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Abstract. Measuring the partial pressure of oxygen (pO,) in tissue may provide physicians with essential infor-
mation about the physiological state of tissue. However, currently available methods for measuring or imaging
tissue pO, have significant limitations, preventing them from being widely used in clinics. Recently, we have
reported a direct and noninvasive in vivo imaging modality based on the photoacoustic lifetime which overcomes
certain drawbacks of the existing methods. The technique maps the excited triplet state of oxygen-sensitive dye,
thus reflecting the spatial and temporal distributions of tissue oxygen. Here, we present two studies which apply
photoacoustic lifetime imaging (PALI) to monitor changes of tissue oxygen induced by external modulations. The
first study modulates tissue oxygen by controlling the percentage of oxygen a normal mouse inhales. We dem-
onstrate that PALI is able to reflect the change in oxygen level with respect to normal, oxygen-rich, and oxygen-
poor breathing conditions. The second study involves an acute ischemia model using a thin thread tied around
the hindlimb of a normal mouse to reduce the blood flow. PALI images were acquired before, during, and after the
restriction. The drop of tissue pO, and recovery from hypoxia due to reperfusion were tracked and observed by

PALI. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0O.20.3.036004]
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1 Introduction

In the human body, oxygen is transported from the lungs into the
cells via the bloodstream. Oxygen plays a vital role in cellular
metabolism. Oxygen partial pressure (pO,), which results from
the balance between oxygen delivery and its consumption, is a
key component of the physiological state of tissue. Any imbal-
ance in the oxygen levels, which may occur due to an altered
supply or utilization of oxygen, will affect metabolic homeosta-
sis and may lead to diseases.! Decrease in pO,, i.e., hypoxia, is
strongly associated with diseases such as cancer,” peripheral
artery disease,’ diabetes,* and stroke.’ The interaction between
the availability of oxygen and cellular function, including the
signaling pathway of the hypoxia-inducible factor, has been
studied intensively.® In medicine, tissue oxygen is essential
for diagnosis, therapy planning, and treatment monitoring for
a range of diseases.””

The importance of tissue oxygen characterization raises the
need for reliable measurement methods. Images of oxygen dis-
tribution may provide information about tissue hypoxia and evi-
dence of oxygen availability in the circulatory system. Tissue
oxygen can be assessed either indirectly or directly. Indirect
methods include the measurement of oxygen saturation or
parameters related to cell metabolism. Oxygen saturation can
be obtained using techniques such as near-infrared spectros-
copy'® and BOLD-MRI.!! However, tissue oxygenation can
be uncorrelated with blood oxygenation when there is insuffi-
cient blood perfusion such as in solid tumors'? and implanta-
tions."* Even though numerous hypoxia-related probes such
as positron emission tomography'# and single-photon emission
computed tomography'> have been developed, the interpretation
of the images for identification of hypoxic regions remains
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highly susceptible to the time delay between the injection of
a contrast agent and image acquisition.'® The chemical and
physical properties of oxygen enable a wide variety of direct
methods for measuring pO, in vivo. Polarographic oxygen elec-
trodes'” and fiber optic probes'®!” have been used in clinical
practice. These probes are invasive and not capable of mapping
(imaging) the oxygen content in tissue. Optical imaging meth-
ods including fluorescence quenching? and phosphorescence
imaging®' suffer from low penetration depth due to the strong
optical scattering in tissue. Magnetic-resonance-based methods
(e.g., F MRI? electron paramagnetic resonance,”> and pro-
ton—electron double resonance imaging®*) have long scanning
times and, therefore, cannot generate real-time images.
Moreover, other disadvantages including high costs and incom-
patibilities with implants and pacemakers make magnetic-reso-
nance-based methods rarely implemented in clinical settings.
Evolved from phosphorescence lifetime imaging, photo-
acoustic lifetime imaging (PALI) is a novel method that directly
reflects the spatial and temporal distributions of tissue oxygen.”
PALI maintains the reliable sensing mechanism of oxygen-de-
pendent decay after excitation. Instead of probing the transient
optical emission, which is used in a range of commercially avail-
able medical and biological devices,”** PALI quantifies the
same lifetime from excited state to ground state by probing
the transient absorption.’**! The sensing depth of lifetime im-
aging is thus largely increased by applying photoacoustic imag-
ing. Photoacoustic imaging overcomes the diffusion limit of
traditional optical methods by detecting ultrasound generated
from light absorption.’? Penetration depth of photoacoustic
imaging in tissue can reach up to a few centimeters.** By com-
bining lifetime oxygen sensing and photoacoustic imaging,
PALI is able to reveal the distribution of pO, with the resolution
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determined by an ultrasound transducer, typically less than
1 mm, and a penetration depth of about 15 mm.** > Even
though lifetime-based photoacoustic methods enable direct
measurement of pO,, they require perfusion of exogenous con-
trast agents into the region of interests, which may raise con-
cerns such as biosafety and biocompatibility.>” In comparison,
spectroscopy-based photoacoustic imaging methods quantifying
the oxygen saturation (SO,) rely solely on hemoglobin as an
endogenous contrast agent.”®** These methods are easier to
implement, however, they are insensitive to changes in oxygen
transport and consumption in tissue. Poor correlations between
oxygen saturation and tissue hypoxia have been observed in
studies of prostate cancer,*! breast cancer,** and rectal cancer.*’
These observations strongly suggest that there is a need for im-
aging methods that directly map tissue oxygen.

