos. Boppart et al. compared reconstruction of
3D structure of a non-beating and anesthetized Xenopus laevis embryo heart [55].
Mariampillai et al. later demonstrated 4D reconstruction of Xenopus laevis embryo heart
[35]. 4D reconstructions have also been performed on chick embryo [56, 57] and mouse
embryo [58]. Our group has developed protocols for live imaging of mouse embryos in
vitro and in utero conditions using OCT [59-62]. We have demonstrated the possibility of
performing longitudinal studies in utero conditions for studying different morphological
features during mouse embryonic development [62].

Doppler OCT (DOCT) is the functional extension of OCT technology allowing
for detection and quantification of flow by analyzing OCT data. With advancements in
speeds of OCT systems, DOCT has now widely been implemented to cardiovascular

dynamics in animal models such as Xenopus laevis [35, 63] and mouse embryo [61].
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Besides DOCT, phase contrast method has also been implemented to image flow in zebra
fish embryo [41].
1.5 Description of experimental SSOCT system

The system used for the experiments described in this thesis is based on a
broadband swept-source laser (Thorlabs, SI-1325 P16) (Figure 1.7). The swept-source
laser has a central wavelength of 1325 nm with a bandwidth of 100 nm. The power of the
laser is 12 mW and its sweep-rate is 16 kHz. The MZI-based interferometer comprises of
a 90/10 beam-splitter, which directs 90% of the incident power into the sample arm, and
10% into the reference arm. An additional 99/1 beam-splitter is used in the sample arm
which directs 99% of the power on to the sample and 1% onto an external MZI clock
source, which is required for recalibration of the detected interference data into linear k-
space. Two galvos mirrors are placed in the sample arm which is required for transverse
scanning of the sample. The back-scattered light from the sample interferes with the
back-reflected light from the reference arm which is detected by a dual-balanced InGaAs-
based photodetector (Thorlabs, PDB 140C). The raw data detected by the photodetector
is digitized by a 14-bit digitizer (AlazarTech) and recalibrated into linear k-space using
the external MZI clock. Structural and phase information of the sample are obtained by
performing FFT on the recalibrated data. The system has an axial resolution of 9 um (in
air), transverse resolution of 15 pum, and imaging depth of 3 mm (in air). The depth

information is always recorded in 512 pixels.
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Figure 1.7. Schematic of SSOCT system used for experimental procedures.

The images from the SSOCT system are stored in two file formats, *.IMG’ or
*FRG’. All the B-scans from a single recording are stored in a single file. Appropriate B-
scan can be reconstructed by reading the header information of the file.

The “IMG’ files stores 8-bit grey-scaled images. They can contain either
structural or Doppler information. The structural images are obtained from the magnitude
of the FFT of the calibrated data and converted to dB scale. This information is then
thresholded based on user input and rescaled to unsigned 8-bit grey-scale values, which is
stored in the “.IMG’ file. In Doppler images, the phase values of [-m, +=n] radians are
represented by [0, 255] in grey-scale, such that O radians corresponds to a grey-scale
value of 128.

The ‘. FRG’ files stores the calibrated “raw” data in a 16-bit format. The
magnitude and the phase information can be retrieved by performing FFT on this
calibrated data. The ‘. FRG’ file occupies more hard-disk space, however, it is required
for data post-processing using advanced algorithms. Images were recorded as *.IMG’ for
all experiments where velocity was estimated using DOCT. Images were recorded as

*FRG’ for all the experiments where flow was detected using SV imaging.
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1.6 Specific aims

1) To characterize the remodeling of the yolk sac vasculature of mouse embryos
between E8.5 and E9.5 stages using SVOCT

2) To demonstrate the feasibility of OCT to study the development of the mouse embryo
eye by monitoring the volume of the lens and globe volume between E13.5 to E18.5
stages.

3) To demonstrate the advantages of OCT over ultrasound biomicroscopy (UBM) to

study the effects of prenatal exposure to alcohol on brain development.
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Chapter 2. Characterizing Yolk Sac Remodeling Using Speckle
Variance OCT

2.1 Introduction

Congenital cardiovascular diseases (CVD) are some of the most commonly
occurring birth defects. More than 5 out of 1000 newborns are affected by CVD each
year [64, 65], currently affecting more than a million Americans [66]. Common incidents
of CVD occur in the form of holes in the heart septum, more commonly referred to as
“hole in the heart”, such as atrial septal defect (ASD) [67] and ventricular septal defect
(VSD) [68]. Defects in the heart valves, such as stenosis [69], atresia [70], and
regurgitation [71] are also common. These diseases primarily affect the blood flow within
the heart. More complex CVD occur due to improper development of the heart or defects
in the blood vessels connected to the heart [68]. Although CVD can be diagnosed and
surgically treated after the birth, the complex mechanisms which lead to these diseases
and their effects are not fully understood. Gaining insight into these mechanisms may
allow for the treatment and/or prevention of CVD during developmental stages.

A number of studies on cardiovascular development have been performed on
different animal models including zebra fish [72-74], Xenopus laevis [75-77] and avian
embryos [78, 79]. However, mice embryos are preferred as a model for CVD, since they
are mammals and their cardiovascular development is very similar to that of humans, and
wide availability of mouse mutants associated with human birth defects and diseases [52,
80-82].

The cardiovascular system is the first operational organ system to develop in a
mammalian embryo. A primitive linear heart tube is formed from cardiac progenitors,

which are derived from the mesoderm at the midline, and begins to beat by the time the
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embryo is approximately E8 [83]. During this period, a circulatory network is
establishing comprising the heart, dorsal aorta, yolk sac plexus, and sinus venosus [84,
85]. At E8-10, significant changes occur in the morphology of the embryo including the
vascular network. During this stage, the yolk sac vasculature also undergoes significant
remodeling [23]. Previous studies have shown that blood flow plays an important role for
normal development and remodeling of the heart and the vasculature [82, 86, 87].

Several studies have also shown that lack of blood flow can lead to defects in
heart and vasculature development [88-91]. It has also been established that normal
cardiovascular development depends not only on the gene regulation, but also on the
mechanical forces induced by blood flow [92]. The shear stress of blood flow is thought
to be responsible for shaping blood vessels and heart chambers [86]. Therefore, lack of
vasculature, abnormal vascularization, and other vascular defects are an indication of
CVD, which are often fatal to embryos [86]. Hence, it is of immense importance and
interest to follow the origin and developmental processes of embryonic vasculature as it
can elucidate reasons for abnormal cardiovascular development at early stages of
embryonic development.

2.2 Imaging modalities for vasculature detection

Blood vessel imaging techniques have become common clinical procedures to
diagnose various ailments. The normal flow of blood in the vessels is often altered by
conditions such as ischemia, which results in local thinning of a blood vessel or
aneurysm, which results in local bulging of a blood vessel. Autoradiographic techniques
have been successful in imaging cerebral blood flow (CBF), but the use of ionizing

beams, such as x-rays or gamma rays, make this technique potentially dangerous to living
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tissues [93]. Delineating of blood vessels is also a major challenge using
autoradiographic techniques. Computerized tomography (CT) angiography is another
invasive modality which has mainly been used to image blood vessels in the human brain
[94, 95]. Positron emission tomography (PET) has also been employed for blood
vasculature imaging [96]. However, PET imaging is based on positron emission from the
radioactive isotopes which have to be injected in the blood stream to image the
vasculature. Magnetic resonance angiography (MRA) techniques, which are based on
magnetic resonance imaging (MRI), employ the use of contrast agents which have
paramagnetic properties. MRA imaging is based on the rate of change of concentration of
the contrast agents [97]. Angiogram techniques have been very successful in providing
comprehensive 3D images of the blood vasculature. However, they normally have a
resolution limit of around a few hundred microns, which is not capable of visualizing of
small blood vessels. Complex image processing algorithms are also often used for
accurate 3D reconstruction of vasculature using angiographic modalities [98].

