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Abstract

Significance: Hypoxia imaging for surgical guidance has never been possible, yet it is well
known that most tumors have microregional chronic and/or cycling hypoxia present as well
as chaotic blood flow. The ability to image oxygen partial pressure (pO,) is therefore a unique
control of tissue metabolism and can be used in a range of disease applications to understand the
complex biochemistry of oxygen supply and consumption.

Aim: Delayed fluorescence (DF) from the endogenous molecule protoporphyrin IX (PpIX) has
been shown to be a truly unique reporter of the local oxygen partial pressure in tissue. PpIX is
endogenously synthesized by mitochondria in most tissues, and the particular property of DF
emission is directly related to low microenvironmental oxygen concentration. Here, it is shown
that PpIX has a unique emission in hypoxic tumor tissue regions, which is measured as a DF
signal in the red to near-infrared spectrum.

Approach: A time-gated imaging system was used for PpIX DF for wide field direct mapping
of pO, changes. Acquiring both prompt and DF in a rapid sequential cycle allowed for imaging
oxygenation in a way that was insensitive to the PpIX concentration. By choosing adequate
parameters, the video rate acquisition of pO, images could be achieved, providing real-time
tissue metabolic information.

Results: In this report, we show the first demonstration of imaging hypoxia signals from PpIX in
a pancreatic cancer model, exhibiting >5X contrast relative to surrounding normal oxygenated
tissues. Additionally, tissue palpation amplifies the signal and provides intuitive temporal con-
trast based upon neoangiogenic blood flow differences.

Conclusions: PpIX DF provides a mechanism for tumor contrast that could easily be translated
to human use as an intrinsic contrast mechanism for oncologic surgical guidance.
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1 Introduction

Surgical guidance with fluorescent tracers has seen significant adoption in the last decade,’
including the ability to image tissue perfusion.> More recently, tissue metabolism tracers have
been approved for human use, such as protoporphyrin IX (PpIX),*> which is induced by oral or
topical administration of 5-aminolevulinic acid (ALA).® One of the most striking things about
the ALA-PpIX system is that it is produced throughout most tissues of the body and demarcates
glioma tumors in neurosurgery, skin lesions, and bladder cancers. However, a less studied PpIX
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phenomenon in surgical guidance is its delayed fluorescence (DF) signal, which is directly
related to the ambient oxygen level around it.”® The lack of oxygen, or hypoxia, induces a strong
DF component that has significant relevance to oncology, where the vast majority of tumors have
microregional hypoxia present.’

Optical probes based on the quenching of their triplet state by oxygen have been used in the
past'® to image oxygen distribution in tumors.'"'> However, real-time mapping of oxygen was
never achieved before. The molecule PpIX produces a DF signal that is a direct result of low
oxygenation because there is reverse intersystem crossing from the triplet state of the molecule.
Since the signal comes from the triplet state, which is normally quenched by molecular oxygen,
its intensity is a direct reporter of the lack of oxygen in tissue. Additionally, since the molecule
PpIX is an endogenously produced species from the administration of ALA, it is well tolerated
and widely available in a number of pro-drug formulations.

Previous work showed that oxygen partial pressure (pO,) levels could be estimated from
measurement of the PpIX delayed emission lifetime,*'* using a fit to the Stern—Volmer equation.
One great advantage of this approach is that lifetime is a quantitative measurement independent
of PpIX concentration and tissue optical properties. Because of how weak the DF signal is rel-
ative to the prompt fluorescence (PF), single photon cameras have been needed to image it and
reconstruct spatial pO, distributions. Time-resolved data are acquired using temporal gates with
an increasing time delay relative to a laser excitation pulse. For robust reconstruction of the DF
lifetime, a minimum of six gates have been needed,'? bringing the total signal integration time
longer. Thus, this approach to imaging pO, values results in a slow frame rate because of the
limited signal per time bin.

Here, we propose a time-gated optical system capable of real-time imaging of hypoxia, rely-
ing on a simpler ratiometric approach to imaging the hypoxia signal. To optimize signal gather-
ing, frames were exposed over the whole DF emission decay time. DF was then normalized by
the PF signal to factor out variations due to changes in PpIX concentration or tissue absorption.

2 Materials and Methods

2.1 Ethics Statement

Experimental procedures involving live animals were carried out in accordance with the pro-
tocols approved by Dartmouth Institutional Animal Care and Use Committee (Protocol
Number 00002059). Subcutaneous and intraperitoneal injections were performed under anes-
thesia that was induced and maintained with isoflurane. All efforts were made to minimize ani-
mal suffering.

