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Clinical tools for measuring tumor vascular hemodynamics, such as dynamic contrast-enhanced MRI, are clini-
cally important to assess tumor properties. Here we explored the use of multispectral optoacoustic tomography
(MSOT), which has a high spatial and temporal resolution, to measure the intratumoral pharmacokinetics of a
near-infrared-dye-labeled 2-Deoxyglucose, 2-DG-800, in orthotropic 2-LMP breast tumors in mice. As uptake of
2-DG-800 is dependent on both vascular properties, and glucose transporter activity — a widely-used surrogate for
metabolism, we evaluate hemodynamics of 2-DG-MP by fitting the dynamic MSOT signal of 2-DG-800 into two-
compartment models including the extended Tofts model (ETM) and reference region model (RRM). We showed
that dynamic 2-DG-enhanced MSOT (DGE-MSOT) is powerful in acquiring hemodynamic rate constants,
including K™ and Kep, via systemically injecting a low dose of 2-DG-800 (0.5 pmol/kg b.w.). In our study, both
ETM and RRM are efficient in deriving hemodynamic parameters in the tumor. Area-under-curve (AUC) values
(which correlate to metabolism), and K™ and Kep values, can effectively distinguish tumor from muscle. He-
modynamic parameters also demonstrated correlations to hemoglobin, oxyhemoglobin, and blood oxygen level
(SO3) measurements by spectral unmixing of the MSOT data. Together, our study for the first time demonstrated
the capability of DGE-MSOT in assessing vascular hemodynamics of tumors.

1. Introduction tumor vascular hemodynamics and metabolism are two important

characteristics of the tumor microenvironment linked to cancer pro-

Cancer cells are known to exploit elevated glucose metabolism to
allow them to proliferate and avoid apoptosis. This high glucose meta-
bolism is the underpinning of widely used [ISF]FDG-positron emission
tomography (PET), among other imaging techniques [1,2], for tumor
detection [3,4]. While tumors may develop abundant vasculature for
nutrient and oxygen supply, their blood flow and metabolism may not
increase in parallel. This asynchrony results in hypoxia that correlates
with tumor aggressiveness and resistance to treatment [5,6]. Hence,
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gression [7,8].

Currently, vascular hemodynamics and metabolism are usually
measured in two separate imaging scans, namely dynamic contrast-
enhanced magnetic resonance imaging (DCE-MRI) for evaluating
tumor vascular hemodynamics [9-11] and [18F]FDG-PET for meta-
bolism measurement. In DCE-MRI, pharmacokinetic modeling of the
microcirculation of contrast agents, usually gadolinium-based agents,
shed light on underlying tumor vasculature properties, such as
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perfusion, permeability, and microvascular density properties of the
tumor [12]. The hemodynamic parameters, e.g., rate constants
including K" and Kep, have been significant predictors of treatment
response in a variety of malignancies [13,14]. Concerns on potential
gadolinium toxicity and deposition [15-17] limit repeated use of
gadolinium-based contrast agents, particularly for those with impaired
renal function, hampering its capability to closely monitor tumor
development during treatment.

A previous study explored modeling dynamic [\®F]JFDG-PET signal to
derive hemodynamic parameters, in addition to the metabolism mea-
surement, as surrogates of tumor aggressiveness or prognosis factors
[18]. Despite showing potential to derive hemodynamic parameters
with strong correlations to those provided by DCE-MRI, the ionizing
radiation and low temporal and spatial resolution of ['®F]FDG-PET
compromise its clinical utility as a replacement for DCE-MRI. Studies
have explored labeling 2-deoxyglucose (2-DG), another glucose analog,
with fluorescent dyes to map metabolic profiles [19] using fluorescence
imaging. However, the limited penetration depth of fluorescence im-
aging makes it difficult to accurately analyze tumor tissues embedded at
more than 8 mm below the skin. Dynamic modeling of 2-DG within the
tumor has been understudied due to the inability of fluorescence im-
aging to study 2-DG microcirculation within the tumor, muscle, and
artery simultaneously, which is critical for accurate modeling of the
pharmacokinetics.