Ultrasound imaging (ultrasonography) is a noninvasive imaging modality which
uses echolocation to perform imaging of tissues and even whole organs.
Ultrasonography uses ultrasound waves (1-20 MHz) produced and received by an
ultrasonic transducer. The 2D/3D images are reconstructed by analyzing the echoes from
tissues (acoustic boundaries) located at different depths in the body. Ultrasonography has
been especially popular in obstetrics [99]. It is used regularly to monitor the growth of a
human fetus. Doppler Ultrasonography, based on the Doppler effect, can be used for
detection and quantification of blood flow profiles in the vessels. Ultrasonography has

been shown to provide useful information in attempts of early detection of various
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congenital diseases, using both structural and Doppler information [100-102]. Although
Ultrasonography has an excellent imaging depth and has been successful in monitoring
growth of a human embryo, its resolution is in the order of a ~ 100 microns [103], which
is insufficient for imaging small capillaries in developing embryos, such as a mouse
embryo.

Optical imaging modalities have the advantage of increased resolution and
contrast over non-optical methods. Laser Doppler flowmetry (LDF) and laser speckle
contrast analysis (LASCA) are two optical imaging techniques which have been used to
detect blood flow [104, 105]. Although these imaging systems are simple to implement,
they can obtain only 2D flow information. Photoacoustic tomography (PAT) combines
the advantages of both optical and ultrasound imaging to obtain both 2D/3D structural
and functional images of biological tissues [106-109]. PAT retains the optical contrast of
optical imaging and the imaging resolution of ultrasound imaging. However, the
resolution of PA images is limited to ~50-100 um and imaging speed is in the order of a
few Hz. On the other hand, confocal microscopy [110] can produce very high resolution
(< 1 um) images and has been extensively used in imaging of tissues and cells including
vasculature of a mouse embryo [92, 111-114]. While confocal microscopy has
revolutionized optical imaging at subcellular resolution, the major disadvantages of this
method for imaging of live tissues and cells are the requirement of using fluorophores
and limited imaging penetration depth inside the tissues which is in the order of 100
microns. Optical projection tomography (OPT) utilizes analysis of optical projection of
scattered light on to an imaging detector -- much similar to CT [115]. OPT has been

applied in various fields including imaging of complete vasculature in a fixed E8-10
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mouse embryo using [85]. The major disadvantage of OPT is the requirement for labeling
of tissues of interest and requirement for tissues to be relatively transparent.

Optical coherence tomography (OCT) is a noninvasive imaging technique that
allows for real-time structural and functional 3-D imaging with a resolution of about 2-20
pm and an imaging depth of a few millimeters [1]. OCT relies on the natural optical
tissue contrast and does not require the use of contrast agents. These features have made
OCT an attractive tool for live embryonic imaging in a mouse [57, 59, 116] as well as
other animal models [57, 117]. Usually, the vascular structure is reconstructed based on
Doppler OCT analysis of the blood flow [118-121]. The major drawback of the Doppler
OCT for blood flow analysis and reconstruction of vascular structure is its insensitivity to
transverse component of blood flow, which prevents Doppler OCT visualization of
vessels perpendicular to the scanning laser beam. Another disadvantage of the Doppler
OCT s its dependence on phase stability of the system. To address this point, OCT
systems with higher phase stability have been developed [17]. Recently, optical micro-
angiography (OMAG) has been employed to image vasculature in adult mouse brain
[37]. Even though, OMAG has a higher sensitivity to flow than Doppler OCT, its
inability to detect transverse flow is still a drawback. Phase contrast method has been
implemented to detect both components of blood velocity [41]. This method is however
subjected to phase sensitivity of the system. An alternative approach is from statistical
analysis of time-varying speckle in the OCT structural images [42, 43, 46]. Speckle arises

in OCT structural image as a consequence of using a coherent laser source [26].
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In this study, we tested application of SV OCT analysis for 3-D reconstruction of
the vasculature in live mouse embryos cultured on the imaging stage. The SV OCT
analysis was compared to the Doppler OCT method, demonstrating its advantage to
visualize the vessels in the transverse orientation. The analysis is focused on E8.5 and
E9.5 stages, as these stages represent changes in vascular network within first 24 hours
after the beginning of the blood circulation. Visualization of the vasculature during this
period is of high interest in the embryology research to study the effect of genetic
manipulations and pharmacological agents on the cardiovascular development.

2.3 Flow model experiments

To demonstrate the advantages of using SV OCT imaging over Doppler OCT for
3D vasculature detection, experiments with flow models were designed. Whole milk
flowing through a capillary tube is used as a model for blood flowing through a vessel.
Milk is a colloid of fat, proteins, salts, and other compounds that make it optically
inhomogeneous. Due to its optical properties [122, 123], milk is frequently used as tissue
models in many studies [124, 125].

2.3.1 Experimental setup

A SSOCT system (described in section 1.5) was used for imaging milk flowing
through a capillary tube under preset conditions. A calibrated syringe pump (Harvard
apparatus 22) was used to adjust the flow rate of milk through the capillary tube. Milk
was contained in a 3 ml syringe (BD), with an internal diameter (ID) of 8.66 mm, and
connected to a capillary tube (ID ~ 490 um) via plastic pipes. After leaving the capillary
tube, milk was drained into a beaker. Prior to initiating the experiment, the capillary tube

and the plastic tubes were completely filled with the milk. To minimize phase noise due
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to operational vibrations, the syringe pump was placed on a separate table with no direct
physical contact with the optical table where the whole experimental setup was
assembled. SSOCT data were recorded only after the flow in the syringe was stabilized.

To compare DOCT and SV imaging, the milk was pumped through the capillary
tube at fixed flow rates (0, 0.1, 1, 2, 3 and 4 ml/h) while the tube was held at different
inclinations with respect to the laser beam (70°, 74°, 80° and 89°). The laser beam was
scanned at the center of the length of the capillary tube. To precisely determine the angle
of inclination, a B-scan was acquired longitudinal to the capillary tube as shown in Figure
2.1a. The angle was determined by calculating the angle made by the top surface of the
capillary tube from the SSOCT structural images.

Since the measurements were made at the center of the length of the capillary
tube, the flow of milk was assumed to be laminar. The average flow velocity of milk in
the capillary tube was calculated by dividing the volumetric flow rate by the cross-
sectional area. Using the value of 490 um as ID of the capillary tube, flow rates of 0, 0.1,
1, 2, 3 and 4 ml/h gives the flow velocities of 0, 0.148, 1.48, 2.96, 4.44 and 5.92 mm/s,
respectively by using the relation,

Volume flow rate = Cross sectional area X Velocity. (2.1)
2.3.2 Data processing

Figures 2.1a and b represent typical SSOCT images recorded in the longitudinal
and transverse cross-section directions of the capillary tube containing milk. The
inclination of the capillary tube with respect to the laser beam can easily be calculated by

determining the slope of the top surface of the capillary tube, as shown in Figure 2.1a. In

25



the presented image, the angle of inclination was determined to be 80°. Similarly, the
angle was precisely determined for data recorded at other inclinations.

From Doppler images, phase difference values (in radians) using equation 1.10,
were used to estimate flow velocity using equation 1.11. A DOCT image is
conventionally represented as a color-coded image to distinguish between opposite flow
directions. To represent the grey-scaled Doppler images as color coded RGB images,
grey-scaled values of [0-127] are represented as [255-0, 0, 0] in RGB scale such that —=
radians is represented by a bright red color. Grey-scaled values of [128-255] are
represented as [0, 0, 0-255] in RGB scale, such that +x radians is represented by bright
blue color. Grey-scaled value of 127 appears as black in RGB scale. SV images were
reconstructed using equation 1.13.

2.3.3 Results

As one can see from Figure 2.1, instead of a uniform intensity pattern, the milk
region of OCT image/signals is filled with random bright and dark spots caused by
previously described speckle effect. The 1D profile (A-scan) corresponding to the center
of the capillary tube is presented in Figure 2.1c. Strong speckle-modulation of the OCT
signal is clearly visible in this graph.

The performance of DOCT at different angles and at different velocities is
demonstrated in Figure 2.2. It can be clearly seen from Figure 2.2a, that even at a high
velocity of 5.92 mm/s, DOCT is unable to detect flow in the capillary tube at angle of
89°. However, at inclinations of 74°and 70°, phase changes have increased dramatically
causing phase wrapping as demonstrated in Figure 2.2b-c. The flow velocities are

difficult to compute if the phase wraps unless phase unwrapping algorithms are used. A
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black band can be observed in both Figures 2.2b and 2.2c between the transition from
blue region and red region. This band is created due to averaging of phase jumps between
+n and —xt, caused by phase wrapping. Figure 2.2d demonstrates that, at an angle of 70°
flow velocity of 2.96 mm/s can be detected and quantified, since there are no phase
jumps. It is seen from Figure 2.2e that a velocity of 0.148 mm/s cannot be detected at the

angle of 70°.
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Figure 2.1. Structural images of milk in a capillary tube at 80 degrees inclination. (a) Longitudinal cross-
section of capillary tube. (b) Transverse cross-section of capillary tube. (c) 1D plot at the center
of capillary tube. [126].