2.2 Tumor Cell Lines

The human pancreatic cancer cell line BxPC3 was purchased from ATCC. Cells were grown in
culture media in a humidified incubator at 37°C and 5% CO, in RPMI with 10% (v/v) fetal
bovine serum (FBS), 100 U/mL penicillin, and 100 ug/mL streptomycin. When ready for use,
the cells were trypsinized, counted, pelleted, and resuspended in Matrigel for injection.

2.3 Animal Preparation

All procedures followed the protocol approved by the Dartmouth Institutional Animal Care and
Use Committee. Nude female mice 6 to 8 weeks of age (Charles River Labs, Wilmington,
Massachusetts) were involved in this study. The mice were housed in the Dartmouth central ani-
mal facility and fed a special diet —MP biomedical purified diet. The mice were inoculated with a
single subcutaneous injection of 10% human pancreatic adenocarcinoma BxPC3 cells, under the
skin on the flank. After ~3 weeks of growth, animals were chosen for imaging when their tumor
diameter reached ~8 mm in size. On the day of the initial use, mice were anesthetized, and ALA
was either i.p. injected (250 mg/kg) 6 h prior to imaging or topically applied onto the region of
interest 3 h before imaging as Ameluz, an ointment containing 10% ALA (Biofrontera AG,
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Germany). Note that the dose of five-ALA delivered to mice is high compared to the dose usually
administered to patients (20 mg/kg b.w. orally in the neurosurgical context). This difference is
because dosing ranges from mice to humans are based upon mg/m? estimate values, and the
estimated human equivalent dose is about 12.3x lower than the mouse dose.'*

2.4 Camera and Setup

The images were acquired using a highly sensitive intensified CMOS camera (C-Dose,
DoseOptics LLC, New Hampshire) synchronized with a 50-mW average output power 635 nm
modulated diode laser (BWT, China), used with 20-us pulses at a repetition rate of 500 Hz. The
laser was partially collimated to irradiate an area with 8-cm diameter, leading to a temporally
averaged irradiance of 500 W /cm? at the sample. Irradiance was measured using a power meter
(PM100D, Thorlabs, New Jersey) coupled with a photodiode power sensor (S121C, Thorlabs,
New Jersey). The intensifier was directly controlled by an external FPGA (XEM7360, Opal
Kelly, San Jose, California) [Fig. 1(a)], which was synchronized to the laser pulses and allowed
custom pulse sequencing and control of the image acquisition timing. As mentioned-above, the
PF and DF pulses used different pulse timings driving the intensifier: for PF we used 100 ns
pulse width and 10 us delay with respect to laser pulse rising edge, whereas the DF pulses had
pulse width of 1975 us and delay of 2 us after the laser pulse. A signal corresponding to the
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Fig. 1 (a) Schematic of the PpIX DF acquisition setup with the block diagram of the camera inten-
sifier external control. (b) Time diagram of the sequential acquisition of PF and DF showing cor-
respondence between laser excitation, camera exposure, and intensifier control. The number of
gates per image is illustrative and can be varied depending on fluorescent signal intensity.
(c) Intensity and time decay of PplX PF and DF are shown at high and low oxygen levels in a
double log scale. Camera acquisition gates are overlayed to show the timing of the sequential
acquisition. BP = bandpass, DF = delayed fluorescence, PF = prompt fluorescence. Note that
the logarithmic scale only applies to the fluorescent decays and that the laser excitation pulse
width is 20 us.
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camera’s exposure times was used as an input to the FPGA sequencer to control the 50 laser
pulse gates integrated in each image frame [Fig. 1(b)], and switch between PF and DF pulse
settings for even and odd frames, respectively. Thus, PF and DF of PpIX were acquired in a
sequential way, with an effective frame rate of 10 fps, allowing “real-time” reconstruction of
the normalized hypoxia image (i.e., DF/PF). The fluorescent signal was passed through a
697 £+ 37 nm, OD six band-pass filter (87—771, Edmund optics, New Jersey), removing any
remaining laser emission interfering with the detection spectral window. All images were
acquired with 2 X 2 pixel binning, yielding a final image size of 800 X 600 pixels.

