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Abstract: Photoacoustic microscopy was developed to achieve volumetric
imaging of the anatomy and functions of the subcutaneous microvasculature
in both small animals and humans in vivo with high spatial resolution and
high signal-to-background ratio. By following the skin contour in raster
scanning, the ultrasonic transducer maintains focusing in the region of
interest. Furthermore, off-focus lateral resolution is improved by using a
synthetic-aperture focusing technique based on the virtual point detector
concept. Structural images are acquired in both rats and humans, whereas
functional images representing hemoglobin oxygen saturation are acquired
in rats. After multiscale vesselness filtering, arterioles and venules in the
image are separated based on the imaged oxygen saturation levels. Detailed
structural information, such as vessel depth and spatia orientation, are
revealed by volume rendering.
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1. Introduction

High-resolution imaging of subcutaneous blood microvessels in three dimensions can be of
great benefit to dermatology, cancer research [1], and plastic surgery [2]. However, accurate
noninvasive imaging of the anatomy and functions of the subcutaneous microvasculature
remains a challenge. First, the imaging modality employed must have high sensitivity so that
small-diameter (tens of um) blood vessels can be detected. Second, the imaging modality
employed must have high spatial resolution so that the vessel network can be resolved. Third,
it must have enough penetration depth so that the magjor vasculature in the dermal layer (1-3
mm below the skin surface in humans and small animals) can be measured. Fourth, it must be
able to acquire volumetric data with good spatial resolution in both the lateral and axial
directions. Fifth, it must image appropriate intrinsic contrast so that physiological functions
can be measured.

In blood vessel imaging, the intrinsic contrast comes from either the strong optical
absorption of hemoglobin [3] or the velocity of the blood flow [4,5]. Because the relative
optical absorption contrast between blood and dermal tissue can be up to 100, depending on
the optical wavelength used [6], an optical absorption-based high-resolution imaging modality
is well suited for microvascular imaging. Moreover, since optical absorption is associated
with both forms of hemoglobin in blood, optical absorption-based imaging can quantify
functional parameters such as the total hemoglobin concentration and hemoglobin oxygen
concentration (SO,).

The ratio of the maximum imaging depth to the depth (axial) resolution, which gives the
number of effective pixels, is used to evaluate the spatial resolution and image quality of an
imaging modality. A depth-to-resolution ratio greater than 100 has been achieved by severa
optical modalities, such as confoca microscopy, two-photon microscopy, and optical
coherence tomography (OCT). However, all are not directly dependent on optical absorption
contrast, and none can reach a penetration depth of more than ~1 mm (related to one transport
mean free path) in biological tissue owing to strong optical scattering. Hence, existing high-
resolution optical imaging modalities are not idea for imaging subcutaneous
microvascul atures.
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Photoacoustic (PA) imaging [3,7-12] is a hybrid imaging modality based on optical
absorption contrast and ultrasonic localization; it provides volumetric imaging of
subcutaneous microvasculature with high spatial resolution at large depths. In PA imaging, a
short laser pulse illuminates the biological tissue. When light energy is absorbed, a local
temperature rise leads to a thermal-elastic expansion and, subseguently, the generation of a
pressure wave (referred to as a PA wave). The PA wave is then detected to image the internal
optical absorption distribution. Deeply penetrating diffuse photons can produce PA waves,
and PA waves scatter two to three orders of magnitude less than light in biological tissue [6];
consequently, PA imaging can image beyond one transport mean free path with high spatial
resolution. The spatial resolution of PA imaging is determined by the ultrasonic parameters
[13], and, thusfar, an imaging depth of 9 mm and a resolution of 10 um [7] has been reported.
Previously, three-dimensional (3D) PA images have been acquired from phantoms|[7], ex vivo
blood vessels [8], large in vivo human blood vessels [9], and in vivo animal brains [10].
However, imaging of both anatomy and functions of microvasculatures in three dimensionsin
vivo has not been reported yet.