The inability of DOCT to detect low axial flow components, phase wrapping at
high velocities, and inability to detect velocities at close to 90° prompts for development
of alternative solutions. A speckle variance algorithm (Equation 1.13) is one such
solution, which can be implemented to efficiently detect both the axial and transverse
components of flow. To compare the performance of SV imaging over DOCT, the SV
algorithm was implemented on the same data sets as that used for DOCT (Figure 2.2).

The obtained results are presented in Figure 2.3. It is clear from the presented images that
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SV imaging is capable of detecting the flow in milk irrespective of the angle or the
absolute velocity of the flow. For all the images, a suitable display threshold was chosen
so that the dynamic scatterers are separate from the static scatterers. For example, a
higher display threshold was chosen for data shown in Figure 2.3a due to high variance
noise caused by saturation of the photodetector due to strong reflection of light at the
center of the capillary tube as the angle is almost 90°. Figures 2.3a-e demonstrates that
SV imaging is capable of imaging flow of milk in the capillary tube irrespective of the
magnitude of velocity or the angle of flow. A careful comparison between Figures 2.2
and 2.3 reveals that the region of milk detected by SV imaging is a slightly larger than
that detected by DOCT. This could be explained by inability of DOCT to detect low flow
magnitude near the edges of the capillary tube. These results suggest that SV imaging
will be more useful to perform 3D vasculature detection compared to DOCT especially

when the blood flow has low axial component.

89° 74° 70° 70° 70° 0.148 mm/s

Figure 2.2. DOCT images of milk in a capillary tube at different angles at various velocities of flow. (a) 89°
at 5.92 mm/s. (b) 74° at 5.92 mm/s. (c) 70° at 5.92 mm/s. (d) 70° at 2.96 mm/s. (e) 70° at 0.148
mm/s. [126].
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89° 74° 70° 0.148 mm/s

Figure 2.3. Speckle variance images of milk in a capillary tube at different angles at various velocities of
flow. (a) 89° at 5.92 mm/s. (b) 74° at 5.92 mm/s. (c) 70° at 5.92 mm/s. (d) 70° at 2.96 mm/s (e)
70° at 0.148 mm/s. [126].

2.4 Detection of 3D vasculature using speckle variance (SV) imaging
2.4.1 Animal model

Wild type CD-1 mice were mated overnight and monitored for vaginal plugs
every day. The presence of a vaginal plug was recorded as E0.5. At the desired stage, the
pregnant female was sacrificed and the embryos were dissected with the yolk sac intact,
on a heated dissection station to 37°C in a medium consisting of 89% DMEM/F12, 10%
FBS, 1% Pen-strep solution (Invitrogen, Grand Island, New York). Freshly dissected
embryos were transferred to an incubator set to 37°C and 5% CO,, and imaged within 6
hours after the dissection. The medium assists in maintaining the viability of the embryos

during imaging period.
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2.4.2 Experimental procedure

For 3D vasculature imaging experiments, the Petri dish containing the embryo
was placed on a linear translation stage (LTS) (STANDA) during imaging. The LTS has
a minimum step increment of 1.25 um and capable of moving at a minimum velocity of
20 pum/s. To perform SV imaging, structural images comprising of 256 A-scans or 512 A-
scans were acquired at 51 fps or 28 fps. 2D scanning was performed using galvos. The
LTS is used for data acquisition in the 3rd dimension. During 3D data acquisition, the
stage was translated at a rate of 20 pum/s. For DOCT, 2D imaging was performed by
scanning the galvos for either 512 or 1024 A-scans. The SSOCT system described in
section 1.5 was used for imaging.
2.5 Results

Monitoring the development and remodeling of the blood vasculature between the
stages when mouse embryo is E8.5 and E9.5 can assess the course of cardiovascular
development. This section attempts to reconstruct 3D vasculature of a mouse embryo
during these stages using both DOCT and SV imaging. To generate 2D SV images, the
structural images were de-noised using a suitable threshold and the resulting image was
smoothed using a median filter of size 2x2, prior to implementing the SV algorithm.
Smoothing the images minimized intensity fluctuations caused by local refractive indices
changes within the mouse embryo, at the cost of losing small sized speckles. Hence, the
median filter size should be chosen carefully. For 3D SV volumes, an additional median
filter of size 2x2 was used in the transverse plane to minimize noise.

To test the capabilities of both the algorithms for detection of blood vessels, 50 B-

scans were acquired at the same transverse location of E9.5 mouse embryo. SV images
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were acquired using Equation 1.13, with N = 50. The structural image of embryonic yolk
sac shown in Figure 2.4a reveals the presence of three blood vessels as indicated by the
white arrows. It is noticed from Figure 2.4b, that the DOCT image detects the presence of
only two out of the three vessels present in the imaging area. On the other hand, the SV
image depicted in Figure 2.4c detects the presence of all the three vessels. The results
indicate the limited applicability of DOCT for vasculature detection. This is due to the
inability of DOCT to detect flow with low axial component. SV imaging appears to be a
more promising tool for 3D vasculature detection. Both DOCT image and SV image
show a presence of signal outside the blood vessels. This noise is caused by bulk tissue
movement (BTM) as a result of the heart beating and/or local refractive indices changes.
To test the capability of SV imaging for 3D vasculature detection, continuous B-
scans were acquired over a distance of 3.33 mm with a E9.5 mouse embryo. The LTS
was being translated at a rate of 20 pum/s over a distance of 3 mm. The total data
acquisition time was 2 minutes and 30 seconds. The B-scans were comprised of 256 A-
scans to maintain a high frame rate of 51 fps. A single 2D SV image was constructed
from 10 2D structural images by applying Equation 1.13, using N = 10. Since the frame
rate is 51 fps and the linear stage is being translated at 20 pm/s, the stage would have
translated by an amount of ~ 4 um during the acquisition of 10 B-scans, which is below
the transverse resolution of the system. Hence, the embryo was being assumed to be
scanned roughly over the same transverse region. As a result, the variance detected from
the blood vessel was assumed to be caused by time varying speckles instead of structural
changes caused due to translation of the LTS. A 3D SV volume was constructed by

grouping all the resulting 2D SV images and using Thorlabs 3D Viewer for volume
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reconstruction. The top view of the resulting structural and SV 3D volumes are presented
in Figures 2.5a and b, respectively. The ability of SV algorithm to separate the dynamic
scatterers in the blood vessels in the yolk sac from the static scatterers can be observed by
comparing Figures 2.5a and b. Figure 2.5b presents the yolk sac vasculature which
includes major vessels and small branching capillaries.

Between E8.5 and E9.5 stages, the embryonic cardiovascular system undergoes
significant changes [111]. At E8.5, blood circulation begins and the yolk sac vasculature
forms an interconnected structure with vascular branches of about the same size (vascular
plexus). By E9.5, the shear stress generated by the blood flow facilitates the remodeling
of the vascular plexus into more mature branching hierarchical network. Live analysis of
the vascular remodeling is important for understanding the role of mechanical factors in
cardiovascular development. To assess if the SV OCT method can be used to visualize
these changes, we analyzed the yolk sac vasculature in E8.5 and E9.5 embryos, as
depicted in Figure 2.6. At both stages, the vasculature is clearly visible. As expected,
there is an apparent morphological difference between the primitive vascular plexus at
E8.5, presented in Figure 2.6a, and the remodeled hierarchically branching vascular
network at E9.5, shown in Figure 2.6b. For data acquisition at E8.5, the stage was
translated for a distance of 1 mm, at a rate of 20 um/s. Total acquisition time was 50
seconds for 256 A-scans fin each B-scan with a range of 1.67 mm. Similarly, for data
acquisition at E9.5, the stage was translated for a distance of 3 mm at 20 um/s. Total
acquisition time was 2 minutes and 30 seconds for 256 A-scans in each B-scan with a
scanning range of 3.33 mm. These results demonstrate that SV OCT can potentially be

used for imaging vascular remodeling in the mouse embryonic yolk sac.
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Figure 2.4. Yolk sac blood vessels of E9.5 mouse embryo. (a) Structural image indicates the presence of
three blood vessels (b) DOCT image indicates the presence of two blood vessels. (¢) SV image
indicates the presence of three blood vessels. [126].

o v £ ;
Figure 2.5. Top view of 3D reconstruction of the yolk sac of E9.5 mouse embryo. (a) Structural image. (b)
SV image showing the presence of yolk sac vasculature. Scale bar represents 500 um. [127].

