Am J Physiol Renal Physiol 314: F1145-F1153, 2018.
First published December 20, 2017; doi:10.1152/ajprenal.00337.2017.

RESEARCH ARTICLE | Imaging Techniques in Renal (patho)Physiology Research

In vivo three-dimensional photoacoustic imaging of the renal vasculature in

preclinical rodent models

Olumide Ogunlade,'* John J. Connell,>* Jennifer L. Huang,> Edward Zhang,! Mark F. Lythgoe,>

David A. Long,’ and Paul Beard!

'Department of Medical Physics and Biomedical Engineering, University College London, London, United Kingdom; >Centre

for Advanced Biomedical Imaging, Division of Medicine, University College London, London, United Kingdom; and

3Developmental Biology and Cancer Programme, Great Ormond Street Institute of Child Health, University College London,

London, United Kingdom

Submitted 30 June 2017; accepted in final form 11 December 2017

Ogunlade O, Connell JJ, Huang JL, Zhang E, Lythgoe MF,
Long DA, Beard P. In vivo three-dimensional photoacoustic imaging
of the renal vasculature in preclinical rodent models. Am J Physiol
Renal Physiol 314: F1145-F1153, 2018. First published December
20, 2017; doi:10.1152/ajprenal.00337.2017.—Noninvasive imaging
of the kidney vasculature in preclinical murine models is important for
the assessment of renal development, studying diseases and evaluating
new therapies but is challenging to achieve using existing imaging
modalities. Photoacoustic imaging is a promising new technique that
is particularly well suited to visualizing the vasculature and could
provide an alternative to existing preclinical imaging methods for
studying renal vascular anatomy and function. To investigate this, an
all-optical Fabry-Perot-based photoacoustic scanner was used to im-
age the abdominal region of mice. High-resolution three-dimensional,
noninvasive, label-free photoacoustic images of the mouse kidney and
renal vasculature were acquired in vivo. The scanner was also used to
visualize and quantify differences in the vascular architecture of the
kidney in vivo due to polycystic kidney disease. This study suggests
that photoacoustic imaging could be utilized as a novel preclinical
imaging tool for studying the biology of renal disease.
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INTRODUCTION

The kidney is a highly vascular organ that receives over 10%
of the cardiac output. Within the kidney there is a vast micro-
vasculature consisting of the glomerular capillary network,
peritubular capillaries, and vasa rectae, which are critical for
blood filtration and electrolyte control. The vasculature plays a
critical role in the progression of chronic kidney disease
(CKD). Regardless of the initial insult, CKD progression is
associated with remodelling of the renal vasculature eventually
leading to capillary loss in the kidney (21). The association of
the renal vasculature with CKD has led to numerous preclinical
studies using vascular growth factors (6, 8, 12) or endothelial
progenitor cells (22, 34) to attempt to revascularize the kidney
as a means to restoring renal function.

To date, the majority of studies have utilized histological
techniques to visualize the renal vasculature. However, new
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insights into disease progression and therapeutic response may
now be possible through the use of in vivo imaging techniques,
which can provide serial longitudinal three-dimensional (3D)
information about the vasculature. Magnetic resonance imag-
ing (MRI) (14), ultrasound (19), and high-resolution micro
X-ray computed tomography (micro-CT) (10) have been used
to study renal structure and function in mice. However, with
these imaging modalities, the relatively low intrinsic contrast
from the microvasculature often necessitates the use of exog-
enous contrast agents introducing additional procedural com-
plexity. In addition, high-resolution micro-CT (24) requires
high X-ray doses limiting the number of repeat measurements
in longitudinal studies.

Photoacoustic imaging (PAI) is an emerging noninvasive
technique that offers the prospect of overcoming these limita-
tions (1). It relies on the generation of ultrasound waves
through the absorption of short, low-energy nonionizing laser
pulses by light absorbing molecules, such as hemoglobin. By
detecting the time-of-arrival of these waves at the tissue sur-
face, an absorption-based image of the internal tissue structure
can be reconstructed. The fundamental advantage of PAI is that
optical contrast is encoded on to acoustic waves, which are
scattered much less than photons. As a consequence, it avoids
the depth and spatial resolution limitations of purely optical
imaging techniques that arise due to strong light scattering in
tissue: with PAI, depths of a few centimeters with scalable
spatial resolution ranging from tens to hundreds of microme-
ters (depending on depth) are achievable. PAI contrast is
defined largely by optical absorption. This makes it particularly
well suited to visualizing the vasculature without the use of
contrast agents due to the strong absorption of hemoglobin at
visible and near infrared wavelengths (1, 18). Unlike existing
imaging modalities it also offers the prospect of acquiring
functional information via the measurement of both blood
oxygen saturation (7) and flow (4).