2.5 Image Analysis and Statistics

All images were background subtracted and median filtered spatially to remove hot pixels and
readout noise. Time plots were smoothed using a 10-element sliding mean filter. Fluorescence
images were overlayed in a semitransparent way over their corresponding white light images,
using custom-made colormaps. Reoxygenation rate constant maps in Fig. 3(b) were calculated
by per 5 X 5 binned pixel fitting temporal image stacks of DF images with a single exponential
decay function and least squares regression method, in MATLAB. The fit was done on back-
ground subtracted image using the equation:

Fit = Je~vtime, (1)

where I and 7 corresponded to the fitted parameters and 7 is the rate constant displayed in
Fig. 3(b). All box plots were plotted using a MATLAB built-in function, where the central red
mark indicates the median, and the bottom and top edges of the box indicate the 25th and 75th
percentiles, respectively. The whiskers indicate the most extreme data points not considered out-
liers. Data was gathered from the five different specimen images, by drawing 10 20 x 20 binned
pixel ROIs distributed on the tumor surface, as well as 10 60 X 60 binned pixel ROIs distributed
on the normal tissue surface. Contrast-to-variation ratio'> (CVR) was defined as

CVR = He — Hn

where u, and p, are the mean fluorescence from tumor and normal tissues, respectively,
and o, and o, are the standard deviation of fluorescence values in tumor and normal tissue,
respectively.

@

3 Results

3.1 Real-time Imaging of Oxygen Distribution

To evaluate the distribution of oxygen in vivo, PpIX was imaged using a fast intensified camera.
Both PF and DF of PpIX were acquired in a sequential way [Fig. 1(b)] to obtain metabolic
information of the tissue. The combination of high sensitivity and precise acquisition timing
allowed one to image PpIX DF in real-time, at frame rates up to 10 frames per second (fps)
(or 5 fps for the ratio R = DF/PF) despite extremely weak signal. Because the PF signal shows
intensities that are orders of magnitude higher than DF [Fig. 1(c)], acquiring both signals at the
same time is challenging. The intensity difference is due to the low triplet quantum efficiency of
PpIX'¢ as well as the acquisition timing for both fluorescence signals. To overcome that problem,
different gate widths were used for PF and DF: PF was acquired for a very short period of time
(100 ns) during the excitation pulse, whereas the DF was acquired after the end of the PF decay,
during a 2-ms window [Fig. 1(c)]. This temporal sampling approach allows separation of the DF
and PF signals, and acquisition of them in the same camera, even though they have orders of
magnitude different intensity levels. Additionally, both signals have perfectly matching spectra
and instrument responses since they are the same emission band. DF signal intensity is inversely
related to intracellular oxygen levels. Therefore, imaging PpIX DF allows one to identify low
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oxygenated areas such as tumors. The ability to recover oxygen metabolism in real time is of
crucial importance for live monitoring of tumor resection during surgery.

3.2 In Vivo pO2 Dependance of PpIX DF

In vivo experiments followed the procedures described in an IACUC approved animal protocol.
To demonstrate the ability of the system to measure oxygen variation in vivo, initial experiments
used ALA applied topically as an ointment (Ameluz, Biofrontera AG, Germany) on a ~4 cm?
area, on the back of a nude mouse. Pulses of CO, were delivered in excess to the anesthetized
mouse to provoke rapid hypoxia between periods of normal oxygen breathing. The PpIX signal
variations were measured and as shown in Fig. 2(a), indicated an inverse relation between PPIX
DF and pO, in vivo. As part of this initial calibration work, both the PF and the DF signals were
measured. The PF showed minimal dependency on ambient oxygen. Therefore, we considered
that the measurement of the ratio R = DF/PF could allow for correction for PpIX concentration
differences across tissues and for tissue pigmentation, without any errors induced due to baseline
offset or wavelength filtering differences. Since the variations in PF intensity with oxygen levels
are minimal compared to DF changes, PF is considered constant compared to DF. As animals
were sacrificed, PF intensity was measured to drop by 5% on average, versus 90% in the case of
DF, for similar initial normoxic intensities. Even though this approach provides nonabsolute
measurements, it allows for the ability to monitor oxygen transients and spatial distributions
in tissue. From the flat low portion of the curve shown in Fig. 2(a), it seems like the signal
is reaching a low plateau at higher oxygen levels. The system can be tuned to shift the dynamic
range toward higher pO, values but could not cover the full range of in vivo pO,. Here, the
imaging system was optimized for increased sensitivity to low oxygen levels. The fluorescent
images were acquired using the system described in the previous section and illustrated in
Fig. 1(a). PpIX distribution (corresponding to PF distribution) matched precisely with the skin
area where AL A was applied [Fig. 2(b)]. DF maps at four different time points [corresponding to
the red dots in Fig. 2(a)] are shown in Fig. 2(b). Note that for both CO, delivery with identical
times, the response in oxygen variation is not the same. This is mostly because the CO, flows
were different for both events. However, experiments have shown that the response to CO, exci-
tation can be significantly different depending on the anesthesia level, body temperature, and
how much CO, was delivered prior to this point.
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Fig. 2 (a) Oxygen transient in a mouse model during delivery of CO,, implying hypoxia in tissue.
CO, delivery episodes correspond to an increase of the ratio DF/PF signal implying that it is
inversely related to the local pO,. (b) Corresponding DF maps of the mouse as CO, gets delivered.
The increase of fluorescent signal illustrates the depletion of oxygen. Images from left to right
correspond to time points represented by the red dots in (a), in the same order.
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3.3 Tissue Palpation Inducing Sustained Transient Hypoxia Contrast