We have recently demonstrated the application of PALI to the
imaging of tumor hypoxia in a small animal model.** The basic
principles of PALI have been discussed in greater detail there.
PALI consists of a series of excitation-probing pulse pairs. The
pump pulse excites an oxygen-sensitive dye, and the probe pulse
generates photoacoustic signals proportional to the transient
absorption of the dye. These photoacoustic signals are recorded
by an ultrasound array. The data acquired following each prob-
ing pulse are used to reconstruct a transient photoacoustic image
corresponding to a specific pump-probe delay. The series of
photoacoustic images is processed in a pixel-wise manner to
extract the dynamics of transient absorption at each pixel loca-
tion in the field of view. Pixel values at different time delays are
fitted to an exponential decay function, and decay rates at each
pixel are extracted and converted to pO, values using the Stern—
Volmer equation.***> The pO, values of all pixels are then pre-
sented as a pO, distribution map. Data validation criteria have
been defined to reject unreliable measurements. These include a
threshold signal amplitude and a coefficient of determination of
the exponential fit.

We use an oxygen-sensitive dye, methylene blue (MB), in
our work. MB is a water-soluble dye that is widely used in clini-
cal diagnostic and therapeutic applications*®*” primarily due to
its low cytotoxicity and efficient clearance.**** MB has several
advantages over other oxygen-sensitive dyes: (1) The safety and

toxicity of MB in humans have been widely studied and are well
documented including an extensive formal toxicity study by the
National Toxicology Program (NTP);*® (2) MB can be effi-
ciently (quantum yield for intersystem crossing 7gc = 0.52)
excited, and the excitation and probe wavelengths (650 and
810 nm) lie within the tissue optical windows; (3) the lifetime
of MB is an intrinsic property and does not depend on its con-
centration (79.5 us in oxygen-depleted solution’'); (4) the life-
time is highly sensitive to pO, (the rate of collisions is higher
than the relaxation rate of the excited state); and (5) it has been
demonstrated that MB can be used as a photosensitizer in photo-
dynamic therapy (PDT) to treat tumors, which would enable
integration of PALI tissue oxygen monitoring with PDT.