Several preliminary PAI studies have been undertaken in
which the structure of murine kidneys has been visualized by
exploiting endogenous hemoglobin contrast (3, 15, 25). In
addition, by introducing exogenous contrast, renal perfusion
has been imaged in vivo using PAI (5, 23). In all of these
studies, however, conventional piezoelectric-based photoa-
coustic scanners were used, which provided insufficient image
quality to clearly visualize the kidney vasculature and differ-
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entiate it from other structures in either healthy kidneys or
those with disease-mediated vascular abnormalities (20).

This current study extends previous work in terms of both
methodology and application. Here we apply a new type of
photoacoustic (PA) scanner based on an entirely different
detection technology (i.e., all-optical) to previous scanners for
studying the kidney in mice. This enabled the acquisition of
significantly more detailed noninvasive 3D PA images of the
mouse kidney and renal vasculature than previous PAI studies.
Furthermore, we exploit this enhanced imaging performance to
demonstrate the feasibility of PAI as a tool for studying renal
disease by acquiring the first in vivo images of the abnormal
renal vasculature in a preclinical murine model of polycystic
kidney disease (PKD).

MATERIALS AND METHODS

Photoacoustic imaging. PA signals were acquired using a high-
resolution, all-optical, planar PA scanner based on a Fabry-Perot (FP)
polymer film ultrasound sensor (13, 17, 35). A schematic of the
scanner is shown in Fig. 1. Briefly, it consists of a fiber-coupled,
tunable optical parametric oscillator laser system (Quanta Ray Pro-
270/premiScan; Newport Spectra Physics/GWU Lasertechnik), which
generates 7-ns excitation light pulses at a pulse repetition frequency of
50 Hz. The sensor is a thin film structure consisting of two dichroic
mirrors separated by a 22-pwm-thick polymer spacer thus forming a FP
etalon. The mirrors are designed to be transparent in the wavelength
range from 590 to 1,200 nm but highly reflective between 1,500 and
1,600 nm. The transparency of the sensor in the former wavelength
range means that the excitation light (wavelengths in the range
640-850 nm were used in this study) can be transmitted through the
sensor into the adjacent tissue. The absorption of the light by the tissue
generates PA waves that propagate back to the FP sensor, where they
modulate the optical thickness of the polymer spacer. This produces a
corresponding change in the reflectivity of the sensor, which is read
out by scanning a 1,550-nm focused interrogation laser beam over its
surface using a galvanometer-based x—y scanner. The resulting time-
varying modulation of the reflected interrogation beam, representing
the PA signal, is detected by a photodiode and recorded by a digitizer.
The sensor has a broadband frequency response with a —3-dB

Fig. 1. Schematic illustrating the Fabry-Perot-based
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bandwidth of 39 MHz, and the optically defined element diameter was
22 pm (35). This combination of broad detection bandwidth and very
small optically defined element size provides a performance advan-
tage over conventional piezoelectric detector-based PA scanners,
resulting in improved image quality. The scanner provides a maxi-
mum lateral field of view of 20 X 20 mm and a penetration depth of
~10 mm depending on excitation wavelength (13, 17, 35).