Multispectral optoacoustic tomography (MSOT) is an emerging im-
aging modality capable of imaging clinically significant depth with a
high spatial and temporal resolution [20-22]. For example, it has been
shown that MSOT can image through > 5 cm of tissue [23,24], enabling
tomographic imaging with optical contrast at depths usually restricted
to optical imaging and ultrasound [23-27]. MSOT detects both endog-
enous and exogenous chromophores through heat production and
thermoelastic expansion caused by near-infrared (NIR) light absorption.
The use of optoacoustic effects overcomes the depth limitations of op-
tical imaging while allowing detection of multiple agents and providing
the high resolution of ultrasound imaging. MSOT can monitor levels of
deoxy-hemoglobin, oxy-hemoglobin, collagen, fat, etc., in tissues,
meanwhile allowing the detecting multiple contrast agents, nano-
particles, labeled antibodies/peptides, and small molecules [28-36].
Previously, our group has reported the use of MSOT for pharmacoki-
netics modeling of an exogenous dye, hypoxia-specific dye Hypoxisense
HS680 [37], within the tumor using region-of-interest (ROI)-based an-
alyses. However, ROI-based analysis is unable to provide intratumoral
heterogeneity of the pharmacokinetic parameters, and how these pa-
rameters correlate to endogenous chromophores in a voxel-based
manner remains unknown. Thus far, simultaneous evaluation of tumor
vascular hemodynamics and glucose metabolism using MSOT has not
been studied.

Herein, we aim to explore the use of 2-DG-800, a commercially
available dye that has been previously employed as an exogenous MSOT
agent for tumor detection [38], to simultaneously measure vascular
hemodynamics and metabolism of breast cancer tumors using MSOT.
We focused on establishing a voxel-based method for analyzing
DGE-MSOT data and comparing two common two-compartmental
models for deriving hemodynamic rate constants, namely the
extended Tofts model (ETM) [39] and reference region model (RRM)
[40]. We also evaluated correlations of hemodynamic rate constants in
tumors to levels of endogenous chromophores.

2. Materials and methods
2.1. Cell culture and mouse breast tumor model

The human triple-negative breast cancer cell line, 2-LMP was
maintained in DMEM medium (GIBCO, Gaithersburg, MD) supple-

mented with 10 % fetal bovine serum (FBS). Four female athymic mice
(20 g of body weight and 4 weeks of age) were purchased from Charles
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River Laboratories (Wilmington, NC, USA). Mice were injected with 5 x
10° 2-LMP cells in the upper mammary fat pad. Mice were housed under
pathogen-free conditions following the guidelines of the American As-
sociation for Laboratory Animal Care. When tumors were 7-10 mm in
diameter (~ 30 days post-injection), MSOT was performed in accor-
dance with the standards of the University of Oklahoma Health Sciences
Center (OUHSC), and the Institutional Animal Care and Use Committee
of OUHSC.

2.2. Multispectral optoacoustic tomography (MSOT) imaging

Mice were scanned using MSOT inVision 512-TF (iThera Medical
GmbH, Munich, Germany) equipped with a 512-element, toroidal, ring-
shaped transducer array using 10 Hz laser pulses and wavelengths
ranging from 680 to 900 nm. Mice were kept under anesthesia with 1.5
% isoflurane and a 30-gauge catheter was inserted into the lateral tail
vein for injection. Mice were anesthetized for > 10 min to ensure stable
physiology before MSOT acquisition. A single-slice axial image was
repeatedly acquired at the center tumor position for 4 min, and 10 nmol
of 2-DG-800 (LI-COR Biosciences, Lincoln, NE, Lincoln, NE) in 200 pL
PBS (pH = 7.4) was then manually injected in bolus for 1 min. Mice were
scanned at a temporal resolution of 15 s for 40 min. The timeline of
imaging is shown in Fig. 1A.