2 Materials and Methods
2.1 Multimodal Imaging System

The imaging system allowed for three modes of operation:
pulse-echo ultrasound imaging, photoacoustic imaging, and
PALI. The main components of this system were two laser mod-
ules, an ultrasound system, and a computer, as shown in Fig. 1.
The pump laser generated a wavelength of 650 nm to match the
peak absorption of MB in its ground state to excited state tran-
sition. The pump laser system combined a pulsed Nd: YAG laser
(Surelite I, Continuum), a third harmonics generation module,
and an optical parametric oscillator (OPO; MagicPRISM,
OPOTEK). The output wavelength of the second laser (probe
laser) system was tuned to 810 nm to match the excited state
triplet—triplet peak absorption of MB. The probe laser (Rainbow,
OPOTEK) was a commercially integrated frequency-doubled
Nd:YAG pulsed laser (Brilliant, Quantel) with an OPO unit.
Both lasers operated at a 10-Hz repetition rate, with a pulse
width of 5 ns and pulse energy of about 8 mJ. Light was com-
bined and focused by a series of lenses and mirrors. Light inten-
sities at the illumination spot were between 10 and 15 mJ/cm?
(below the ANSI limit>?). Both lasers were externally triggered by
a field-programmable gate array (FPGA) module (Saxo FPGA
board, KNJN). The ultrasound system (OPEN system, Lecoeur
Electronique) was connected to a 64-element ultrasound
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Fig. 1 Schematic of in vivo multimodal imaging system and breathing modulation model. The imaging
system is capable of generating ultrasound, photoacoustic imaging, and PALI images using the same
hardware. Two lasers illuminate the intended target region of the animal, and the generated ultrasound
signals are acquired by a phased-array ultrasound transducer and then amplified, digitized, and proc-
essed in an ultrasound system. The percentage of oxygen the mouse inhales is controlled and the tissue
oxygen near the imaging area is measured during the imaging process.
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phased-array transducer (P7-4, ATL) as a transmitter—receiver in
pulse-echo ultrasound imaging mode and as a receiver-only in
photoacoustic and PALI modes. In all modes, signals from all
channels were simultaneously digitized at a 12-bit resolution at a
rate of 80 MHz.

Ultrasound images were obtained using the synthetic aper-
ture imaging method>*-* described in Ref. 34. The total signal
acquisition time for a complete scan was <1 s. Ultrasound
images were generated to provide the anatomical structure of
the hindlimb. The photoacoustic signal acquired by the ultra-
sound array was first averaged over 50 measurements to
compensate for the fluctuations in the OPO output energy. A
filtered backprojection algorithm was applied to reconstruct
the photoacoustic images.>>>® A series of photoacoustic signals
was obtained with pump-probe delays of 0.25 us, 0.5 us, 1 us,
2 pus, 4 us, 8 us, and 100 ms. The triplet state lifetime was evalu-
ated at each pixel by an exponential fit. The Stern—Volmer rela-
tionship** describing the lifetime as a function of pO, was used
to convert lifetime to pO,. Data validation criteria have been
defined to reject unreliable measurements. These include a
threshold signal amplitude (< 10% of maximum) and a coeffi-
cient of determination (R> > 0.4) of the exponential fit. Only
pixels that pass both criteria were shown in the final pO, map.

Normal mice (BALB/CJ, The Jackson Laboratory) were used
for imaging. Before imaging, mice were anesthetized by ket-
amine (100 mg/kg) and xylazine (10 mg/kg). Hair on one
side of the hindlimb was shaved and removed. MB (5 mM,
about 5 spots, 50 uL. each spot) was injected subcutaneously
at the hindlimb. The mouse was placed in an animal holder,
with a labmade breathing apparatus mounted on the head to
allow for free breathing. The breathing apparatus was connected
to the flow-rate controller which mixes oxygen, nitrogen, and
air. The concentration of oxygen inhaled by the animal was
achieved by tuning the flow rate ratio of either oxygen or nitro-
gen with respect to the air. The total flow rate stayed at
120 ml/ min for the entire experiment. Imaging experiments
were conducted 15 min after the dye injection to allow for

sufficient dye distribution in the tissue by diffusion. The pO,
of the hindlimb was also assessed by a commercial single-point
oxygen probe. The device consisted of a retractable needle-type
oxygen sensor (OXR50-OI, Pyroscience) and optical oxygen
meter (Firesting O2, Pyroscience). The needle was placed
close to the imaging area in order to obtain a simultaneous
recording of the tissue, but also to avoid direct laser exposure
and damage to the optical sensing tip, as shown in Figs. 1 and
2(d). All animal procedures and care were done using protocols
approved by the University of Minnesota Institutional Animal
Care and Use Committee (IACUC) in accordance with federally
approved guidelines.