For in vivo imaging, where required, the fur of the mouse around
the abdomen was removed with depilatory cream before the animal
was placed on the scanner. Acoustic coupling was achieved between
the sensor and the mouse by inserting a small amount of ultrasound
coupling gel. The mouse was anaesthetized using isoflurane in oxygen
[4% (vol/vol) at a flow rate of 2 I/min for induction and 1.5% (vol/vol)
at a flow rate of 1 I/min for maintenance]. An integrated heater and
thermal chamber, set to 34°C, was used to prevent hypothermia of the
anaesthetized mouse (31). Ex vivo imaging of the kidneys in situ was
achieved by submerging a mouse, culled with an overdose of sodium
pentobarbital, in a sensor tank containing water or 0.2% intralipid, the
latter to homogenize the incident light. For ex vivo imaging of excised
kidneys, the renal artery and vein were cauterized immediately after
excision. The kidneys were then placed in direct contact with the
sensor and submerged either in water or a 0.2% intralipid suspension.
To obtain the best compromise between contrast and penetration
depth, images were typically acquired at multiple wavelengths in the
range 620-920 nm. The maximum pulse energy used at these wave-
lengths was 18 mJ. The beam diameter was 2 cm; thus the maximum
fluence at the surface of the skin was 5.7 mJ/cm?. The imaged area
was typically 14 X 14 mm in steps of 100 wm. For each scan, ~20,000
waveforms, each containing 600 time samples with a temporal sam-
pling interval of 20 ns, were acquired without signal averaging or
respiratory gating, in ~7 min. All in vivo animal experiments were
approved by a local ethical review panel at University College
London and were performed in accordance with the UK Home Office
Animals Scientific Procedures Act (1986).

3D PA images were reconstructed from the acquired waveforms,
using a time reversal algorithm (29) with a correction for acoustic
attenuation in tissue implemented using a time-variant filtering
method (26). The time reversal algorithm was implemented using
k-Wave, an open source MATLAB toolbox developed at University
College London for the time-domain simulation and reconstruction of
PA and ultrasound wave fields (www.k-wave.org; Ref. 27). Before

photoacoustic scanner, showing a mouse placed in
supine position for imaging. Photoacoustic signals,
generated from the absorption of pulsed excitation

light by tissue, are detected by the Fabry-Perot poly-
mer film ultrasound sensor. Inset: an expanded view
of the sensor. It comprises a polymer spacer sand-
wiched between a pair of dichroic mirrors that are
transparent to the excitation laser wavelength but
highly reflective to the sensor interrogation beam
wavelength. The sensor operates by raster scanning a
focused continuous wave interrogation laser beam
across it and measuring the change in the power of
the reflected beam produced by acoustically induced
changes in the spacer thickness.
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reconstruction, the raw PA signals were interpolated onto a three
times finer x—y grid. The sound speed used in the reconstruction was
selected using an autofocus approach, based on a metric of image
sharpness (28). An exponential function normalization with respect to
depth was applied to the reconstructed image data set as a first-order
correction for the effect of optical attenuation to aid visualization.
Each 3D volume-rendered image required one reconstructed data set.
The voxel size in the rendered volume was 33.3 X 33.3 X 30.8 pm,
determined by the spatial sampling in the reconstructed data. Where
the reconstructed images were displayed as maximum intensity pro-
jections (MIPs), a logarithmic image intensity scale was used. Manual
segmentation, false coloring, 3D volume rendering, and extracting a
skeleton of the vasculature were implemented using Amira (FEI
Visualization Sciences).

Mouse models. Twelve-week-old BALB/c mice were used to per-
form PAI of healthy kidneys. In addition, Pkd """ heterozygous mice
(16), maintained on a CD1 background were bred to generate
Pkd1"*" (wild-type) and Pkd1™"! (PKD) mice. Wild-type and PKD
mice (n = 2 and 3 respectively) were imaged in vivo at 8 days after
birth or at 12 wk of age (n = 1), with one kidney embedded in agarose
after excision and used for MRI imaging and the other for PAL

MRI. Ex vivo kidney specimens were embedded in 1% (wt/vol)
agar gel and positioned in a 35-mm Rapid radiofrequency coil within
a 94T Agilent preclinical MRI scanner. T2-weighted images were
acquired using a multislice fast spin-echo sequence (repetition time of
1 s, echo time of 20 ms, ten 1-mm-thick slices, 4 averages, and data
matrix 256 X 256). The image acquisition time was 4 min for a field
of view of 30 X 30 mm?, with in plane resolution of ~120 pm.