Most tumors have microregional chronic and/or cycling hypoxia present. Pancreatic tumors spe-
cifically, because they are quite avascular and stromal in nature, present pre-existing hypoxia,
such as that described here.!”!® Because of their structure, pancreatic tumors do not produce
significant PpIX themselves, but rather PpIX is produced throughout the body and distributed
by the blood. PpIX then accumulates in tumorous tissue through the enhanced permeability and
retention (EPR) effect.'® Here, nude mice with subcutaneous human pancreatic adenocarcinoma
BxPC3 tumors were used for imaging, which was performed 6 h after intraperitoneal injection
of ALA (250 mg/kg).?’ This extended time point was chosen to allow PpIX production through-
out the mouse body and subsequent accumulation in the tumor. Even though two of the five
specimens analyzed in this study showed sufficient contrast naturally between tumor and normal
tissue, tissues were palpated before imaging to further amplify hypoxia transiently [Fig. 3(a)].
Indeed, because of their poor vascularization, tumors reoxygenate slowly, unlike normal tissue,
which has high blood pressure and consistent flow. This palpation-induced deoxygenation
offered excellent contrast for up to 5 min, based on our experiments, based upon the kinetic
differences shown in Fig. 3(a). This illustrates the reperfusion and oxygenation kinetics in nor-
mal vs tumorous tissue before and after tissue palpation. Before applying pressure to the tissue,
PpIX DF intensity levels are quite low. Once pressure is applied, as the blood is driven away,
tissues deoxygenate and emit a strong DF signal as shown in Fig. 3(c). Approximately a minute
after palpation, normal tissues recover their normal pO,, leaving the tumor with high contrast, as
shown on the far-right image of Fig. 3(c). Additionally, temporal evolution of DF/PF map R can
be parametrized for each pixel to display the kinetics of oxygen diffusion after palpation
[Fig. 3(b)]. In such case, care shall be taken to avoid motion artifacts, which to a certain degree
affected the results in Fig. 3(b). To correlate tumor type, size, and structure of the tumor with the
need for palpation and corresponding pressure, further studies are needed.
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Fig. 3 (a) Kinetics of oxygen levels in tumor tissue vs normal tissue in a murine model as tissue
reoxygenate after palpation. (b) Corresponding reoxygenation time transients can be parame-
trized for each pixel to illustrate the kinetics of oxygen diffusion after applied pressure.
Oxygen rediffusion lifetime can be fitted and plotted, showing high values for long-lasting hypoxia
areas and low values fast reoxygenating areas. (c) Four snapshots of the DF map before and after
palpation, as tissue reoxygenate, the remaining signal in the tumor shows that it reoxygenates
slower, offering great contrast compared to normal tissue.
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Fig. 4 (a) White light image of a xenograft pancreatic tumor (BxPc3) on a mouse. (b) PpIX PF
image of the mouse 6 h after i.p. administration of ALA. (c) PpIX DF image showing strong signal at
the tumor because of its hypoxia. (d) DF to PF ratio allows for slightly improved contrast and cor-
rects the output for PpIX concentration and tissue absorption. (e) Quantification of tumor visuali-
zation reliability using intensity values normalized to the maximum intensity for PF, DF, and R.
ROIls were selected across the picture as shown in panel (a) (Video 1, mp4, 8.31 MB [URL:
https://doi.org/10.1117/1.JB0O.27.10.106005.51])).

3.4 PplX DF Contrast in Tumors Relative to Normal Tissues

The PpIX distribution in tissues is dynamic and changes over time, with accumulation in tumors
largely through the EPR effect, and high production in normal mouse skin. The PF signal typ-
ically has a higher signal in mouse skin than in tumors because of this dynamic. Imaging of a
mouse to illustrate the whole skin-wide PF production is shown in Fig. 4(a) with PF in Fig. 4(b).
In this case, it is apparent that the PF background signal is high [Fig. 4(b)]. Considering DF
instead, there is a drastically increased contrast [Fig. 4(c)] in the tumor relative to the normal
tissue at the same time point. Even though raw DF data shows outstanding contrast, considering
the ratio DF/PF allows for slightly improved contrast and allows one to correct for PpIX con-
centration and tissue coloration [Fig. 4(d)]. It can be noted that the ratio R map is more homog-
enous across the tumor than the DF signal map. To quantify contrast, intensities normalized to
normal tissue average intensities for each image are shown in Fig. 4(e) [with regions of interest
shown in Fig. 4(a)]. While PF shows a similar signal in healthy and normal tissue, DF and R
provide strong contrast. Although DF is related to the oxygen pressure in tissue, Fig. 4(c) shows
a scale ranging from O to 1 because the system is not calibrated for absolute pO, measurement. It
is however not crucial for surgical guidance applications where mainly contrast between tumor
and normal tissue is the key issue that matters.

