Table of Contents

I TS A0 1o [N TSSO RPSSRPSN v
ACKNOWIBAGMENTS ...t ettt bbb viii
ADSTract Of the DISSEITAtION ........ooiiiiiieiiee et es X
(@4 gF-T o (1 gl A 1 a1 1 oo (1 Tox £ o] o PSR 1
11 Introduction to Photoacoustic TOMOGraphy ... 1
1.2 V0] E A7 1A o] PSP 2
Chapter 2 Photoacoustic Microscopy for Label-free Fast Histology of Human Breast
(©F: 1 (03] ST RTPPPR 4
2.1 2 103 (0 {011 o ST 4
2.2 Materials and MELNOUS ........cc.oiieiieie e 7
2.2.1  Human Breast Tissue Ex Vivo Imaging EXPeriments .........cccccuvviiirineneieinise e 7
2.2.2  Transmission-mode UV-PAM SYSIEM ........cccciviiiiiiiiiiie sttt st 7
2.2.3 Lateral and Axial Resolution Measurements by Gold Nanoparticles...........ccccoovvvnirenenenns 8
2.24 UV-PAM of Fixed, Paraffin-embedded Breast Tumor Specimen Versus Conventional
Microscopy of Specimen Processed with Standard HiStology ...........ccccoeiviiiniinniiinciens 9
2.2.5 UV-PAM of Fixed, Unprocessed Breast Tumor Specimens Versus Conventional
Microscopy of Specimens Processed with Standard HiStology ..........ccccoceoviiiiiiinencnenennn. 10
2.2.6  Data AcqUISition and PrOCESSING .......civeieeiieieeecite ittt stesteeste e e e stesre e sresbesaesresreebesre s 11
2.2.7 Calculations of the Cell Nuclear Cross-sectional Area and Internuclear Distance................ 11
2.3 RESUILS ..ttt ettt bbb bttt bbb ne e 12
2.3.1 UV-PAM System for Unprocessed Human Breast Cancer Imaging .........c.cccceeveveveeveinennns 12
2.3.2 Imaging of a Section of Breast Tumor Specimen without and with Hematoxylin and Eosin
)7 1141 1o [OOSR OS R 13
2.3.3 Label-free UV-PAM of Fixed, Unprocessed Human Breast Tumors Versus Traditional
Microscopy of Specimens Processed with Standard Histology ..........cccoooveieiriienenicie e 15
2.4 ConcClusions and DISCUSSIONS. .......cueiueiuieieiiesieaseeseesiaeeeseesseeseesseesseeeesseessesssessessees 22

Chapter 3 Label-free Automated Three-dimensional Imaging of Whole Organs by

Microtomy-assisted Photoacoustic MICIOSCOPY ......ccevververiirienininieienie e 26
3.1 BaCKGIOUNG. ..ottt bbb 27
3.2 Materials and MEthOUS ..........cccuiiiiii e 29


















variation was smaller than an empirical threshold, or marked as paraffin otherwise. Then the

spurious nuclei in the paraffin areas were removed.

Figure 3.4 Extracting nuclei from label-free mPAM images of a mouse brain embedded in a paraffin
block. (a) Fig. 3.7c processed by a Hessian filter. (b) Nuclear mask calculated from Fig. 3.7c, which
separates tissue (bright) from paraffin (dark). (c) Nuclear image obtained by masking (a) with (b).

The serial 2D images acquired by mPAM were converted to step-through videos by Amira
or MATLAB for 3D visualization. Image co-registration was not needed because the mechanical

scanning was stable and the specimen suffered no sectioning deformation while being imaged.

3.2.5 Image Analysis

To evaluate the nuclear imaging results of mPAM, H&E images were used as the gold standard.
We defined the nuclear sensitivity as the ratio of the number of true nuclei identified by mPAM to
the number of all nuclei identified by H&E staining. Similarly, we defined the nuclear specificity
as the ratio of the area of true non-nuclear tissue identified by mPAM to the area of all non-nuclear
tissue identified by H&E, and defined nuclear PPV as the ratio of the number of nuclei that were
true in the mPAM images to the number of all nuclei (including the spurious ones) identified in
the mPAM images. To calculate the sensitivity, specificity, and PPV for Fig. 3.5, we selected and

analyzed four regions of the brain, each containing 100-200 nuclei.
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Figure 3.5 Imaging of a paraffin section of a mouse brain. (a) Label-free mPAM image, where the cell
nuclei are enhanced by a Hessian filter and marked in blue. (b) Optical microscopy image acquired after
H&E staining. (c),(d) Close-up images of (a) and (b), respectively, corresponding to the yellow dashed
regions in (a) and (b). The nuclei are clearly resolved by mPAM.

To generate the nuclear density map, we first generated a nuclear image by Hessian
filtering. Each nucleus in the image was reduced to one pixel with unit amplitude, and the
background was set to zero amplitude. Then each pixel of this new image was replaced by the
average of the 50 x 50 pm? surrounding area, creating a nuclear density map where each pixel

value equaled the relative nuclear density of the 50 x 50 um? surrounding area.