RESULTS

In the first instance, preliminary exploratory studies were
undertaken on a culled 12-wk old BALB/c mouse to optimize
the light delivery and the positioning of the mouse to achieve
the best visualization of the kidneys. The mouse was orientated
in a supine position on the scanner and the abdomen illumi-
nated (Fig. 1). 3D image data sets of the same mouse in two
different positions were acquired. Horizontal (x—y) and vertical
(x—z) MIPs of the 3D image data set acquired for one position
of the mouse are shown in Fig. 2, A and B, respectively. These
images show several organs and anatomical structures within
the abdominal cavity. The two kidneys (k) located on either
side of the spine (s) can be seen in both the x—y and x—z MIPs,
with their location relative to the spine most apparent in the x-z
MIP (Fig. 2B). In Fig. 2A, the left-hand kidney is most clearly
visible revealing the larger vessels of the renal vascular tree set
against an oval-shaped region (indicated by the yellow arrows)
of near uniform contrast originating from the kidney capillary
bed. Part of the spleen (sp) is also visible in the horizontal MIP
(Fig. 2A). Figure 2C shows a volume-rendered image from the
same data set in which the kidneys were manually segmented
and false colored. This image is shown as a horizontal projec-
tion in the same plane as the x—y MIP in Fig. 2A but viewed
from the underside. This enables the kidneys and the branched
renal blood vessels to be visualised more clearly than the MIP;
these blood vessels are even more apparent in the animated 3D
representation of Fig. 2C available online (Supplemental
Movie S1; Supplemental Material for this article is available
online at the Journal website). The mouse was then reposi-
tioned to provide an alternative view so that the whole of the
spleen, only a small portion of which was visible in the
previous position, was located in the field of view. The corre-
sponding horizontal (x—y) and vertical (x-z) MIPs acquired with
the mouse in this position are shown in Fig. 2, D and E,
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Position 2

Position 1

Fig. 2. In situ photoacoustic (PA) images of the abdominal cavity of a
12-wk-old BALB/c mouse, in 2 different positions, acquired at an excitation
wavelength of 758 nm. Position 1: (A): x—y maximum intensity projection
(MIP); the spine (s) can be seen in the center of the image and the kidneys (k,
outlined with yellow arrows) can be seen either side of the spine. Part of the
spleen (sp) is also visible. (B): x—z MIP also showing the kidneys (k) and spine
(s). (C): 3D volume-rendered image of the same data set viewed from the
underside to better visualise the kidneys and the renal vasculature; the kidneys
are manually segmented and false colored, revealing blood vessels which are
not apparent in the MIPs. An animated representation of this image can be
viewed online at Supplemental Movie S1. Position 2: (D): x—y MIP and (E):
x—z MIP. As well as the kidney (k, outlined with yellow arrows) and the spine
(s), the whole of the spleen (sp) is now seen prominently, alongside ribs (r)
attached to the spine. (F): 3D volume rendering of the kidney manually
segmented from the data set shown in D and E, showing the vascular tree of
the kidney. An animated representation of this image can be viewed online at
Supplemental Movie S2.

respectively. As well as the kidney and spleen, several ribs (1)
connected to the spine are also visible. The 3D image data set
was manually segmented and volume rendered to visualize
only the kidney as shown in Fig. 2F. Similar to Fig. 2C, the
volume-rendered image allows visualization of blood vessels
not readily apparent in the MIPs. Again, this is most clearly
apparent in the animated representation of Fig. 2F (Supple-
mental Movie S2). Profiles were also taken across small blood
vessels in the data set shown in Fig. 2, A—C. The full-width
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Fig. 3. In vivo PA imaging of a 12-wk-old BALB/c
mouse kidney. x—z MIP (A), x—y MIP (B), and volume-
rendered image (C) of a 3D data set acquired at an
excitation wavelength of 850 nm. The volume rendered
image (C), viewed from the underside, reveals renal
vasculature which is partially obscured by the brighter
intensity of superficial anatomy in the MIP (B). In
addition to a kidney (k, outlined with yellow arrows in
B), the inferior vena cava (vc) and the abdominal aorta
(aa) branching into the renal vein and artery can be seen.
The spine (s) and one lobe of the liver (1), and part of the
intestines (i) can also be seen. In C, the kidney is
manually segmented and false colored. An animated
representation of the 3D volume-rendered image can be
viewed online at Supplemental Movie S3.

half-maximum of a Gaussian fit to these profiles provides an
estimate of the spatial resolution of the scanner. The depth-
dependent spatial resolutions obtained were as follows: 59 pm
at 600 wm, 75 pm at 1.5 mm, 113 pm at 3.4 mm, 128 pm at
5 mm, and 158 pm at 7 mm.