3.5 Contrast Variation and Tissue Heterogeneities

Contrast quantifies the ability to distinguish differences in intensities between two objects. It is
often difficult to define since it depends on many different factors. When imaging metabolism,
like pO, in tissue, it is particularly true since oxygen distributions can be extremely heterog-
enous, especially in tumors.?! Figure 5(a) summarizes data acquired from five mice, about 1 min
after palpation. For each mouse, 10 regions of interest (ROI) were chosen over both the tumors
and the normal tissues. PF signal showed no contrast, whereas DF and R showed varying con-
trast ranging from ~2 to ~7. This relatively large range is mostly due to oxygen heterogeneities
giving a large range of readings for different ROIs and specimens. Extended exposition to anes-
thesia reduces heartbeat and leads to a decrease of the body temperature, causing vasoconstric-
tion. Both these phenomena enhance hypoxia, particularly in the skin, leading to reduced
contrast in certain cases. However, as shown on Figs. 5(c) and 5(d), visual contrast remains
good. To account for these heterogeneities, CVR can be considered instead [Fig. 5(b)]. This
ratio shows that both DF and R provide great contrast compared to PF, and that R provides
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Fig. 5 (a) Quantification of contrast between tumor and normal tissue for the three signals PF, DF,
and the ratio R = DF/PF, for n = 5. For each specimen, 10 ROIs were chosen for both the tumor
and the normal tissues. (b) Shows for the same data, the CVR, considering heterogeneities in
oxygen distribution. (c) and (d) Example of a specimen where R gave better contrast and finest
edge distinction than DF. (e) Plot of the cross-section of DF and R [delimited by the gray dotted line
on (d)] showing sharper edges distinction and better contrast in R.

better overall contrast. Another important factor regarding contrast for fluorescence-guided sur-
gery is how well the tumor edges can be distinguished. Figure 5(¢) shows that tumor edges
definition is greatly improved in the ratio map R. This is because R accounts for PpIX concen-
tration and differences in tissue coloration. Due to the animals breathing and the transients
implied by palpation, contrast is a dynamic variable rather than a static value, depending on
the specimen and its conditions, as well as on the tumor size and structure. The ratio
R = DF/PF offers overall better contrast and improved edge differentiation than considering
raw DF signal.

4 Discussion

While surgical oncology guidance is usually limited by the availability of optical tracers, ALA is
a well-tolerated, FDA-approved drug, inducing excess intracellular PpIX production in most
tissues. From this perspective, the ALA-PpIX system provides one of the most well-tolerated
and commonly accepted methods to induce an optical metabolic contrast within tissue. It has
seen broad applicability, but the imaging of the concentration alone provides the most robust
contrast in a limited number of applications where there is inherent transport/delivery contrast
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with ALA or where there is low background in the surrounding normal tissues of PpIX pro-
duction. However, what is presented here is a fundamentally different contrast mechanism,
which is independent of the PpIX production or concentration and rather uses it as a reporter
of tissue hypoxia.

Since PpIX interacts via collisional quenching of the triplet state with surrounding molecular
oxygen, the reverse intersystem crossing has a very low probability and is essentially unseen in
normal environments. However, the absence of oxygen leads to a much higher yield of this back
to the excited singlet state of the molecule, and a subsequent fluorescence that has the lifetime of
the triplet state decay, in hundreds of microseconds. This signal is easily measured with a fast
time-gated camera coupled with a fast short-pulsed excitation and appropriate filtering. Thus,
PpIX exhibits a DF with intensity inversely related to the tissue local oxygen partial pressure.
Since it is produced as a precursor of hemoglobin, it is naturally synthesized by cells mitochon-
dria and is therefore a unique tool to measure intracellular and extracellular oxygen in vivo. In
this work, we developed an optimized method to gather both PF and DF signals in real-time,
combining single photon sensitive technology and modulated acquisition timing.