2.3. Image reconstruction and spectral unmixing

MSOT images were reconstructed using the curve-driven-based
model-matrix inversion (CDMMI) algorithm [41] wusing the
MSOT-RAFT Matlab package [42]. Signals of deoxyhemoglobin (Hb),
oxyhemoglobin (HbO,) and 2-DG-800 in each pixel were separated
using a linear spectral unmixing method by referencing the corre-
sponding absorption spectra. SOy, a parameter considered to describe
blood oxygen level, was calculated using the equation SO,
= HbOy/(HbO2 + Hb)[43].

2.4. Pharmacokinetic modeling

The two-compartmental extended Tofts model (ETM) [39] (Eq. (1))
and non-linear reference region model (RRM) [40] (Eq. (2)) were used to
analyze the time-course signal of 2-DG-800. A custom-written MATLAB
package adapted based on the fitdce function [44] previously used for
analyzing DCE-MRI data, was used for curve-fitting. In brief, the Tofts
model describes the kinetics of contrast agents within the tumor at a
given time point, Ceymor(t) with respect to the contrast agent in plasma,
Cplasma(t). The rate constant K™ (min™!) describes the rate at which
the contrast agent in the plasma is taken up into the tumor space, and Kep
describes the rate at which the agent returns from the tumor space into
the plasma. The time-dependent probe concentration in tumor using the
extended Tofts model can be described as:

_ trans,tumor —teK,, —teK,,
Coumor (1) = Vptasma ® Cptasma (1) + K o e g

* Cplasma (t) (1)

where * denotes convolution, and Vpjasma denotes plasma volume in the
tumor.

In RRM, Cgymor(t), with respect to the probe concentration in refer-
ence region Cgg(t), can be described as:

Krans,tumor Krans,tumor
=—@& —_—
Cmmor(t) [Kirans RR Crr ([) + K trans,RR
—tekK, .
i (KBILRR - Kep,mmor) ec mer *CRR (t) (2)

where Kranstumor gtrans.RR g mor and Kep rr denote the K™ and Ke,
values of the tumor and reference region. The reference regions used
were muscle tissues in the current study.

The relationship between MSOT signal S, detected at certain exci-



Z. Han et al.

A

Photoacoustics 32 (2023) 100531

©
[
2 o- 2-DG-800 1.5%103
o S Hb >
0 HbO, u
2 [=3
= Muscle S
° Y E
N
i — .
E 5 mm 0.0
S 00 : :
600 700 800 900 D 0.0010
Wavelength (nm) S 1 o Tumor
C < I ~ AIF
. ) . © ‘ - Muscl
Dynamic MSOT timeline g‘ 0.0005 +‘ uscle
I .a .
) b - !
= (o]
4 min 1 min 35 min

2.0x10?

leubis 008-90-2

ol
=)

G o.004 =

[ ]
T 0.003
e 0.002 T
o T i
=
< 0.001-

L]
0.000 1 $ '

Tumor Muscle

Fig. 1. Dynamic 2-DG enhanced MSOT (DGE-MSOT) readily detects breast tumors based on 2-DG accumulation. A. Normalized MSOT signal spectra of 2-DG-
800, deoxyhemoglobin (Hb) and oxyhemoglobin (HbO3). B. Selection of ROIs based on an axial MSOT image of the mouse at the wavelength (1) of 900 nm. C.
Timeline of dynamic 2-DG enhanced MSOT. D. Representative dynamic signal curves of tumor, muscle and aorta regions. E. Representative MSOT images of 2-DG-
800 distribution at 5 (right after injection, see ¢),10, 20 and 40 min. F. Area-under-curve (AUC) maps on a representative mouse. G. Comparison of AUC values of

tumor and muscle (n = 4, *: P = 0.0392, paired Student’s t-test).

tation wavelength (1)), position (r) and time (t) can be expressed using
Eq. (3) [45],