After the optimum orientation of the mouse was established
as described above, in vivo images of the kidney of an
anaesthetized mouse were acquired. These are shown in Fig. 3,
A and B, as x—z and x—y MIPs, respectively, as well as a
volume-rendered 3D image in Fig. 3C in which the kidney is
false colored. The kidney (k) and its vasculature can be seen in
Fig. 3, B and C, as well as the abdominal aorta (aa) and inferior
vena cava (vc), which branch into the renal artery and vein
feeding the kidney. The branching is most clearly apparent in

Fig. 4. Ex vivo imaging of excised kidneys: photo-
graph, T2-weighted MRI, and PA images of mouse
model of PKD (Pkd1™"") and wild-type (WT) litter-
mates (PkdI™”*') showing structural differences.
Photograph of kidneys from PkdI"”** (A) and
Pkd1""" (B). The PKD kidney has a paler color and
appears larger than the wild-type. T2-weighted MRI
images of PkdI*”*' (C) and PkdI"/"' (D) kidney
embedded in agarose, revealing the presence of fluid
filled cysts in the PKD model. PA MIPs, x—z (E and
G), x—y (F), and y-z (H), of a 3D image data set of
PKD and wild-type (WT) control kidneys, acquired
using 640 and 795 nm excitation wavelengths simul-
taneously. Note the sparse and disorganised vascula-
ture of the PKD kidney compared with that of the
normal (WT) kidney. The PA images are of the
photographed kidneys while the MRI images are of
the contralateral kidney from each mouse. An ani-
mated representation of 3D volume-rendered PA im-
ages of the wild-type (Supplemental Movie S4) and
PKD kidney (Supplemental Movie S5) can be viewed
online.

IN VIVO PAI OF THE RENAL VASCULATURE IN PRECLINICAL MODELS

the animated movie of Fig. 3C available online (Supplemental
Movie S3). Collectively, the data in Figs. 2 and 3 illustrate the
high level of detail with which the renal vessels can be
visualized using the FP scanner. This suggests the system
could be useful for studying kidney diseases characterized by
changes in the renal vasculature.

To explore this possibility, we imaged 12-wk-old Pkd1"""!
mice, which carry two hypomorphic alleles of Pkd1, the mouse
homolog of the gene most commonly mutated in human
autosomal dominant PKD, and their wild-type littermates
(PkdI*"*") (16). In the first instance, excised kidneys from
Pkd 1" and PkdI"”"" mice were studied. From visual inspec-
tion, the excised kidneys from the Pkd1"”" mice are evidently
larger than those from PkdI"”"" with a paler looking appear-
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Wildtype

PKD

ance (Fig. 4, A and B). MR images (Fig. 4, C and D) revealed
the presence of cysts in the Pkd1"/"! mice, which were absent
in PkdI™”"" animals. The kidney vasculature is however not
visible in the MR image of either the PKD or wild-type kidney.
On the other hand, the PA images (Figs. 4, E-H, and Supple-
mental Movies S4 and S5) show striking differences in the
kidney vasculature with a marked decrease in overall vessel
density in Pkd1"/" compared with Pkd1""*" mice. In addition,
the ordered branching of the vessel tree seen in the wild-type
kidney is not replicated in the PKD model, which shows a
vascular architecture that is disorganized and sparsely distrib-
uted.

Having demonstrated that PAI can distinguish between the
normal and diseased renal vasculature in an excised kidney, PA
images were subsequently acquired in vivo in 12-wk-old
PkdI*""* (Fig. 5, A—C) and PkdI"/" mice (Fig. 5, D—F). The
images are shown as x—y MIPs (Fig. 5, A and D), y—z MIPs
(Fig. 5, B and E), and volume-rendered images (Fig. 5, C and
F). The volume-rendered images of the PkdI*"*" (Fig. 5C) and
PkdI™"" (Fig. 5F) kidneys were manually segmented to ex-
clude any signals from the adjacent spleen and superficial skin
vasculature. From these images, it can be seen that the ordered
vessel tree characteristic of the wild-type kidney is not present