35



3.3 Results

3.3.1 mPAM System for Whole-organ Imaging and Sectioning
In mPAM (Fig. 3.6a), an organ (e.g., a mouse brain) or a tissue block, either formalin-fixed or
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Figure 3.6 Schematic of the mPAM system for whole-organ imaging and sectioning. (a) The UV laser
beam is first spatially filtered and expanded by a pair of lenses and a pinhole. The beam is then focused
through an objective lens and passed through a ring-shaped ultrasonic transducer onto the surface of the
paraffin-/agarose-embedded organ (e.g., a mouse brain), which is placed inside a water tank on top of a
sample holder. Some generated acoustic waves propagate backward and reach the ring-shaped focused
ultrasonic transducer. The received acoustic pressure is transduced into an electric signal, which is then
amplified and recorded by a data acquisition (DAQ) card. During data acquisition, a maximum amplitude
projection image from the measured B-scan data is displayed on a computer screen in approximately one
second. By raster scanning the sample holder, a maximum amplitude projection image of the exposed tissue
surface is also acquired. The imaged surface is then sectioned by a microtome, and a new surface is imaged
automatically. This process continues until the sectioned layers reach the preset depth. (b) Close-up of the
blue dashed region in (a) during imaging. The UV light passes through the ring-shaped focused ultrasonic
transducer, inducing acoustic waves which are partially back-propagated and received by the same
ultrasonic transducer. (¢) Close-up of the blue dashed region in (a) during sectioning. The imaged surface’s
(cross section) is being cut by the microtome.
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fresh, and paraffin- or agarose-embedded, is mounted on an organ holder immersed in water. The
tissue is automatically imaged under a computer control. A laser generates pulses at 266 nm
wavelength (and 420 nm for dual wavelength illumination) to predominantly excite DNA/RNA in
the tissue, and the generated PA waves are detected by a ring-shaped focused ultrasonic transducer
(Fig. 3.6b). The 3-axis motorized stage controls both the scanning for imaging and the tissue
sectioning by the microtome. The mPAM system records and displays the cross-sectional images
(e.g., coronal sections of a mouse brain) in real time during data acquisition. The exposed top tissue
surface is imaged, then a thin layer is shaved off (Fig. 3.6c), and the new surface is imaged. This
sequence is repeated to obtain a 3D image. The mPAM system currently provides a lateral
resolution of 0.91 um (Fig. 3.1), more than sufficient to image individual cell nuclei without
labeling. Moreover, our mPAM system can handle organs of various sizes because it is

implemented in reflection mode.

3.3.2 Imaging a Formalin-fixed Paraffin-embedded Mouse Brain

First, we validated the mPAM system by imaging a formalin-fixed thin paraffin section of a mouse
brain (Fig. 3.5). The unstained paraffin section, fixed on a quartz slide that is UV transparent, was
imaged by mPAM (Fig. 3.5a) and then stained with hematoxylin and eosin (H&E) (Fig. 3.5b) for
comparison with conventional histology. The corresponding close-up images are shown in Fig.
3.5¢, d, respectively. The cell nuclei in the mPAM image were enhanced by Hessian filtering (Fig.
3.53, ¢) and are highlighted in blue. The step-by-step cell nuclear extraction results of the Hessian
filtering are shown in Fig. 3.3. The grey matter and white matter can be differentiated in the mPAM
image because the former has a higher density of nuclei than the latter. The nuclei in the mPAM
image match well with those in the H&E image. Using the H&E image as the gold standard, in

identifying nuclei, mMPAM has a sensitivity of 93.2%, a specificity of 99.8%, and a positive
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predictive value (PPV) of 96.7%. This experiment shows that mPAM can pinpoint cell nuclei

sensitively and specifically in a paraffin-embedded organ section.

Next, we used mPAM to image a formalin-fixed and paraffin-embedded mouse brain
block. Similar to imaging a thin section, a Hessian filter was employed for cell nuclear extraction
(Fig. 3.4a). Compared with imaging a thin section, imaging an unstained paraffin block resulted
in a stronger background, and thereby a lower image contrast for nuclei. The stronger background
from paraffin caused false positive cell nuclear identifications, which could be eliminated by
calculating the nuclear mask of the mPAM image (Fig. 3.4b, ¢). Due to UV-light attenuation, the
nuclear signal was expected to decrease exponentially with depth. To estimate the mPAM imaging
depth in the block (Fig. 3.2a), which is related to the selection of sectioning thickness in 3D mPAM,
the mouse brain block was sectioned at the surface by a standard microtome for quantitative
analysis. We obtained a series of H&E images of these sections, each 7 pm thick (Fig. 3.2b—d).
Due to the deformation caused by sectioning, the nuclei in the H&E section images cannot be
matched exactly with those in the mPAM block image (as we did in Figs. 3.4, 3.6). However, the
distributions of nuclei in the mPAM and H&E images are strongly correlated. To quantify this
correlation, the nuclear count and nuclear density were calculated for these images (Fig. 3.2e-h).
The ratio of the nuclear count in the H&E images within a given depth range to that in the mPAM
image was calculated to be closest to unity for a depth range of 21 um (Fig. 3.2i). The correlation
coefficient was calculated between the nuclear density map of the H&E images within a given
depth range and that of the mPAM image, yielding a maximum of 0.78 over a depth range of 14
um (Fig. 3.2j). In fact, the sensitivity of mPAM to nuclei decreases gradually with depth,
depending on both the light attenuation with depth and the absorption coefficients of different

nuclei, but this phenomenon is difficult to model accurately and so is not taken into account. Given
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