This study was motivated by the need for surgeons to visualize oncologic tissue with specific
contrast agents that are readily available, robust, and biologically reasonable. The discovery of
this imaging method based on the tissue metabolism is a very good way to localize tumor tissues
since they are known to be hypoxic, unlike almost all normal tissue. In the last decade, surgical
guidance using ALA-induced PpIX has emerged but has been suffering from a lack of contrast
between normal and tumor tissue because much of the focus is simply on the PF PpIX signal,
which just reports on the produced concentration. Acquiring DF is a technological challenge but
provides supplemental metabolic information that is linked to, but largely independent of, the
heme synthesis cycle that produces PpIX concentration.

Hypoxia imaging based on PpIX DF intensity currently provides a qualitative reading of
oxygen distribution in living tissue. Future work will focus on calibrating the DF response
to obtain absolute measurements of pO,. One of the main challenges in achieving this task
is to correlate PpIX ratiometric readings with another oxygen measuring standard. To date,
PpIX DF is the only way to measure intracellular oxygen in vivo in a noninvasive way. The
use of supplementary oxygen-sensitive optical probes such as PdG4'? could be an alternative
for calibration.

Because PpIX DF intensity relies mostly on how much PpIX is present in the imaged tissue,
tissue thickness or underlying organs can bias the fluorescent signal. Even though correction
based on PF provides a coarse rectification, it cannot take into account pO, variations across
tissue depth. Using shorter excitation wavelengths with shorter penetration ranges would likely
help with making the fluorescent signal less sensitive to tissue thickness and underlying organs.

Two particular biological features of PpIX were exploited here as well, and their realization is
as important as the use of the DF signal. First, PpIX can be produced anywhere in the body and is
diffused out and relocated around the body by the bloodstream. This feature is critically impor-
tant because it means that most cancer tumors accumulate PpIX over time through the simple
EPR effect that is the origin of the delivery of all drugs to cancer tumors. So, the method here
does not rely upon the unique production of PpIX in the tumor itself, as it can come from any-
where in the body and relocate there. This feature is well known?? and provides the ideal way to
achieve PpIX signals from most cancer tumors.

The second major biological feature examined here was that palpation can induce a transient
hypoxia in tissue and that the kinetics of recovery of that are very different in tumors versus
normal tissue. Again, this is a phenomenon that is very well known but not widely utilized
as a contrast or imaging tool. Here, the transient hypoxia differences seen in these pancreatic
cancers relative to the surrounding normal skin are quite striking and exceptionally high contrast.
Palpation is a normal part of many cancer surgeries, as the surgeon determines which tissue feels
harder or softer, as a contrast mechanism for resection. The combined use of palpation with
hypoxia imaging may be a fundamentally new way to give the surgeon a visual que into the
biology of the tissue they are looking at.

A major advantage of the presented technology is its compatibility with existing ALA PpIX
surgery clinical workflow, which can enable a straightforward clinical translation. The main
challenges to overcome are background light pollution that can interfere with the low DF signal
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and photobleaching of PpIX. When PpIX is exposed to light, it can degrade to photoproducts
with different fluorescent properties. These photoproducts have similar excitation spectra and
can exhibit DF with a shorter lifetime. However, it was determined that photobleaching only
implies a consequent effect on DF measurement at irradiances >10 J/cm?.?*> With the current
setup, this would translate to ~6 h of continuous use of the hypoxia imager. In clinical settings,
ALA is administered several hours before tumor resection (in the case of a brain tumor). PpIX
can be imaged in the tumor as long as it is still present. We expect the time window for imaging
DF of PpIX to be the same as the one used in the clinic. Since room lights are usually dimmed
during this kind of procedure, photobleaching is not a problem and DF can be imaged over a
few hours.

This pilot study aims to communicate this new technique out to other interested research
groups. Further evaluation of the correlation between tumor margins, palpation, and the acquired
signal across a wide range of preclinical and clinical cases, as well as the study of corresponding
histopathological data, will be needed to assess the robustness of this imaging modality.

5 Conclusion

Hypoxia imaging for surgical guidance has never been possible, but here it is shown that PpIX
has a unique emission in hypoxic tumor tissue regions, which is measured as a DF signal in the
red to near-infrared spectrum. PpIX is an endogenous molecule approved by the FDA. Because
most tumors have microregional hypoxia present, imaging hypoxia signals from PpIX DF allows
for excellent contrast between normal tissue and tumors. In this work, we demonstrate >5x
contrast in a pancreatic cancer model, relative to surrounding normal oxygenated tissues.
Additionally, tissue palpation amplifies the signal and provides intuitive temporal contrast.
The simple technology required, and the fast frame rate capability coupled with the low toxicity
of PpIX make this mechanism for contrast translatable to human and could easily be used in the
future as an intrinsic contrast mechanism for oncologic surgical guidance.