F1149

Fig. 5. In vivo PA images of mouse model of a 12-wk-
old wild-type (A-C) and polycystic kidney (D-F). A
and D: x—y MIPs. B and E: y—z MIPs. C and F: 3D
volume rendering of the kidneys manually segmented
from the data set shown in the MIPs above. These
images were acquired at 800 nm. In the x—y MIPs, the
region where the kidneys are located is indicated by
the yellow arrows. The y—z MIPs and volume-ren-
dered images, show that the ordered branching of the
vessels in the wild-type kidney is replaced by a
chaotic network of vessels in the polycystic kidney
model. Animated representations of the volume-ren-
dered images in C and F can be viewed online at
Supplemental Movies S6 and S7; these animated
representations show the differences in the vascular
architectures of the wild-type and polycystic kidneys
most clearly.

in the PKD case. This can be observed most clearly in the y—z
MIPs and the volume-rendered images, particularly the ani-
mated representations of the latter (Supplemental Movies S6
and S7). Instead of the ordered branching structure of the
vasculature in PkdI"”"" kidneys, the PkdI"”" mouse has a
disorganized and chaotic network of renal vessels, which is
consistent with the ex vivo images in Fig. 4.

Our previous work using immunohistochemistry for a pan-
endothelial marker, platelet/endothelial cell adhesion molecule
1 (CD31), demonstrated subtle changes in the renal microvas-
culature of Pkd1"”" mice early in disease progression (12). To
determine whether PAI could also detect early alterations in the
vascular anatomy of PkdI"™" mice, we imaged 8-day-old
Pkd1"*" and PkdI™" mice. PA images acquired in vivo are
shown in Fig. 6 as volume-rendered images with the kidneys
manually segmented and false colored; the animated represen-
tations of these images (Supplemental Movies S8 and S9)
reveal the renal vasculature most clearly. Horizontal (Fig. 6, A
and B) and transverse (Fig. 6, C and D) viewpoints for
Pkd1**" and Pkd1"/" are shown. Visual inspection of these
images suggests that the renal vasculature of the Pkd1™™ mice
is characterized by reduced vessel density, vascular dilation,
and increased disorder compared with the PkdI*”" case. The
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Wildtype

Fig. 6. In vivo volume-rendered PA images of the
abdominal cavity of an 8-day-old Pkd1"** (A and C)
and PkdI™ (B and D) mouse. An animated repre-
sentation of the images can be viewed online at
Supplemental Movies S8 and S9. The viewpoints in A
and B are horizontal (x—y), while C and D are vertical
(x—z) views of 3D data sets acquired at an excitation
wavelength of 850 nm. The kidneys have been man-
ually segmented and false colored. The separation
between similar renal vessels in the wild-type and
PKD mouse is larger in the PKD mouse, consistent
with the PKD kidney being larger than the wild type.
Skeleton of the network of vessels extracted from the
PA images for wild-type (E) and PKD (F) mouse
kidneys. The total number of branching nodes (red
dots) is 619 in the wild-type kidneys, compared with
372 in the PKD. There are 699 vessel segments (white
lines between nodes) in the wild-type kidneys com-
pared 409 in the PKD. The number of vessel seg-
ments and branches in the PKD are ~60% of those in
the wild-type kidneys. G: mean PA voxel signal
intensities obtained in (n = 4) wild-type kidneys and
(n = 6) PKD kidneys. The mean value for the wild
type is 5,546 with a SD of 1,055, while the mean for
the PKD kidneys is 1,339 and the SD is 880. A two

tailed Mann-Whitney test shows a statistically signif- G 800
icant difference (P = 0.0095) between the groups. 0
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latter is most apparent in the animated movies that show that
the PkdI"/" renal vascular architecture bears little resemblance
to the characteristic hierarchical tree-like structure of the nor-
mal kidney vasculature. To provide a more quantitative com-
parison of the structure of the vasculature, we first measured
the separation distance between specific corresponding vessels
in a Pkd1"”"" and Pkd1"/" kidney. We found that this param-
eter was increased in the PkdI"/" mouse compared with the