Three PALI images were taken under the condition of breath-
ing in 21%, 80%, and then 10% of oxygen, with ultrasound
images capturing the structure and without touching the mouse.
For each condition, imaging started 1 min after switching con-
ditions, so that the mouse was able to adjust to the new condition
to ensure physiological stability during imaging. To avoid
impairment of the animal’s health, the total time of exposure
to each gas mixture was limited to 4 min. After three imaging
processes, the breathing tool was removed, and the mouse
recovered from anesthesia in the open air and on a heat pad.
The health status of the animal was monitored after the experi-
ment, and no side effects were observed.

2.2 [schemia Model

The same species of mice was used in this model. The animal
was put on the same imaging platform and anesthetized as
described in the breathing model. A PALI image was first taken
under a normal condition. After the mouse under a normal
physiological condition was imaged, acute ischemia of the hin-
dlimb was induced by tightening a rubber band on the proximal
side of the hindlimb, thus creating a localized ischemic condi-
tion on sites distal to the site of the occlusion. A second PALI
image was taken under the ischemic condition. Immediately
after the second image, the rubber band was removed, and a
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Fig. 2 PALI tracking of pO, during breathing modulation in the upper part of the hindlimb of a normal
mouse. Combined US/PALI images are shown (pO, in mmHg color scale, ultrasound in 40-dB gray-
scale): (a)—(c) tissue oxygen images reflecting tissue oxygen level under 21%, 80%, and 10% oxygen
in mixture nitrogen, as their imaging periods indicated. (e) The values are given as the
average + standard deviation for all valid pixel values displayed. (d) Photo of the mouse at imaging
platform. The arrow indicates the direction of laser illumination and the blue dashed box shows the
area of imaging shown in (a)-(c). (e) Simultaneous recording from the optical oxygen meter.
Periods of gas mixture and PALI images are indicated.
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Fig. 3 Pixel-by-pixel-based relative changes in tissue pO, due to
modulated inhalation of low oxygen (10%) and high oxygen (80%)
contents, respectively. Changes are calculated with respect to
image acquired with normal air breathing.

third PALI image was taken to capture the condition of reper-
fusion. The animal was under each condition (namely normal,
ischemic, and postperfusion) for less than 20 min (including
about 10 min of the imaging time).

3 Results
3.1 Breathing Modulation

PALI is able to reflect the change of oxygen level with respect to
both oxygen-rich (80% O,) and oxygen-poor (10% O,) condi-
tions to the normal oxygen level (21% O,) in the air, as
shown in Fig. 2. A high percentage (80%) of inhaled oxygen
resulted in higher tissue oxygen levels. Furthermore, a low oxy-
gen percentage (10%) resulted in hypoxic tissue. Both changes
due to modulated inhalation are shown in Fig. 3. The PALI results
were consistent with the oxygen probe single-point measurement.

3.2 Ischemia Model

The imaging results of the acute ischemia model are shown in
Fig. 4. Even though the rubber band occlusion affected the
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Fig. 4 PALI tracking of pO, during a blood-flow-restricting experiment
in the upper part of hindlimb of normal mice. Combined US/PALI
images are shown before (column under normal), during flow restric-
tion (ischemia), and immediately after releasing the restriction (reper-
fusion). Cases | and Il were experiments done on two mice. Statistics
of the pixel values imaged are given by the average and error bars as
standard deviation.
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extent of tissue ischemic hypoxia of the two animals differently
(mostly due to the differences in the tightness and location of the
rubber band), the images clearly show the differences in tissue
oxygen between normal, ischemic, and reperfused states in
Fig. 4. From the color scale of PALI images, the decrease in
the tissue oxygen level under ischemia was captured. When
the rubber band was removed, the recovery of blood flow
increased the tissue oxygen level compared with the ischemic
status.