To test the capability of reconstructing embryonic vasculature, 3D volume of
brain of an E8.5 mouse embryo was acquired. The images were acquired by scanning
over a region of 0.86x0.86 mm? comprising of 512x512 A-scans. Both DOCT and SV

imaging were used for detection of the brain vasculature, for comparison. The vascular
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structure reconstructed using DOCT shown in Figure 2.7a is similar to the one
reconstructed using SV imaging shown in Figure 2.7b. This suggests that DOCT and SV
imaging perform equally well when blood flow has a significant axial component, which

is typical in embryonic vessels

Figure 2.6. Top view of 3D reconstruction using SV imaging of the yolk sac vasculature. (a) Non-
remodeled vasculature (vascular plexus) of the embryonic yolk sac at E8.5. Scale bar represents
250 um. (b) Remodeled yolk sac vasculature at E9.5. [127].

In contrast, in the embryonic yolk sac the vasculature is flat and is nearly
perpendicular to the scanning beam. To compare performance of DOCT with SV imaging
in such cases, 3D volumes were obtained from yolk sac of the embryo at E9.5. SV
imaging shown in Figure 2.7d is much more efficient in visualizing the vasculature than
the DOCT shown in Figure 2.7c. Figures 2.7c and 2.7d correspond to the vascular
network branching from the vitelline artery of the embryo at E9.5. Even though this part
of the vasculature exhibits higher blood flow then the rest of the yolk sac, only a few
major vessels are visible in the DOCT reconstruction (Figure 2.7c). The branching
capillaries and the vessels in the central part, where the yolk sac is perpendicular to the
laser beam, are not detectable. The corresponding SV OCT reconstruction (Figure 2.7d)
shows both large vessels and small capillaries regardless of the flow direction. These

results demonstrate that the SV OCT imaging provides more accurate 3-D visualization
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of the vasculature then the DOCT method, since DOCT relies on the axial component of
the blood flow whereas SV OCT is not sensitive to the flow direction.

Although SV imaging has its advantages over DOCT for 3D vasculature
reconstruction, presently, a critical disadvantage of SV imaging is intensity fluctuations
underneath blood vessels caused by changes in refractive indices in the vessels, leading to
a shadowing effect [41]. Similar to Doppler OCT, SV imaging is sensitive to high bulk
tissue movement (BTM) which causes high inter-frame variance. Imaging systems with
high A-scan acquisition speed can be used to ensure a sufficient number of acquired

frames for calculating speckle de-correlation while the BTM is negligible [35].

Figure 2.7. (a-b) 3D vasculature in the mouse embryonic brain at E8.5 obtained With DOCT & SV imaging
respectively. Major ticks represent 50 um. (c-d) 3D yolk sac vasculature at E9.5 acquired with
DOCT & SV imaging respectively. Scale bar represents 250 pum. [127].
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2.6 Conclusions

In this study, we tested application of SV OCT imaging for 3-D reconstruction of
the embryonic vasculature in live cultured mouse embryos. Our studies demonstrated that
this method can successfully be used to visualize both yolk sac and deep embryonic
vessels. Comparison of the SV and the Doppler OCT algorithms demonstrated that SV
analysis provides more accurate representation of the vascular structure since it is not
sensitive to the direction of the blood flow. This advantage is especially beneficial for
imaging of the embryonic yolk sac due to its flat vascular network. This study suggests
that SV OCT imaging is a useful tool to study development and remodeling of the
vasculature in live mouse embryo culture. Potentially this method can help to advance

embryonic cardiovascular research in animal models.
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Chapter 3. Studying Eye Development in Mouse Embryo Using OCT
3.1 Introduction

An eye is a highly complex structure and one of the most important sensory
organs in a vertebrate. It is composed of three main tissues, namely the cornea, the lens
and the retina. The formation of the eye is orchestrated by well-coordinated actions of
genes which occur during embryonic development. The development of the eyes in a
mouse embryo begins at grastulation when it is organized as a single eye field located
centrally in the forebrain. The single eye field then separates during the establishment of
the midline. The earliest signs of the eye during development process begin to appear at
E8.5 stage when the lateral walls of the diencephalon begin to bulge out to form optic
pits. At E9.5 stage, the lens placode comes in contact with the optic vesicle which results
in neuroectoderm folding inwards to form the optic cup. The retina arises from the inner
layer of the optic cup whereas its outer layer gives rise to retinal pigment epithelium. The
lens arises due to the invagination of the lens placode and the cornea is formed when the
lens detaches from the surface epithelium [128]. The nutrients required for the
development and the differentiation of the eye during embryogenesis, is provided by the
hyaloid vasculature.

The causes of several congenital eye disorders have been recognized as due to
mutations of key genes during the developmental process. One such example is the point
mutation affecting the alternative translation initiation of the gene Rax, which causes the
eyeless phenotype or anophthalmia [129]. The mouse embryos which carry null allele of
this gene do not form optic cups and hence do not develop eyes [130]. Similarly, loss of

Six3 or Shh genes can prevent the splitting of the eye field resulting in a condition called
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cyclopia where the embryo is born with a single eye [131]. Pax6 gene is one of the most
important transcription factors and has been recognized as the master control gene of eye
development. One of the earliest mutations of Pax6 recognized in a mouse results in
small in heterozygous mutants, however, the homogenous mutants possess only remnants
of ocular tissues and die soon after birth. Several studies using knockout mutants for
Pax6 revealed that Pax6 is necessary for the formation of lens placode and for the lens;
however it is not essential for the formation of the optic cup. Another gene which affects
the lens development is the Pitx3 gene. Mutations in this gene lead to lack of lenses and
pupils in mice [132-134]. Similar to humans, FoxC1 knockout mice have shown to have
anterior segment abnormalities [135]. A severely affected mouse mutant, called the
recessive ocular retardation which is caused by the homozygous presence of mutated
Chx10 gene. This mutant suffers from microphthalmia and possesses a cataractous lens
and a thin retina [136]. Chx10 is essential for repressing Mitf which results in
maintaining the mammalian neuroretinal identity [137].

Mice have been preferred animal to study human congenital disorders due to
availability of wide range of mutant models for human eye diseases. Amongst numerous
mutant models, one such is a mouse model for galactose induced cataracts was created by
cloning the mouse Glk1 gene and then disrupting it by gene targeting [138]. Metabolism
of galactose was very poor in this mutant model which resulted in galactosemic cataract.
DBA/2J mice have been used as model for glaucoma. These mice develop pigmentary
glaucoma which involves iris pigment dispersion (IPD) and iris stromal atrophy (ISA)
due to mutation in Gpnmb and Trypl genes respectively [139]. Transgenic mice for

retinoblastoma [140] and intraocular tumors [141] have also been developed.
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3.2 Imaging modalities for studying mouse eye development

Traditionally, histology has been used for studying ocular development and
diseases [138-141]. Although it has been extremely useful it has several disadvantages
such as tissue deformation during fixation and processing, and an inability to provide
information in real-time. This makes the approach inapplicable for a number of studies.
Imaging tools such as magnetic resonance imaging (MRI) and ultrasound (US) permit
longitudinal studies. These methods are noninvasive and can capture real-time 3D,
structural and dynamic information.