*% p=0.0095

WT PKD

PkdI™"" as indicated in Fig. 6, A and B. For example, the
separation between two specific renal vessels is 2.05 mm in
the Pkd1"”"" kidney, while the separation between the same
pair of vessels in Pkd1"/"! mice is 2.51 mm. A second pair of
vessels shows a separation of 1.83 mm for the wild-type kidney
and 3.52 mm for PKD. Second, we undertook a statistical
analysis of (n = 8) vessels, and this showed a mean vessel
diameter of 0.25 mm, with a standard deviation of 0.05 mm in
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the wild-type kidneys. In the PKD kidneys, the mean diameter
of the vessels is 0.34 mm with an standard deviation of 0.1 mm
suggesting the vessels are dilated. Moreover, even at this early
stage of the disease progression, the renal vasculature in the
PkdI™"" mouse appears more sparsely distributed than that of
the normal PkdI™”" mouse. This is most apparent in the
skeletons of the renal vascular network extracted from the PA
images (Fig. 6, E and F). The total number of branching points
(red dots) in the PkdI*"*" kidneys (Fig. 6E) is nearly twofold
higher than in the in the PkdI"/" (Fig. 6F); 619 and 372,
respectively. A similar pattern was observed in vessel seg-
ments (white lines between branch points) in the Pkdl*""!
kidneys, compared with in PkdI"”" kidneys (699 and 409
vessel segments, respectively).

The quantifications above are based on analysis of only
those vessels in the renal vasculature that can be spatially
resolved by the scanner. However, smaller vessels (e.g., cap-
illaries) that cannot be individually resolved still provide de-
tectable spatially averaged PA contrast which is representative
of the renal vasculature. Therefore, a metric that represents
both resolvable and subresolution vasculature is also desirable.
To this end, the mean intensities of voxels above the noise floor
for each segmented kidney were obtained (Fig. 6G) for both
PkdI"™" (n = 4 kidneys from 2 individual animals) and
Pkd1""! (n = 6 kidneys from 3 individual animals). The noise
floor was obtained by estimating the standard deviation of
voxels in a data set acquired on the PA scanner without a
mouse present and multiplying by a factor of three to provide
the peak value. The mean intensity from the Pkdl"”"" kidneys
is 5,546 with a standard deviation of 1055. This value is
approximately four times higher than the mean of 1,339 ob-
tained from the PkdI"™”" with a standard deviation of 880. A
two tailed Mann-Whitney test shows a statistically significant
difference (P = 0.0095) between the groups. The higher voxel
intensities in the wild type is consistent with a greater vascular
density in the wild-type kidneys compared with the PKD.

DISCUSSION

Conclusion. This study has demonstrated the use of PAI to
acquire noninvasive, label-free, 3D in vivo images of the
murine kidney and its vasculature, with anatomical structures
such as the spine, ribs, and spleen also visible. The level of
structural detail of the kidney visualized in this study is
unprecedented for PAI, with individual renal blood vessels and
their branching visible. To achieve these results, a high-reso-
lution 3D PA scanner based on an all optical ultrasound sensor
was used. Its broad detection bandwidth, small element size,
and high sensitivity result in significant improvements in image
quality, compared with previous PA renal imaging studies that
have used conventional piezoelectric detector-based scanners.
The depth-dependent spatial resolution of the PA images ob-
tained in this study, which lie within the range of 59-158 wm,
is comparable to that achievable with MRI and ultrasound, but
unlike these modalities there is no requirement for exogenous
contrast agents to visualize the microvasculature due to the
strong intrinsic PA contrast provided by hemoglobin. The
spatial resolution is not quite as high as the 35-pm resolution
obtained in vivo with micro-CT for studying the microvascu-
lature in mouse models of ischemia-reperfusion, unilateral
ureteral obstruction, and Alport syndrome (10). However,
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unlike micro-CT, PAI does not require contrast agents or
employ ionising radiation, which enables vascular changes to
be monitored longitudinally with an unlimited number of
image acquisitions. Moreover, although the current study has
focused on the use of PAI to visualize renal vascular anatomy,
the technique also has the potential to provide physiological
parameters such as blood oxygen saturation (1, 7) and blood
flow velocity (4) simultaneously, which is not possible with
existing imaging modalities. Blood oxygenation saturation can,
in principle, be determined by acquiring PA images at multiple
wavelengths and applying a spectroscopic inversion to estimate
the concentrations of oxy and deoxyhemoglobin (7). Blood
flow velocity measurements exploit the PA Doppler effect, and
has been demonstrated in phantoms (4) and superficial vessels
such as those in the mouse ear (33). Although both methods
still require further development for use at the depths relevant
to the current study, they offer the prospect of further increas-
ing the utility of PAI for the study of renal disease. For
example, it has been hypothesized that hypoxia is an important
triggering stimuli, which precedes vascular dysfunction in
CKDs (21), and PA functional imaging could help study the
relevant oxygen supply and delivery distribution.