Here, we report on in vivo structural and functional volumetric imaging of subcutaneous
microvasculature by photoacoustic microscopy (PAM). PAM is a newly developed reflection
(backward) mode confocal PA imaging technique [14,15]. Unlike the reconstruction-based
PA tomography (PAT) [7,10,11], which employs an unfocused ultrasonic detector and relies
on an inverse algorithm to reconstruct an image, PAM uses a focused ultrasonic detector and
forms volumetric images directly. Unlike previously proposed confocal PA imaging [12],
PAM uses a dark-field optical illumination and an optical focus that is much larger than the
ultrasonic focus [14]. In PAM, the axia resolution is inversely related to the system
bandwidth; the lateral resolution is determined by the ultrasonic focal capability. As a result,
an ultrasonic transducer with a high central frequency, large bandwidth, and large NA is
required for high-resolution imaging. However, ultrasonic atenuation increases with the
ultrasonic frequency and limits the imaging depth. Therefore, a trade-off must be made
between spatial resolution and imaging depth.

In this paper, we apply PAM to achieve volumetric imaging of (1) the anatomy of the
subcutaneous microvasculature in rats, (2) the SO, in arterioles and venulesin rats, and (3) the
anatomy of the subcutaneous vasculature in humans. All experimental animal procedures
were in conformity with the guidelines of the US NIH [16]. The laboratory animal and human
subject protocols for this work were approved by Texas A&M University.

2. Experimental setup and image formation
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Fig. 1. Schematic of the PAM system.

A schematic diagram of the PAM is shown in Fig. 1. A tunable dye laser serves as the PA-
excitation source. Laser light at a designated wavelength was delivered through an optical
fiber (core diameter: 600 pum). Light was first expanded by a conical lens to form an annular
beam and was then weakly focused into the tissue with its focal region coaxially overlapping
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the ultrasonic focus. The PA signals detected by a high-frequency focused ultrasonic
transducer were amplified by a wide-band low-noise amplifier and were then digitized by an
oscilloscope (sampling rate: 250 MHZz). Detailed system parameters can be found in Refs. [14]
and [15].

Volumetric imaging of PAM was accomplished via either raster or contour scanning. At
each transducer position, the PA signal was recorded for 2 us without signal averaging and
was converted, based on the sound velocity in soft tissue (1.54 mm/us), into a one-
dimensional depth-resolved image (A-line) in the z direction. Mechanical trandation of the
optical-ultrasonic assembly within the dashed box in Fig. 1 along an x-y plane, while the z
position was either fixed for raster scanning or dynamically adjusted for contour scanning,
produced a complete 3D image.

A two-dimensiona (2D) point-spread-function (PSF) of this PAM system was acquired by
imaging the cross-section of a carbon fiber (diameter: 6 um) immersed in a turbid medium.
From the PSF, the axial and lateral resolutions measured 15 pum and 45 um, respectively. The
maximum imaging depth reached 3 mm [15]. Thus, the depth-to-resolution ratio is more than
100, which is comparable to that of the existing high-resolution optical modalities.

According to the current spatial resolutions, the minimum imagable vessel diameter is 20-
50 um. However, PAM can potentially resolve capillary since its spatia resolutions are
scalable with the ultrasonic parameters[15].

3. Results and discussion
3.1 Structural imaging of subcutaneous microvasculatrurein rats

A Sprague-Dawley rat with a body weight of 200 g was used in this study. The dorsal side of
the rat was depilated with a commercial human hair-removing lotion before data acquisition.
A dose of 87 mg/kg Ketamine plus 13 mg/kg Xylasine was administered intramuscularly to
anesthetize the rat. Supplemental injections of the same anesthetic mixture (~50 mg/kg/hour)
minimized motion throughout the experiment. During the experiment, the body temperature
was maintained; the heart rate and systemic arterial SO, were monitored.

In this study, the optical wavelength was 584 nm, which is one of the isosbestic points. At
an isoshestic point, oxyhemoglobin (HbO,) and deoxyhemoglobin (HbR) have an identical
molar extinction coefficient; therefore, the optical absorption is dependent only on the total
hemoglobin concentration and is independent of the SO, level. As a result, PA signas
generated from venules and arterioles have comparable amplitudes.

A volume of 10x8.2x3 mm® was imaged at a scanning step size of 50 um. Because the
spherically focused ultrasonic detector has afocal zone of only 0.3 mm, alarge portion of the
imaged volume was outside the ultrasonic focal zone, where the lateral resolution was
degraded. As a result, the microvessels out of the focal region could not be accurately
resolved. To overcome this problem, we adopted the following two methods.