4 Conclusions and Discussions

We have demonstrated that PALI is able to reflect the change of
oxygen levels in a direct and noninvasive manner. Tissue oxygen
changes were induced by two methods and were both captured
by our imaging modality. A single-point oxygen meter validated
the imaging results. The changes of tissue oxygen obtained by
PALI are highly correlated with the measurements obtained
from the oxygen sensor. The increase of tissue oxygen due
to high-inhaled oxygen (80%) was captured both in our PALI
images (average pO, changed from 52 to 63 mmHg) and the
oxygen sensor (from 52 £ 1 to 86+ 3 mmHg). In addition,
the drop of pO, values as a result of the low-oxygen (10%)
breathing condition is observed from our PALI images (average
of 32 mmHg) and confirmed by the direct measurement of oxy-
gen sensor probe (drop to 24 £ 5 mmHg). The imaging system
was able to visualize changes occurring within the time scale of
a few minutes. This is valuable for rapidly identifying changes
in pathophysiological conditions. The system was also able to
capture the spatial distribution of pO, in a nondestructive man-
ner compared with repeating single-point measurement. A
multi-imaging modality (ultrasound, photoacoustic, and photo-
acoustic lifetime) was integrated due to the nature of their
common ultrasound acquisition module. The multimodal capac-
ity enables structural, functional, and molecular imaging with a
single setup.

Restricted by the performance of our optical system, the cur-
rent stage of our imaging modality has certain limitations. The
laser system output (power at desired wavelength <100 mW)
constrains the imaging area coverage, which has a surface
area of about 2 cm? and a depth less than 1 cm. The variation
of both laser intensity and low repetition rate (10 Hz) contributes
to the relatively long-acquisition time necessary for PA signal
averaging in order to get reliable readings. Specifically, the aver-
aging of 50 measurements of acquired photoacoustic signal is
used to improve the signal-to-noise ratio by 17 dB. This
amounts to a total acquisition time of less than 3 min for a single
PALI image. The resolution is determined by the ultrasound
transducer, which is used for photoacoustic signal detection
and, therefore, resembles that of a US imaging.””> In our sys-
tem, the resolution is less than 0.5 mm by using a transducer
with a bandwidth of 4 to 7 MHz. The pixel-to-pixel variations
in pO, as depicted in PALI images are relatively high. In some
cases, sharp changes of up to 100 mmHg are observed within a
distance of less than 1 mm. It is difficult to ascertain which part
of these variations reflects the true oxygen heterogeneity in tis-
sue and which part should be attributed to measurement error.
Previous phantom experiments have shown that the measure-
ment error is well below 20%.** Differences in pO, values
between the commercial oxygen probe and PALI images are
likely attributed to the fact that the point of the probe measure-
ment is not within the imaging area and to the heterogeneous
nature of tissue oxygen. The tools and methods we presented
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here could be applied to further explore the dynamics of tissue
oxygen. It would allow detailed study of spatial and temporal
changes in tissue oxygen in response to therapeutic treatments
or other modulations. Further work is needed to better quantify
the in vivo accuracy of the PALI oxygen imaging system.

PALI is very attractive for a wide range of clinical applica-
tions in which direct tissue oxygen assessment would improve
therapy decision making and treatment planning. Examples
include cancer treatments (radiotherapy and PDT) and treat-
ments of diabetes-related ulcers. We anticipate that the ability
to measure tissue oxygenation will enable physicians to better
diagnose as well as to optimize treatment plans. A more com-
prehensive optimization of PALI is still required before its
implementation into clinical applications could be developed.
Substantial work is needed to further improve the imaging per-
formance such as accuracy and speed. One of the methods to
improve image acquisition speed is by adapting lasers with a
higher repetition rate and lower energy fluctuation, thus largely
reducing the time for averaging signals. Another possible way to
reduce the time consumption of averaging is to have laser pulse
energy monitored during the course of imaging, so that the
intensity fluctuations of the lasers can be compensated. Other
methods of light delivery, such as the use of minimally invasive,
tissue-penetrating fiber diffusers, should be explored in order to
extend the applicability of PALI into an even broader range of
clinical applications.
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