MRI is a 3D imaging modality which has been used for mouse phenotyping for
both in vivo and ex vivo conditions. The application of MRI for mouse development
biology was first developed by Smith et al., where they could obtain 3D images under ex
vivo conditions with a resolution of 20-50 um [142]. High-resolution MRI has also been
used to create a 3D digital mouse atlas for fixed embryos from E6 to E15.5 [143]. MRl is
robustly designed for imaging anatomical structures in large animals and humans;
however, it faces significant technical challenges for imaging embryonic and neonatal
mouse due to the limited resolution. Longitudinal studies in utero conditions to study
mouse embryo development have been demonstrated. However, a resolution of only 100
pm was achieved for such studies [144]. An application of MRI in ocular development
was also demonstrated using a high-resolution small animal MRI system, however its
application was restricted to analyzing postnatal development [145]. The resolution of all
MRI systems is dependent on the SNR and the scanning time. While ex vivo MRI
imaging of fixed mouse embryos has previously been performed with up to 20 pm of

resolution, in utero imaging [144] only allows for resolution of about 100 pum; besides,
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and imaging time (~ 2h) is required to achieve sufficient SNR . Another major limitation
of MRI systems is poor contrast due to minimal differences in MR relaxation properties
from immature and undifferentiated cells and tissues which restricts its application in
mouse embryonic imaging [146].

High-frequency US or ultrasound biomicroscopy (UBM) is widely used in mouse
embryo research. UBM transducers typically operate at 40-100 MHz range which results
in higher resolution compared to the transducers which are used in clinical settings and
that operate in the 2-15 MHZ range. UBM has been demonstrated the capability of in
utero imaging of early brain development of mouse embryo [147]. It has also been
applied for noninvasive analysis of cardiovascular development and measuring blood
flow in mouse embryos [148]. Measurements of the anterior chamber using UBM were
performed to study the development of glaucoma in mutant mice at different ages ranging
from 2 to 30 months [149]. Additionally, the technology has been utilized to monitor the
development of ocular tissues at different stages of embryonic development and
regression of hyaloid vasculature in mice [150, 151]. High frequency ultrasound imaging
can achieve axial resolution of up to 30 pum, which is not sufficient to resolve some
structures including hyaloid vasculature; in addition, it lacks sufficient contrast to
distinguish between different biological tissues due to their weaker acoustic scattering
compared to their optical scattering [152] .

In this study, we performed quantitative assessment of mouse embryonic ocular
structures at different stages from E13.5 to E18.5 in utero with OCT. Acquired
measurements were correlated with previously reported values obtained with UBM.

Potentially, this approach can be used to assess embryonic ocular growth in mouse
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mutants with eye abnormalities and to study the effect of toxicological and
pharmacological agents on embryonic eye development.
3.3 Experimental setup

The swept-source OCT (SSOCT) system which has earlier been described in
section 1.5 was used for imaging. This system was used to obtain 3D volumes of mouse
embryonic eyes from E13.5 to E18.5.
3.3.1 Mouse manipulations

All animal manipulation procedures described here were approved by the Animal
Care and Use Committee of the University of Houston. The animal detailed manipulation
protocol is described in [62]. Briefly, the pregnant mice at the desired stage were
anesthetized using isoflurane by inhalation. The anesthetized mouse was placed on a
heating platform maintained at 37° C during the entire procedure. An electrical razor was
used to remove the abdominal fur at the incision site. An incision of ~1-2 cm was made
on the abdomen to expose the uterine horn for imaging. OCT imaging of the embryonic
ocular structure was performed through the uterine horn. After the imaging was complete,
the mouse was immediately sacrificed. From every litter, 2-3 embryos were imaged. At
least five embryos from each stage were analyzed. Measurements were made at E13.5 to
E18.5.
3.4 Eye volume measurement

To make volumetric measurements of the eye, it was assumed to be of oblate
spheroid shape [150]. An oblate spheroid is a rotationally symmetric ellipsoid. Its

transverse plane, which contains the major axes, is circular and its axial planes which
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contain a major and the minor axes are elliptical. The volume of an oblate spheroid is
given by,

V= gnazc, (3.1)
where V is the volume, a and c are the radii of major and minor axes, respectively. The
refractive indexes of ocular tissues were assumed to 1.4 [153]. The major and the minor
axes of the eye lens and the eye globe can be obtained from 2D cross-sections which
contain them. Since orienting embryos in utero for imaging is a challenging task, and the
major and minor axes of the embryo eye can be randomly located within the acquired
data set. This restricts the possibility of directly obtaining the major and minor axes from
the acquired data set. To overcome this problem, a MATLAB based graphical user
interface (GUI) code was designed which could perform rotation of 3D data set.

3.4.1 GUI for 3D rotation

The GUI used for 3D rotation is displayed in Figure 3.1. The GUI loads the entire
3D image data into memory. By convention, the depth direction is referred to as the Z
axis, the primary transverse direction of a B scan is the X axis and the 3" direction is the
Y axis. The GUI enables the viewing of 2D cross-sectional slices from each of the three
planes, namely, the XZ, YZ and the XY planes by selecting the appropriate radio button.
Different slices at a particular plane can be viewed by changing the ‘location’ slide bar.
An individual plane can be rotated by moving the ‘tilt’ slide bar in the GUI. 3D rotation
is performed by rotating individual planes. Since only one 2D cross-section is visualized
at a single instant, the underneath code first creates an empty matrix which will hold the
rotated cross-sectional image, with appropriate dimensions (rounded off to nearest

integer) depending on the size of the original image and the rotation angle. For example,
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if the size of the original image is 512x512 and the rotation angle is 45 degrees, then the

size of the empty matrix which holds the rotated matrix will be 724x724 (512x+/2). The
data in the matrix is then filled up with values from the original 3D data set, by
performing inverse rotation of the coordinates of the empty matrix to obtain the

corresponding coordinates from the original 3D data set.
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Figure 3.1. MATLAB based GUI used for 3D rotation.

To validate the rotation procedure using the GUI, an oblate spheroid was
simulated such that it was rotated by 45° in XZ plane, 30° in YZ plane and 15° in XY
plane. The 3 cross-sectional planes of the rotated oblate spheroid are presented in Figure
3.2. For an oblate spheroid which has not been rotated, it should appear circular in XY
plane and elliptical in XZ and YZ planes. However, it is clear from the images presented
in Figure 3.2 that all the planes look elliptical due to rotation. To perform 3D rotation, the

rotated oblate spheroid in the image file was loaded onto the GUI. At every plane, the
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slice where the ellipse appeared the largest was selected, following which, the ellipses
were rotated until they aligned with respect to the 3D volume (the red line is parallel or
perpendicular to the green line). The result of the rotation is presented in Figure 3.3. It
can be seen that XZ and YZ planes (Figures 3.3a&b) appear elliptical, whereas the XY
plane (Figure 3.3c) appears circular. It should be noted that the individual images
presented in Figure 3.3 are in scale but have been cropped and resized to match each
other’s dimensions. It can be concluded from the results presented in Figures 3.2 and 3.3

that the GUI can be useful for performing 3D rotation.

Figure 3.2. Simulation of a rotated oblate spheroid (a) XZ plane rotated at 45° (b) YZ plane rotated at 30°
(c) XY plane rotated at 15°. The red line describes the original tilt and the green line represents
the intended tilt.

Figure 3.3. Rotation of the simulated oblate spheroid using GUI. Note: The images are in scale but have
been cropped.
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3.4.2 3D rotation of mouse embryonic eye

Data sets containing 3D images of the mouse embryonic eye were loaded to the
GUI individually. At every cross-sectional plane, the slice where the eye appears the
largest was selected and then rotated so that the optic axes of the eye aligns with the 3D
volume, similar to procedure described above. Once the images were rotated to correct
the alignment, ImageJ software was used to measure the diameters along the major and
minor axes. The volume of the eye lens and the globe was determined using formula 3.1.
3.5 Results

Typical OCT images containing embryonic eyes acquired in utero at different
stages are presented in Figure 3.4. The whole eye is within the imaging depth of the OCT
even at the latest imaged stage (E18.5), and there is sufficient contrast between the
tissues. Different embryonic ocular structures are easily identifiable (as labeled). The
difference in size and morphology is clearly distinguishable between the developmental

stages, as expected.
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Figure 3.4. 2D OCT images through the eye in utero at different stages of embryonic growth.

To orient the OCT data sets along the optic axes of the embryonic eye for
measurement, we developed and applied a Matlab based GUI code. The effect of 3D

rotation of the mouse embryo eye data set is demonstrated in Figure 3.5. Figures 3.5(a, c)
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show the OCT axial and transverse cross-sections of the eye prior to application of the
code, while Figures 3.5(b, d) demonstrate corresponding cross-sections after the OCT
data set rotation.