S(A,r,t) =T e ®(A,r) ® u(A,r) ® (1) ® Crrgoocw-2-DG-s00(?) ()

where I' is the Gruneisen parameter; ®(A,r) is the light fluence (J/
cmz), p(A,r) is the absorption coefficient (cm’l), e(\) is the molar
extinction coefficient (L mol * cm™1), and Cy.pg.g00 is the concentration
(mol L) of 2-DG-800. Hence, the MSOT signal is linear to the con-
centration of 2-DG-800 in tissues, and Capg.goo(t) can be simply
replaced by MSOT signal intensity, S(t). By referencing MSOT images at
900 nm (Fig. 1B), at which HbOs signal is dominant, regions of interest
were drawn around tumor, anterior spinal artery, and muscle. The dy-
namic 2-DG-800 signal in the spinal aorta was referred to as the arterial
input function (AIF, denoted as Cplasma in Eq. (1)) which, together with
Crumor(t) or Chyysice(t), were used to solve the equation (Eq. (1)) to esti-
mated rate constant parameters of tumor and muscle, respectively, in
ETM. In RRM, only Ciymor(t) and Crysice(t) were used to solve the relative
rate constants. Based on the measured rate constant in muscle in ETM,

absolute values of tumor parameters were calculated in RRM. Derived
parameters with an R-squared value of < 0.8 in fitting ETM and RRM
were excluded.

2.5. Pathology and immunohistochemistry

Tumor xenografts from treated animals were harvested and fixed
into paraffin blocks. The paraffin embedded tissue slides were then
processed and stained with either hematoxylin & eosin (H&E) or anti-
CD31 (AbCam ab28364) for angiogenesis [46]. Formalin-fixed, paraf-
fin-embedded tumors were cut into 4 pm sections and put onto slides.
After the slides were deparaffinized and rehydrated, antigen retrieval
was performed in a pressure cooker for 20 min in 0.5 M Tris buffer (pH
10). After HyO2 quench and 3 % horse serum blocking, slides were
incubated with the primary antibody at 1:200 dilution for 20 min fol-
lowed by anti-rabbit HRP (AbCam) for 20 min and Diaminobenzidine
(DAB; Scy Tek Laboratories, Logan, UT) for 7 min. Slides were coun-
terstained with hematoxylin. Hematoxylin and eosin safranin staining
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was performed on all the xenografts for morphology.

2.6. Statistical analysis

The Student’s T-test was used to compare the K™ and Kep values of
tumor and muscle. Spearman’s correlation analysis was used to deter-
mine, r2 and P values between K™, Kep of the ETM and RRM, as well as
their correlations to AUC, Hb, HbO,, and SO,. P < 0.05 was considered
statistically significant.

3. Results

3.1. Dynamic MSOT imaging of 2-DG-800 distribution in mice bearing
breast cancer xenografts

In our dynamic MSOT imaging, spectral unmixing, by referring to
distinctive photothermal spectral behaviors of endogenous chromo-
phores, such as Hb, and HbO, (which can be used to derive SO5), as well
as the 2-DG-800 probe (Fig. 1A), allowed us to monitor 2-DG-800
pharmacokinetics without being influenced by endogenous signals. We
focused on spinal aorta and muscle in addition to tumor (with ROIs
shown in Fig. 1B), as those areas were critical for deriving hemodynamic
parameters of tumor using two-compartment models including ETM and
RRM, respectively. To enable dynamic pharmacokinetic modeling of 2-
DG-800 within tumors, we intravenously injected 10 nmol of 2-DG-800
after acquiring a 4-min baseline, with axial images of the mouse ac-
quired during the imaging process at the location of the breast tumor.
The scan lasted 40 min in total (Fig. 1C). Following injection of 2-DG-
800 at 4 min, spikes of aorta signal became prominent at 5 min
(Fig. ID&E). Tumor and muscle also demonstrated initial increases after
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injection, followed a plateau, with markedly more probe accumulation
in tumor than muscle (Fig. 1D). Tumor can also be readily identified in
area-under-curve (AUC) (0-40 min) maps (Fig. 1F) because of signifi-
cant contrast between tumor and normal tissues, such as muscle
(Fig. 1G, P = 0.039, n = 4, paired Student’s t-test).

3.2. Dynamic pharmacokinetic modeling of 2-DG-800 in tumor

The extended Tofts model (ETM) (Fig. 2A) and non-linear reference
region model (RRM) (Fig. 2B) were fitted to the empirical data points in
a voxel-wise manner by optimizing the relevant rate constants. The K"
values of voxels in tumor derived from the two models demonstrated a
strong resemblance (Fig. 2C), so did K, values (Fig. 2D). Indeed, sig-
nificant correlations can be found for voxel values of K™ (Fig. 2E) and
Kep (Fig. 2F) between the two models, despite weaker correlations of Kep
values of the two models (correlation coefficient (?) = 0.736 for Kans
and r? = 0.294 for Kep, data points were acquired from four mice).