First, a contour scan was performed, in which the optical-ultrasonic assembly maintained a
constant distance from the skin surface contour. Hence, good ultrasonic focusing on the
subcutaneous blood vessels was ensured throughout the scanning. In preparation for a contour
scan, araster pre-scan a a constant z coordinate was conducted. Then the skin surface contour
was extracted from the pre-scanned volumetric image. An optima distance between the
optical-ultrasonic assembly and the skin surface was chosen based on the ultrasonic focal
length and the targeted mean vessel depth. In the contour scan, the z coordinate of the optical-
ultrasonic assembly was adjusted with the x-y coordinates based on the preset optimal distance
and the detected skin surface contour.

Second, a synthetic aperture focusing technique (SAFT) based on a virtual point detector
concept was employed to improve the degraded out-of-focus lateral resolution [17]. In
phantom tests, nearly depth-independent lateral and axial resolutions were achieved within a
depth range of £1 mm from the focal plane.

Since most vessels in the subcutaneous microvasculature of rats form alayer of less than 2
mm in thickness beneath the skin surface, combining the contour scan and the SAFT
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generated a well-focused volumetric image of the entire subcutaneous microvasculature as
shown in Fig. 2. The laboratory z coordinate was recovered by shifting the moving z
coordinate for the contour scan by the amount of the corresponding z coordinate of the skin
surface contour. Strong PA signals generated within a 0.18-mm depth of the skin surface were
digitally removed to avoid over-shadowing the rest of the image. Figure 2(A) is a maximum-
amplitude-projection image (MAP), where the maximum value of the PA signal along each
A-line was projected onto the x-y plane. Figure 2(B) is a volume rendering showing the
vessels of various depths and orientations. The mean depth of the imaged vessels was
0.38+0.11 mm from the detected skin surface. The opacity (alpha value) and the color of each
voxel were mapped according to its PA amplitude using a commercial software package
(VolView, Kitware, NY).

(A) (B)

Fig 2. Structural imaging of the subcutaneous microvasculature in rats in vivo. (A) An MAP
image. (B) (1.6 MB) A movie of the volume-rendered microvasculature viewed from different
angles.

In Fig. 2(A), many vessels are less than 50 um in diameter and thus occupy only a single
pixel. The microvessel density (MVD) is approximately uniform within the whole image. The
ratio of the PA amplitude of the vessels to that of the background is 19.1+5.4 on average,
which demonstrates a high contrast. In Fig. 2(B), up to eight orders of vessel branching are
observed. Although not revealed in the MAP image, the depth relation of the vessel numbered
1 with the major vessels above is well visualized in the movie.

For both the raster pre-scan and the contour scan, the data acquisition time totaled 130
minutes. Although the contour scan along with a raster scan takes a longer acquisition time, it
is useful for applications where the skin contour varies significantly. Moreover, the pre-scan
can be accelerated by enlarging the step size and then finding the skin surface contour by
spline interpolation.

3.2 Imaging of SO, in ratsin vivo

The capability of PAM to image quantitatively static SO, in the subcutaneous
microvasculature was previously demonstrated with 2D MAP images on a vessel-by-vessel
basis[15]. Here, static SO, in the subcutaneous microvasculature of arat (body weight: 200 g)
under hyperoxia is visualized volumetrically. The arterioles and venules are segmented and
then differentiated based on their SO, levels (Fig. 3). With raster scanning only, the data
acquisition took 160 minutes.

Based on the PA images acquired at four optical wavelengths (578, 584, 590, and 596
nm), the relative concentrations of HbO, and HbR (denoted by [HbO,] and [HbR],
respectively) were calculated in three dimensions. The blood vessels were segmented from the
structural image acquired at the 584-nm optical wavelength; then, the SO,, defined as
[HbO,]/([HbO,]+[HDbRY]), was calculated point-by-point only within the blood vessels. Finaly,
arterioles and venules were differentiated based on their physiological differencein either SO,
or [HbR]; however, [HbR] was preferred for its robustness; specifically, the following steps
were taken.
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First, the venules were segmented in the [HbR] image. Ideally, such a segmentation could
be achieved based on simple thresholding because the [HbR] in the venules is much higher
than that in the arterioles [18]. However, noise in the raw data and systematic errors in the
calculation of the [HbR] [19] led to negative concentrations, bright spots in the background,
and discontinuities in the vessels, which made direct thresholding ineffective. To improve the
efficacy of thresholding, we set the negative concentrations in the 3D [HbR] datato zeros and
then used multiscale vesselness filtering [20] to enhance equally tubular structures with
various diameters in the volumetric data. After filtering, the [HbR] image presented neither
bright spots in the background nor discontinued vessels. Then the concentration values were
linearly normalized to the range of 0 to 1; and venules were segmented by thresholding at 0.1.
After segmentation, a venule mask was created by setting all concentrations in the venules to
1/4 and al concentrations in the background 1.