The major and minor axes diameters were measured from the oriented 3D data
sets using the ImageJ software. To estimate the volume of the eye, the shapes of the eye
lens and the eye globe are assumed to be oblate spheroid. An oblate spheroid is circular
in its transverse cross-section (by our convention, xy plane) and elliptical in its axial
cross-sections (by our convention, xz or yz plane), with its major axes (by our
convention, x and y axes) along the transverse directions and its minor axis along the
axial direction (by our convention, z axis). Since an oblate spheroid is circular in its
transverse direction, the measurement of the major axis diameters along the x-axis and
the y-axis should be the same. It can be observed from Figure 2b that the axial cross-
section of the eye lens and globe is elliptical and the circular nature of the transverse
cross-section is apparent in Figure 3.5d. To further validate the assumption of oblate
spheroid shape, the major axis diameter from both the x-axis and the y-axis (transverse
axes) of the eye lens and globe at different growth stages were measured and presented in
Figures 3.6a and 3.6b, respectively. The slope of 0.93 with R? (coefficient of
determination) value of 0.87 for the eye lens and slope of 0.92 with R? value of 0.93 for
the eye globe implies that the diameters of major axes in the transverse direction are
similar, which justifies the assumption that the entire eye lens and eye globe are of oblate

spheroidal shape.
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Figure 3.5. 2D cross-sectional OCT images before and after 3D rotation. (a) Axial cross-sectional image
before 3D rotation. (b) Axial cross-sectional image after 3D rotation. (c) Transverse cross-
sectional image before 3D rotation. (d) Transverse cross-sectional image after 3D rotation.

The major axis diameters from different stages of embryonic growth, obtained
using OCT, are presented in Figure 3.7. It can be noted from Figures 3.7a and 3.7b (green
bars) that there are roughly a 2-fold increase in major axis diameter of the eye lens and a
3-fold increase in major-axis diameter of the eye globe from E13.5 to E18.5. Using the
measurements of the major and minor axes diameters, the volumes of the eye lens and the
globe were computed using Equation (3.1). These results correlate well with Foster et al.
[150], where the authors measured the major axis diameters and volumes of eye lens and
globe using UBM (resolution of 40 um). The results obtained using UBM (from [150])
are presented in Figure 4 (red bar). The major axis diameter measurements are within

similar range, as compared to OCT measurements, across the different stages of
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development. The values of standard deviation from the UBM measurements, however,
are comparatively larger to the ones from OCT measurements, suggesting higher
precision. The volume measurements are presented in Figure 3.8. It was determined that
the volume of the eye lens and globe increased from 0.041+0.007 mm? to 0.46+0.03 mm?®

and from 0.07+0.01 mm® to 1.13+0.07 mm®, respectively.
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Figure 3.6. Plots of major axis diameter in x-axis and y-axis (transverse axes) of the eye (a) lens (b) globe.

3.6 Discussions

As evident from structural images of the embryo eyes, the contrast and resolution
offered by OCT enable clear distinction of the embryonic ocular structures in utero.
While the measurements of the major axis diameters of lens and globe using OCT
between E13.5 to E18.5 are within similar range as the measurements from previous
study using UBM [150], there are differences at individual stages between the two
studies, such as the measurements of the major axes diameters of the eye lens from E16.5
to E18.5 and the measurements of the major axes diameters of the eye globe from E13.5
to E16.5. UBM has an inferior resolution (~40x60 pm) as compared to OCT (~12x15
um). Moreover, the major and minor axis diameters were measured without any

correction for the tilt of the eye. This can result in underestimating the actual diameters. It
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can also be noted from [150], that the reported values for the volumes of the eye lens and
the globe is not consistent with the respective values of the major axis diameters, as the
authors likely used different equitation to obtain the final values.
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Figure 3.7. Major axis diameter measurements of the eye (a) lens (b) globe correlate well with previously
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Figure 3.8. Plot of volume of the eye (a) lens (b) globe measured using OCT. (n>5).

3.7 Conclusions
We have demonstrated that in utero OCT embryo imaging approach allows for

live quantitative assessment of mouse embryonic ocular growth with higher resolution,
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than other currently available methods. The volumes of the eye lens and the globe have
been shown to increase from 0.041+0.007 mm?® to 0.46+0.03 mm® and from 0.07+0.01
mm?® to 1.13+0.07 mm?, respectively, from E13.5 to E18.5. This study suggests that our
approach can potentially be used for live quantitative characterization of ocular tissues in

a variety of ocular research studies.
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Chapter 4. Studying Effects of Alcohol Exposure on Brain
Development in Mouse Fetus Using OCT

4.1 Introduction

The development of mammalian central nervous system (CNS) from the primitive
neural tube till its matured form is comprised of a number of highly intricate processes.
These processes include neuronal migration, axonal path finding, and myelination,
amongst many others. Coordinated actions of thousands of genes guide the development
of the CNS [154, 155]. The organization of the cerebral cortex occurs by appropriate
positioning of the neuronal constituents into laminar and radial arrays which ultimately
define their connectivity and function [156]. The migration of the cortical neurons from
their origins to their final destinations occurs at precise schedule and well defined
pathways [157, 158]. Several models have described the regionalization of the brain
which occurs through several phases that transform the neural plate into highly refined
regions [159, 160]. As the brain develops, the expressions of the genes become more
region specific which leads to functional compartmentalization of the brain. Liscovitch et
al., studied the changes in regional gene expressions of the mouse brain and compared it
with human brain development [161].

The development of the brain is known to be affected by several genetic
mutations. For example, the expansion of a CAG triplet repeat stretch within the coding
region of the Huntington gene results in the mutant form of the protein which causes
severe motor and cognitive impairment, brain atrophy and neuronal loss. This congenital
condition is called Huntington’s disease [162]. F52 is a protein which has multiple roles
during the development of the brain particularly that of the cortex-related structures.

Mice mutants which are F52-deficient have been associated with neural tube defects and
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abnormal brain development [163]. Mutations in the gene (FOXP2) which codes for the
Foxhead-box protein disrupt the neurite outgrowth during brain development in humans
and other mammals [164]. This severely impacts the cognitive function in humans
resulting in monogenic speech and language disorders. A study using knockout mouse
model for hypoxia-inducible factor 1o (HIF-1a) determined that apoptosis of neural cells
occur due to vascular regression in the telencephalon which results in reduction of neural
cells and impairment of spatial memory [165].

Other than genetic causes, exposure to environmental agents such as drugs and
alcohol are also known to hamper normal brain development. Drugs such as cocaine have
previously shown to cause severe detrimental effects during brain development [166-
168]. Prenatal exposure to nicotine can cause several long term effects on the offspring
such as impaired fertility, type 2 diabetes and obesity [169]. Nicotine has also been
shown to affect critical neural pathways during brain development [170]. Consumption of
caffeine during pregnancy can also increase the chances of affecting the development of
CNS in the offspring [171]. Exposure to ionizing radiation and even ultrasound waves
has been demonstrated to affect normal development of the brain in rodents [172, 173].

Maternal consumption of alcohol during pregnancy is the leading non-genetic
cause of mental retardation in children in the United States, and can lead to a cluster of
permanent physical and mental defects in fetuses that are collectively termed the Fetal
Alcohol Spectrum Disorder (FASD). It is estimated that 2-5% of children in the United
States suffer from alcohol related birth defects [174]. Children suffering from FASD are
characterized by growth deficiency, disorders in the CNS and distinct facial patterns.

Previous research has shown that ethanol can directly affect various aspects of brain
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development in the fetus. Camarillo et al., determined that ethanol is responsible for
activation of genes which are related to cell migration and can influence the maturation of
neural stem and progenitor cells [175]. Exposure to alcohol can induce apoptosis in
neural crest cells and oligodendrocytes in a developing fetus [176, 177]. Alcohol-exposed
pregnant mice have previously been used to study the emergence of FASD during fetal
development [178, 179].

4.2 Imaging modalities for studying brain development

Histology based methods have been used for monitoring the developmental
process in embryos traditionally [158, 180, 181]. Histology based methods have
provided valuable information regarding anatomical structures in the past; however, these
methods require destruction of the specimen making live imaging impossible. These
techniques cannot provide 3D information, prone to tissue processing and sectioning
artifacts, and they are also time consuming and inefficient.