Hypoxia imaging for surgical guidance has never been possible, but here it was shown that
PpIX has a unique emission in hypoxic tumor tissue regions, which can be imaged by a camera
as DF signal in the red to near-infrared spectrum. PpIX is an endogenous molecule approved by
the FDA. Because most tumors have microregional hypoxia present, imaging hypoxia signals
from PpIX DF allows for excellent contrast between normal tissue and tumors. In this work, we
demonstrate >5X contrast in a pancreatic cancer model, relative to surrounding normal oxygen-
ated tissues. Additionally, tissue palpation amplifies the signal and provides intuitive temporal
contrast. The key technology required, including a fast frame rate capability camera, coupled
with the use of low toxicity of ALA to induce endogenous PpIX, are combed to make this
mechanism for contrast. The concept is directly translatable to humans use and could easily
be used in the future as an intrinsic contrast mechanism for oncologic surgical guidance.

Disclosures

P.B. and B.W.P. declare financial involvement with DoseOptics LL.C outside of the scope of this
work. DoseOptics LLC develops camera systems and software for radiotherapy imaging of
Cherenkov light for dosimetry.

Acknowledgments

This work was funded by the grants POl CA084203, RO1 EB032337 (B.W.P.), and
4R44CA250727, from the National Institutes of Health as well as by Norris Cotton Cancer
Center Developmental Funds (Pilot Projects).

Code Availability

MATLAB routines for this study are available from the corresponding author upon request.

Journal of Biomedical Optics 106005-10 October 2022 « Vol. 27(10)



Petusseau, Bruza, and Pogue: Protoporphyrin IX delayed fluorescence imaging: a modality. . .

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

L. J. Lauwerends et al., “Real-time fluorescence imaging in intraoperative decision making
for cancer surgery,” Lancet Oncol. 22, e186—-e195 (2021).

J. Polom et al., “Comprehensive review of fluorescence applications in gynecology,” J. Clin.
Med. 10, 4387 (2021).

. A. Ghuman et al., “Clinical role of fluorescence imaging in colorectal surgery — an updated

review,” Expert Rev. Med. Devices 17, 1277-1283 (2020).

. C. G. Hadjipanayis and W. Stummer, “5-ALA and FDA approval for glioma surgery,”

J. Neurooncol. 141, 479-486 (2019).

. W. Stummer et al., “Intraoperative fluorescence diagnosis in the brain: a systematic review

and suggestions for future standards on reporting diagnostic accuracy and clinical utility,”
Acta Neurochir. 161, 2083-2098 (2019).

. J. C. Kennedy and R. H. Pottier, “Endogenous protoporphyrin IX, a clinically useful photo-

sensitizer for photodynamic therapy,” J. Photochem. Photobiol. B 14, 275-292 (1992).

. E. G. Mik et al., “Mitochondrial pO, measured by delayed fluorescence of endogenous

protoporphyrin IX,” Nat. Methods 3, 939-945 (2006).

. M. Scholz et al., “pO,-weighted imaging in vivo by delayed fluorescence of intracellular

Protoporphyrin IX,” Opt. Lett. 45, 284-287 (2020).

. C. Michiels, C. Tellier, and O. Feron, “Cycling hypoxia: a key feature of the tumor micro-

environment,” Biochim. Biophys. Acta 1866, 76-86 (2016).

W. L. Rumsey, J. M. Vanderkooi, and D. F. Wilson, “Imaging of phosphorescence: a novel
method for measuring oxygen distribution in perfused tissue,” Science 241, 1649-1651
(1988).

G. M. Palmer et al., “Optical imaging of tumor hypoxia dynamics,” J. Biomed. Opt. 15,
066021 (2010).

S. A. Vinogradov et al., “Noninvasive imaging of the distribution in oxygen in tissue in vivo
using near-infrared phosphors,” Biophys. J. 70, 1609-1617 (1996).

M. Scholz et al.,, “Imaging of hypoxia, oxygen consumption and recovery in vivo
during ALA-photodynamic therapy using delayed fluorescence of Protoporphyrin IX,”
Photodiagn. Photodyn. Therapy 30, 101790 (2020).

A. B. Nair and S. Jacob, “A simple practice guide for dose conversion between animals and
human,” J. Basic Clin. Pharm. 7, 27-31 (2016).

C. Wang et al., “Improved discrimination of tumors with low and heterogeneous EGFR
expression in fluorescence-guided surgery through paired-agent protocols,” Mol. Imaging
Biol. 1, 1-12 (2021).