Fig. 3. (2.2 MB) A movie showing in vivo functional images representing SO in single blood
vessels of rats. Venules and arterioles are colored blue and red, respectively. The imaged
average SO, valuesin the arterioles and venoul es were 0.99+0.01 and 0.81+0.02, respectively.

Second, the PA amplitudes in the structural image acquired a 584 nm were linearly
normalized to the range of 2™ to 2'° to introduce a bias and then multiplied by the venule
mask pixelwise. The processed PA amplitudes in venules were no greater than 2 and were
lower than those in either the arterioles or the background in the final image. As a result,
arterials and venules were divided based on the separation in the image histogram.

Finaly, the venules and the arterioles were colored blue and red, respectively. The
opacities of the vessels and the background were set to ~1 and less than 0.01, respectively. In
Fig.3, the venules and the arterioles are at different depths, which can be observed easily in
the movie.

3.3 Imaging of subcutaneous blood vessels in humansin vivo

This PAM system is considered safe for human imaging. The pulse energy was 0.2 mJ, and
the energy density at the optical focus was no more than 6 mJcm? even in an optically clear
medium, which is well within the ANSl safety limit in the spectral range used here (20
mJcm?) [21].

Figure 4 shows a volumetric image of the subcutaneous vessels in the pam of a human
hand, which was produced by an 18-minute raster scanning of 8x8 mm? with a step size of 80
pm. The PA signals within a depth of 0.36 mm, corresponding to the stratum corneum layer,
were digitally removed. In Fig. 4, the largest vessel is approximately 350 pum in diameter and
0.7+0.07 mm benesth the skin surface.
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Fig. 4. Volumetric imaging of the subcutaneous blood vessels in the palm of a human hand in
Vivo.

3.4 Discussion

Volumetric PAM imaging of microvasculatures with high spatial resolution, high contrast,
and high specificity in vivo can be invaluable for tumor angiogenesis study. In structural
PAM, the MV D and the total microvascular area, which are bona fide predictors of aggressive
tumor growth and metastases, can be calculated from MAP images. In contrast to the widely
accepted dorsal flap window chamber model [22], PAM can show morphological changes of
vessels in three dimensions as a tumor grows in its natural environment. In functional PAM,
arterioles and venules can be individually identified in three dimensions using only intrinsic
optical absorption contrast. By contrast, in magnetic resonance angiography, high-quality
artery-vein identification requires the use of contrast agents [23]. As a result, PAM can
provide in-depth tumor physiological studies with 3D structural and functional information of
single vessels. With exogenous contrast, additional physiological functions can be measured
by PAM.

Compared with 2D MAP images, volumetric visualization suffers more from motion
artifacts because MAP images are insensitive to the breathing motion along the z axis. The
major technical limitation of the current PAM setup is the low imaging speed due to the 10-
Hz laser repetition rate; it, however, can be overcome by employing laser systems with high
repetition rate.

4. Summary

We have shown that PAM is a new paradigm for high-quality volumetric imaging of the
subcutaneous microvasculature. The anatomy of the subcutaneous microvasculature was
revealed in three dimensions with high spatial resolution and high contrast in small animals
and humans in vivo. Ultrasonic focusing on the vessel layer was maintained by a contour scan,
and nearly depth-independent spatial resolution was accomplished using SAFT. SO, in single
blood vessels was imaged in small animals on the basis of only intrinsic contrast. For the first
time in PA imaging, arterioles and venules were separately identified and visualized
volumetrically by means of multiscale vesselness filtering. By combining volumetric
structural and functional imaging, PAM can potentially find applications in the research and
early detection of superficial tumors.
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