Magnetic resonance imaging (MRI) is a noninvasive imaging modality capable of
3D imaging, which has been used extensively for in vivo phenotype analysis for wide
variety of adult mouse models for neurological diseases [182, 183]. Although
conventional MRI provides sufficient contrast using relaxation-based (Ti, Ty)
mechanisms in adult mice where myelin is abundant, it poses a challenge in imaging
developing brain in neonates and fetuses brain structures are unmyelinated. Enhanced
tissue differentiation in the developing mouse brain can be achieved by using Magnetic
Resonance Micro-histology with Mn-DPDP and Gd-DTPA as contrast agents [184].
Contrast enhanced forms of the conventional MRI, such as diffusion tensor imaging

(DTI) [185, 186] and Manganese-enhanced MRI (MEMRI) [187] have been found to
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useful in imaging developing brain in neonates. DTI has not yet been demonstrated in
vitro conditions. MEMRI has been shown to be capable to perform longitudinal studies
such as analysis of delayed brain damage due to hypoxic-ischemic injury in neonatal rats
[188]. MEMRI has also been shown to perform in utero imaging of central nervous
system in wild-type and Nkx2.1 mutant mouse embryos. This system could achieve a
resolution of 100 um and provided sufficient contrast for volumetric analysis of CNS
structures. However, the study demonstrated that the embryos were susceptible to Mn-
induced lethality thereby making this method incompatible to perform longitudinal
studies [189].

Ultrasound biomicroscopy (UBM) is real-time imaging modality which has been
well established to perform in utero imaging of mouse embryos at near optical resolution.
One of the earliest uses of UBM for in utero imaging of mouse embryos was to analyze
the embryonic brain development with a resolution of 50 pm at ~10 frame rate per
second (fps). This study could record deletion of midhindbrain which is associated with
null mutation of Wnt-1 gene [147]. Current commercially available UBM systems can
achieve ~100 fps with spatial resolution of 30 um axial and 70 pm transverse resolutions
and can image up to 10 mm in depth [190]. UBM has also been applied for in utero
manipulations of mouse embryos [191, 192]. One of the main limitations of UBM is poor
contrast compared to optical imaging systems. Previous studies have also suggested that
prenatal exposure to ultrasound can also have hazardous consequences [173, 193].

Optical coherence tomography (OCT) is a noninvasive imaging modality which is
capable of 3D and real-time imaging, offers high optical contrast and does not require

any external contrast agents [1]. High imaging resolution (in the um range) and depth
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penetration of a few millimeters in tissue makes OCT an attractive tool to study the
development of fetal mice. Recently, our group demonstrated the capacity of SSOCT to
be adapted to longitudinal studies in mice embryos, to monitor development of
morphological features such as the brain, limbs and ocular structures, in utero [62, 153].
In this study, SSOCT and high-resolution ultrasound imaging were used to compare the
volumes of lateral ventricles between control fetal mice and fetal mice exposed to ethanol
in utero, during the second trimester-equivalent period of pregnancy, a critical period for
neurogenesis in the developing brain [194].
4.3 Experimental setup
4.3.1 Animal model

All procedures were performed in accordance with approved IACUC protocols.
Timed-Pregnant mice (C57BI6, Harlan Laboratories, Houston, TX) were housed in an
AALAC-accredited animal facility at Texas A&M Health Science Center. On gestational
day 12.5, pregnant mice were divided into a control and an ethanol-exposed group.
Ethanol-exposed pregnant females received a binge-like bolus of ethanol (3 g/kg b.wt) by
intragastric gavage, twice daily, between GD12.5 and GD14.5, to model ethanol exposure
during the second-trimester equivalent period of neurogenesis, whereas control animal
received water by gavage at the same time intervals. Previous research showed that
intragastric gavage with this dose of ethanol resulted in a mean peak maternal blood
ethanol concentrations of 117 mg/dl [179], representing a level of binge-like intoxication
readily achieved in non-alcoholic human populations. Two hours following the final
exposure period, pregnant dams were over-anesthetized with Ketamine and Xylazine and

euthanized by cervical dislocation. Ethanol-exposed and control fetuses were dissected
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out of the uterine horns and fixed in 4% paraformaldehyde overnight and transferred to
PBS for imaging. Five fetuses from 2 mothers were used each for ethanol-exposed and
control experiments. Following the imaging procedures, fetuses were embedded in
paraffin and serial sections obtained. Every 10" section was stained with Hematoxylin
and Eosin, and the brain visualized by light microscopy.
4.3.2 Brain imaging

Paraformaldehyde fixed fetuses were initially imaged using a high resolution
Vevo 2100 ultrasound imaging system, coupled to a MS550D Microscan™ transducer on
a motorized stage, with a center frequency of 40MHz (Visualsonics, Canada). Image
slices were acquired in B-mode, through the fetal head with a 0.032 mm step size. The
same fetuses were then subjected to SSOCT imaging, for volumetric analysis and
quantification of fetal mouse brains. The SSOCT system comprises of a broadband laser
source (Thorlabs, SL1325-P16), which has a central wavelength of 1325 nm, bandwidth
of 100 nm, output power of 12 mW and A-line rate of 16 kHz. The axial and transverse
resolutions of the system are 12 and 15 um, respectively (in air). Each 3-D volume
contained 512x512 A-lines.
4.4 Data processing and analysis
4.4.1 GUI for manual tracing of brain ventricles

Both the ultrasound imaging and the SSOCT systems contain 3D information of
the lateral ventricles in the brain of the fetuses used in the study. A MATLAB based GUI
was created to assist in manual segmentation of the lateral ventricles of the fetuses. The

front end of the GUI is displayed in Figure 4.1.
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The GUI can import 3D images in “.IMG’, *.JPG’ or “.TIFF’ formats. The GUI
displays one single 2D cross-section at a particular instant and by using the slider,
different 2D cross-sections can be viewed. The manual tracing is enabled by clicking in
the ‘Start Drawing’ button and performed by left-clicking the mouse and move along the
edges of the ventricles. The coordinates over which the cursor is moving is recorded
during the tracing process. The tracing is completed by releasing the mouse and the trace
is completed by joining the first and the last points creating a closed figure. The red line
in Figure 4.1 depicts the manual tracing of the left ventricle at a particular 2D cross-
section. If the tracing is incorrect, it can be redrawn by pressing the ‘Undo’ button and
restarting the tracing process. The number of pixels enclosed in the closed figure is then
computed using the ‘polyarea’ function available in MATLAB. The choice of ‘Left
Ventricle’ or ‘Right Ventricle’ can be chosen by selecting the corresponding radio button.
The number of pixels enclosed in the ventricles can then be saved onto a MS Excel sheet

for further computations.

@ Left Ventricle A - Right Ventricle

Start Drawing

Undo

Save Drawing ‘
Save All

IMG JPG @ TIFF Browse Exit

Figure 4.1. MATLAB based GUI for manual segmentation of the lateral ventricles.
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4.4.2 Computing the volume of lateral ventricles

To compute the volume of the lateral ventricles, the number of pixels enclosed in
individual 2D cross-section is computed for both the left and right ventricles and
repeating it for all the 2D cross-sections which contain the ventricles. The volume is
computed by multiplying the total number of pixels enclosed in all the cross-sections
with the volume of a voxel.
4.4.3 Statistical analysis

The average volume of lateral ventricles from the control and the ethanol-exposed
groups were used for statistical analysis. Each group had 5 fetuses. A two-sample
Kolmogorov—Smirnov test was then performed to determine the statistical significance of
the difference between ethanol-treated and control groups. Finally, Pearson’s correlation
coefficients (r) were computed to determine the extent to which variance in SSOCT
measurements were predictive of variance in ultrasound measurements.
4.5 Results

To compare the quality of images obtained using SSOCT and ultrasound (US)
systems, 2D transverse images containing the lateral ventricles from a control fetus is
depicted in Figure 4.2. It can be observed from the figure that SSOCT system (Figure
4.2a) provides better resolution and contrast compared to the US imaging system (Figure
4.2b). The boundaries of the lateral ventricles are much more distinct in the OCT image
compared to the US image, enabling more accurate segmentation of the ventricles.
Regions such as the ventricular zone (VZ) and the cortical plate (CP) can clearly be

distinguished from the OCT image, whereas, the US system does not provide sufficient

58



contrast between the two regions. These results clearly suggest the advantage of using

OCT over US for analyzing morphological structures in brain of mouse fetuses.