We next assessed the value of K™"(ETM) and Ke,(ETM) in detecting
tumor. As shown in Fig. 3A&B, K"™"(ETM) values showed a positive
linear correlation with AUC values (% = 0.552). While Kep(ETM) values
were negatively correlated with AUC values, the correlation was quite
weak (7 = 0.129). In the ROI-based analysis, both models indicated
markedly higher K"™"(ETM) values (P = 0.0398, n = 4, paired t-test)
and lower Kep(ETM) values (P = 0.0031, n = 4, paired t-test) in tumors
compared to muscles (Fig. 4A&B), suggesting that K™ and K, derived
from DGE-MSOT were both significant metrics for differentiating tumor
and muscles.
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Fig. 2. Intratumoral pharmacokinetic modeling using the extended Tofts model (ETM) and reference region models (RRM). (A,B): Representative dynamic
MSOT signal curves using ETM (A) and RRM (B). (C,D): tumor K" (C) and Kep (D) maps using ETM and RRM. (E,F): Pearson’s correlation analyses showing strong
positive linear correlations between K™"*(ETM) and K"*"(RRM) (E), and K.,(ETM) and Ke,(RRM)(F). Scatter points in (E) and (F) were tumor voxel values acquired
from four mice.
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Fig. 3. Correlations of tumor K" and K., values from ETM model to AUC values. Scatter points were tumor voxel values acquired from four mice.
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Fig. 4. Comparison of K™ and K., values of tumor vs. muscle acquired
from the extended Tofts model (ETM). *: P = 0.0398, **: P = 0.0031. n = 4,
paired Student’s t-test.

3.3. Correlations between pharmacokinetic parameters to oxygen-related
endogenous chromophore levels

We next examined the correlations of K"™S(ETM), as a representa-
tive hemodynamic parameter, to levels of endogenous chromophores,
including deoxyhemoglobin (Hb, Fig. 5A,B), oxyhemoglobin (HbOo,
Fig. C,D), and SO, (Fig. 5E,F). The Hb, HbO2, and SO, maps of the
tumor showed distinctive features of the tumor indicative of tumor
oxygenation status. Overall, our data suggested that K"™" values were
significantly but weakly correlated with Hb, HbO,, and SO, values.
Particularly, the weak correlations between SO, and K"*(ETM) sug-
gested that vasculature permeability and blood oxygen levels did not
develop synchronically. These data suggest that DGE-MSOT is able to
provide information about the tumor in addition to oxygenation pa-
rameters, which could be important to comprehensively unveil tumor
characteristics associated with its aggressiveness.

4. Discussion

Here we explore the use of 2-DG-800 for dynamic pharmacokinetic
modeling of breast tumors in MSOT. Our data suggest this new imaging
tool is versatile in simultaneously evaluating glucose metabolism and
tumor vasculature properties, which are two fundamental hallmarks of
cancer characteristic of the tumor progression and responses to treat-
ment capabilities. To date, only a few studies have explored simulta-
neous metabolism and vascularity assessment, predominantly by
multimodal ['®F]FDG PET/MRI, which despite demonstrating a high
prognostic value, involve separately injecting two contrast agents

[47-49]. Compared to dynamic pharmacokinetic modeling methods in
MRI and PET, which are relatively more established methods, pharma-
cokinetic modeling in MSOT is rarely explored because MSOT as an in
vivo imaging modality is still in its infancy. The lack of ionizing radia-
tion, and the ability to perform frequent tumor monitoring at the
bedside, give MSOT advantages in facilitating timely clinical manage-
ment of cancer [22]. The high sensitivity of MSOT also allows the use of
a low dose probe (10 nmol per mouse, or 0.5 umol/kg), which is much
lower than the dose used for MR, i.e., 0.1-1 mmol Gd/kg [50].