R. S. Sinclair, D. Tait, and T. G. Truscott, “Triplet states of protoporphyrin IX and proto-
porphyrin IX dimethyl ester,” Faraday Trans. J. Chem. Soc. 76, 417 (1980).

M. D. Nieskoski et al., “Collagen complexity spatially defines microregions of total tissue
pressure in pancreatic cancer,” Sci. Rep. 7, 10093 (2017).

P. Vincent et al., “High-resolution ex vivo elastography to characterize tumor stromal hetero-
geneity in situ in pancreatic adenocarcinoma,” IEEE Trans. Biomed. Eng. 67, 2490-2496
(2020).

H. Koo et al., “In vivo targeted delivery of nanoparticles for theranosis,” Acc. Chem. Res.
44, 1018-1028 (2011).

T. Kushibiki et al., “5-aminolevulinic-acid-mediated photodynamic diagnosis enhances the
detection of peritoneal metastases in biliary tract cancer in mice,” In Vivo 31, 905-908
(2017).

X. Cao et al.,, “Tissue pO, distributions in xenograft tumors dynamically imaged by
Cherenkov-excited phosphorescence during fractionated radiation therapy,” Nat. Commun.
11, 573 (2020).

S. L. Gibbs, “Near infrared fluorescence for image-guided surgery,” Quantum Imaging Med.
Surg. 2, 177-187 (2012).

V. Huntosova et al., “Effect of PpIX photoproducts formation on pO, measurement by time-
resolved delayed fluorescence spectroscopy of PpIX in solution and in vivo,” J. Photochem.
Photobiol. B: Biol. 164, 49-56 (2016).

Journal of Biomedical Optics 106005-11 October 2022 « Vol. 27(10)


https://doi.org/10.1016/S1470-2045(20)30600-8
https://doi.org/10.3390/jcm10194387
https://doi.org/10.3390/jcm10194387
https://doi.org/10.1080/17434440.2020.1851191
https://doi.org/10.1007/s11060-019-03098-y
https://doi.org/10.1007/s00701-019-04007-y
https://doi.org/10.1016/1011-1344(92)85108-7
https://doi.org/10.1038/nmeth940
https://doi.org/10.1364/OL.45.000284
https://doi.org/10.1016/j.bbcan.2016.06.004
https://doi.org/10.1126/science.3420417
https://doi.org/10.1117/1.3523363
https://doi.org/10.1016/S0006-3495(96)79764-3
https://doi.org/10.1016/j.pdpdt.2020.101790
https://doi.org/10.4103/0976-0105.177703
https://doi.org/10.1007/s11307-021-01656-3
https://doi.org/10.1007/s11307-021-01656-3
https://doi.org/10.1039/f19807600417
https://doi.org/10.1038/s41598-017-10671-w
https://doi.org/10.1109/TBME.2019.2963562
https://doi.org/10.1021/ar2000138
https://doi.org/10.21873/invivo.11145
https://doi.org/10.1038/s41467-020-14415-9
https://doi.org/10.3978/j.issn.2223-4292.2012.09.04
https://doi.org/10.3978/j.issn.2223-4292.2012.09.04
https://doi.org/10.1016/j.jphotobiol.2016.09.022
https://doi.org/10.1016/j.jphotobiol.2016.09.022

Petusseau, Bruza, and Pogue: Protoporphyrin IX delayed fluorescence imaging: a modality. . .

Arthur F. Petusseau is a PhD candidate at Dartmouth College. He received his MEng and MS
degrees in optics and biophotonics from the University of Strasbourg in 2018. His current
research interests include biophotonics, fluorescence imaging, time-domain imaging, oximetry,
fluorescence-guided surgery, FLASH radiation therapy, Cherenkov imaging, and digital image
processing. His work focuses on applying these tools to image tissue metabolism and specifi-
cally oxygen transients during FLASH radiation therapy on one hand and oncologic surgical
guidance on the other hand. He is a member of SPIE.

Petr Bruza is an assistant professor of engineering sciences at Dartmouth, specializing in
technology solutions for radiation imaging and measurement, as well as photophysics and fast
time-gated detection methods. His research is funded for biomedical imaging to guide cancer
therapy, dose imaging in radiation therapy, and Cherenkov light imaging. He is a principal
scientist at DoseOptics LLC.

Brian W. Pogue is Chair of the Department of Medical Physics at the University of Wisconsin—
Madison, as well as an adjunct professor of engineering sciences at Dartmouth. He has published
more than 450 peer-reviewed publications in the area of the role of optics in cancer therapy
and medicine. He is the Editor-in-Chief of Journal of Biomedical Optics and cofounder of the
company DoseOptics LLC.

Journal of Biomedical Optics 106005-12 October 2022 « Vol. 27(10)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