Figure 4.2. Comparison between images obtained using OCT and ultrasound imaging. 2D cross-sectional
images obtained using (@) OCT (b) ultrasound imaging. Scale bar, 500um. LV - Lateral
ventricles, VZ — Ventricular zone, CP — Cortical plate. [195].

Typical 2D transverse cross-sectional images for control and ethanol-exposed
fetuses, obtained using SSOCT, are presented in Figure 4.3a and 4.3Db, respectively. It can
be clearly observed that the ventricular regions are discernible and are dilated in the
ethanol-exposed fetus compared to the control. The number of pixels enclosed within the
lateral ventricles in a single 2D transverse cross-section was determined using the
MATLAB based GUI. The total number of pixels encompassing the entire 3D lateral
ventricular region was measured from individual 2D images and multiplied by the voxel
volume to obtain the total volume. The volumes of the right and left ventricles were then
averaged for individual fetuses. The statistical measurement from 5 samples, each from
control and ethanol-exposed fetuses is presented in Figure 4.4. The averaged volume of

lateral ventricles was measured to be 0.18+0.07 mm? for control and 0.38+0.18 mm? for
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ethanol-exposed fetuses. To verify the measurements made with OCT, high-resolution
ultrasound (US) was also was also used to obtain 3D images of the same set of fetuses
and the ventricular volume was measured using the same method. Typical 2D transverse
cross-sectional images for control and ethanol-exposed fetuses, obtained using US, are
presented in Figure 4.3c and 4.3d, respectively. The averaged lateral ventricular volumes
of control and ethanol-exposed fetuses were measured to be 0.19+0.14 mm?® and

0.33+0.16 mm?®, respectively (Figure 4.4).

Control

Ethanol

Figure 4.3. Effect of ethanol on mouse fetal brain development at GD14.5. (a,b) OCT images in horizontal
section (c,d) US images in the coronal plane (e,f) H&E images in sagittal section of fetal brains
from both control and ethanol treated pregnant dams. Scale bar, 500um. [195].

The measurements from OCT are within the same range of the measurements
obtained with ultrasound imaging. Moreover, there was an overall statistically significant
correlation between ventricular volume estimates obtained by OCT and ultrasound
imaging (Pearson’s r = 0.633, p<0.005). However, ventricular margins were not as
clearly defined in the ultrasound-derived compared to OCT-derived images because of

the lower contrast and resolution (~30 pm) of these images, and consequently, resulted in
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a 2-fold increase in the variance estimate of the ventricular volume in control fetuses
compared to SSOCT imaging. The results (Figure 4.4) from ex vivo ultrasound imaging
alone suggest that there is no statistical difference between the lateral ventricle volumes
from control and ethanol-exposed fetuses (two sample Kolmogorov—Smirnov test,
p>0.05).
4.6 Discussions

Ventricular defects of the brain are common symptoms of defective
neurodevelopment [196], caused by a variety of agents including fetal alcohol exposure
[197]. High-resolution imaging and early accurate assessment of ventricular volume may
facilitate the conduct of pre-clinical interventional studies and the testing of novel
therapeutic approaches for ameliorating in utero damage. The challenge in measuring the
volume of ventricles with high accuracy, involves the segmentation of ventricular regions
in consecutive 2D images with high precision. This study demonstrates that OCT offers
superior resolution and contrast compared to US imaging which enables higher accuracy
during segmentation of the ventricles (Figure 4.2).

This study demonstrates that the average volume of lateral ventricles is twice as
higher for the ethanol-exposed group compared to the control group (Figure 4.4).
Interestingly, the standard deviation for the observed ventricular volume was also larger
for the group of ethanol-exposed fetuses compared to the control group. This increased
variance in ventricular volume reflects variation in susceptibility of individual fetuses to
the teratogenic effects of ethanol, an observation that has been made in human
populations as well [198]. Even though OCT has superior resolution and contrast,

however, unlike ultrasound imaging, it has limited imaging depth due to light attenuation
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in tissues. Nevertheless, our group has recently demonstrated possibility of in utero

imaging of mice embryonic organs, including brain [62].
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Figure 4.4. Measurements of lateral ventricles of control and ethanol-exposed fetuses at GD14.5 obtained
from SSOCT and US images; The whiskers represent Standard Deviation, and small hollow
squares represent the mean of the data distribution. [195].

4.7 Conclusions

Maternal alcohol consumption during pregnancy is a well-established cause of
fetal growth retardation, and the dilation of lateral ventricles is an important index of
decreased brain growth. Our data suggest that binge-like episodes of ethanol exposure
during the second trimester-equivalent period of neurogenesis, at levels below those
attained in alcoholic populations, nevertheless result in a two-fold, statistically significant
dilation of the lateral ventricles of the fetal brain. Moreover, OCT is more accurate than

ex vivo ultrasound imaging, and is a useful and sensitive imaging modality for preclinical,
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whole animal studies, to assess the effects of drugs of abuse and perhaps other
environmental teratogens on fetal growth and development. It will be important in future
studies to identify the range of quantitative OCT-derived measurements that can serve as

useful biomarkers for fetal teratogenesis.
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Chapter 5. Conclusions
5.1 Summary

This dissertation focuses on the potential use of optical coherence tomography
(OCT) to monitor morphological features during mouse embryonic development. OCT
offers high imaging resolution (~ 10 um) in both axial and transverse directions, a high
optical contrast without the requirement of external contrast agents, and a sufficiently
high penetration depth (~ 1-2 mm), which are ideal characteristics for qualitative and
quantitative monitoring of mouse embryonic development.

Chapter 2 focuses on potential use of OCT for early diagnosis of congenital
cardiovascular diseases (CVD) in a mouse embryo model. Significant changes in the
embryonic and extra-embryonic vasculature occur during the mouse embryo at E8.5 to
E9.5. An abnormal development and remodeling of the vasculature during these stages
suggest CVD. Blood vasculature has been imaged by implementing Doppler OCT
(DOCT) and speckle variance (SV) algorithms and a comparative analysis was
performed. The advantages of using SVOCT over Doppler OCT were demonstrated for
3D flow detection using a milk flow model. Detection of 3D vasculature in the yolk sac
of E8.5 and E9.5 embryos was demonstrated. Comparisons between DOCT and SV
imaging for 3D reconstruction of vasculature reveal that, although both techniques
perform equally well in vessels have high axial flow component; SV imaging is better
able to detect the vasculature in the yolk sac where flow is perpendicular. The results
demonstrate SV imaging as an efficient tool for early diagnosis for congenital CVD.

The ability of OCT for monitoring ocular development in mouse embryos in utero

conditions was explored in Chapter 3. Volume measurements of the eye lens and the eye
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globe was used to monitor ocular development. The volumes of the eye lens and the
globe have been shown to increase from 0.041+0.007 mm? to 0.46+0.03 mm? and from
0.07+0.01 mm?® to 1.13+0.07 mm?, respectively, from E13.5 to E18.5.

The advantage of using OCT over high-resolution ultrasound (US) to study
effects of prenatal exposure to alcohol on the development of brain was demonstrated in
Chapter 4. Both OCT and US were used to quantify the volume of the lateral ventricles of
the brain in ethanol-exposed and control fetuses. The averaged volume of lateral
ventricles was measured to be 0.18+0.07 mm?® for control and 0.38+0.18 mm?® for
ethanol-exposed fetuses using OCT. The averaged lateral ventricular volumes of control
and ethanol-exposed fetuses were measured to be 0.19+0.14 mm? and 0.33+0.16 mm?®,
respectively, using US. The ventricular margins were not as clearly defined in the US
images compared to OCT images, due to lower contrast and resolution (~30 pum) of these
images, and consequently, resulted in a 2-fold increase in the variance estimate of the
ventricular volume in control fetuses compared to OCT imaging.

5.2 Conclusions
This dissertation demonstrated that:
1) SVOCT has clear advantages to detect 3D vasculature compared to Doppler OCT.

OCT is a potential tool for diagnosis of CVD in mouse embryos.

2) OCT can be potentially used to perform longitudinal studies on ocular
development of mouse embryos.

3) OCT is superior to US imaging for monitoring brain development in mouse
fetuses. OCT-derived measurements can potentially serve as useful biomarkers

for fetal teratogenesis.
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