To explore the feasibility of using PAI to study renal
diseases, a preliminary study in which a mouse model of
autosomal dominant PKD was imaged at early (8 days) and late
stages (12 wk) of the disease was undertaken. Prior studies in
patients and mouse models using corrosion casting, angiogra-
phy, and immunohistochemistry have shown that the architec-
ture of the renal vasculature is disrupted in autosomal dominant
PKD, with the appearance of tortuous, abnormally patterned
and dilated vessels surrounding cyst epithelia (2, 30). The PA
images of PkdI"/* mice are broadly consistent with these
findings. At 12 wk of age, the images revealed that the
structured vessel branching pattern in healthy wild-type kid-
neys is replaced with a more disorganized distribution in PKD.
In addition, the number of vessels was observed to be reduced
in PKD, compared with the wild type. The disorganized vessel
structure and reduction in vascular density were also observed
at the early disease stage. At 8 days of age, when small cysts
are observed (12), the numbers of vessel segments and branch-
ing points in the PKD kidneys were ~60% of those in the
age-matched wild-type kidneys. These results are broadly con-
sistent with previously published data (32), from ex vivo
micro-CT studies which have shown that the total vascular
density in PKD rats is 50% less than in the wild-type case.
Interestingly, our prior studies have shown an increase in the
CD31" noncystic area in Pkd1"/" mice from 1 day of age (12).
However, since we found that active angiogenesis does not
occur at this time point (based on colocalization of CD31 and
the proliferation marker Ki67), this may be due to vessels
becoming dilated and occupying a greater surface area. This
too is broadly consistent with the PAI data that suggests that
there are fewer vessels in Pkd1"/" mice but they are dilated. In
addition to changes in vessels that can be clearly resolved, the
PAI data also showed that the subresolution vasculature, which
provides spatially averaged PA contrast, also provides physi-
ologically relevant information. An analysis of the signal
intensities of all voxels above the noise floor revealed that the
mean voxel intensity of the PkdI"”"" mice is significantly
higher than the PkdI"" animals by approximately a factor of
four. Although additional more extensive studies, including
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side-by-side comparison with other imaging modalities such as
micro-CT, are required to fully establish the utility of PAI in
this context, these preliminary results suggest it could be a
useful tool for studying vascular changes implicated in PKD.

Currently, in vivo imaging techniques such as MRI and
ultrasound are utilized in the study of PKD to monitor cysot-
genesis and measure the increase in total kidney volume (11)
(9). The use of noninvasive PAI to monitor renal vascular
changes due to PKD could complement these measurements
since the renal vasculature has been implicated in playing a
role in cyst formation, as well as other etiologies of CKD (21).
As part of future work, disease staging could be achieved by
longitudinally monitoring the renal vasculature changes in
transgenic mouse models of PKD and correlating the severity
of vascular malformations as the disease progresses with age.
In addition, the efficacy of therapeutic interventions, such as
vascular endothelial growth factor C administration, which
partly work by normalizing the defective vasculature in PKD
(12), could also be studied longitudinally. Allied to these
disease-staging and therapy-monitoring studies would be the
development of additional quantitative methods of vascular
analysis, for example, measurements of vessel diameter,
branching, and tortuosity, which have been shown to change in
progressive kidney diseases (10).

In summary, this study suggests that PAI could be a useful
and versatile preclinical tool for characterizing the progression
of kidney disease in mouse models, particularly in circum-
stances where a relatively low-cost, label-free functional im-
aging modality that does not use ionizing radiation is required.
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