The suitability of MSOT in dynamic pharmacokinetic modeling also
lies in its high temporal and spatial resolution. Our full-spectrum dy-
namic MSOT (680-900 nm with a step-size of 5 nm) has a temporal
resolution of 15 s, acquiring axial slices of mice at the resolution of
75 um x 75 pm x 0.1 mm, with 20 repetitions at each wavelength [51,
52]. The high spatial resolution, which synergizes with the intrinsic high
contrast of vasculatures in MSOT, allows us to accurately segment ar-
teries to acquire AIF, as well as precisely quantify intratumoral hemo-
dynamic parameters at a much finer scale. Although some DCE-MRI
studies use a higher temporal resolution (~ 3-4s) [53,54] than our
study (temporal resolution of 15 s), single MSOT scan at each wave-
length only took less than 7.5 ms, making MSOT scans less susceptible to
motion artifacts, and further optimization to reduce the number of
wavelengths and repetitions has potential to dramatically decrease
temporal resolution without compromising spatial resolution.

To improve upon our previous method in intratumoral pharmaco-
kinetic modeling of an optoacoustic probe, HS680, the present study
systemically studied tumor pharmacokinetic parameters using 2-DG-
800 in a voxel-wise manner. Compared to the previous ROI-based
analysis, the approach established in the current study enabled voxel-
by-voxel comparison of two popular pharmacokinetic models, ETM
[39] and RRM, but also made it possible to evaluate the correlation of
these parameters to the oxygenation status of the tumor.

RRM has been developed as an alternative to Tofts models to elim-
inate the need for acquiring AIF as tumor and arteries may not be present
in the same field of view, making accurately measuring AIF challenging
[55]. RR model replaces AIF with a differential equation depicting the
time-dependent contrast concentration in a well-characterized reference
region, typically muscles. Because MSOT excels at detecting arterial
signals and the axial images in our scans covered easily identifiable
spinal aorta, ETM was used as a gold standard in our study. Despite this,
for scanning areas where the arterial signal is not present, RRM could be
advantageous, and comparing the robustness of RRM is critical. In our
study, K" and K, values derived from both models were significantly
correlated, although the correlation of K, values derived from the two
models was relatively weaker. By comparing parametric maps of the
ETM and RRM, we found that RRM presented less homogenous intra-
tumoral parameters (see Fig. 2). This could arise from the lower muscle
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Fig. 5. Correlations between pharmacokinetic parameters to endogenous chromophore levels. (A,C,E) Representative unmixed deoxy-hemoglobin (Hb) (A),
oxyhemoglobin (HbO,) (C), and SO, (E) maps. (B,D,F) Correlational analyses of K™ values to Hb (B), HbO, (D), and SO, (F). Scatter points were tumor voxel
values acquired from four mice after excluding non-positive voxels in all parameter maps.

signal, which led to lower signal-to-noise (SNR) of muscle signals than
the arterial signals. Notably, the correlation coefficients of K™ values
from the two models were higher than that of the K** values, which has
also been observed in previous studies [56]. One distinctive difference
between DGE-MSOT and DCE-MRI is that 2-DG-800 is actively trans-
ported across the cellular membrane, whereas gadolinium-based
contrast agents remain in the blood pool [57,58]. Therefore, the K"
of DGE-MSOT is reflective of mixed influx of agents into tumor and
intracellular transportation, which, in cells with high metabolic activity,
leads to an overestimation of the K™,

The voxel-based analysis also allowed us to study intratumoral
metabolic, hemodynamic, and oxygenation heterogeneity, which are
potentially strong predictors of patient survival [59,60]. The high
intratumoral heterogeneity observed in our study agrees with the highly
aggressive nature of the 2-LMP triple-negative breast cancer cell line.
This heterogeneity was confirmed using tissue morphology and angio-
genesis was confirmed with CD31 (Fig. 6). In addition, the voxel-based
approach allowed us to examine correlations between parameters to
comprehensively characterize the tumor. AUC and K" acquired in our
study were strongly correlated (see Fig. 3), suggesting that tumor cells
with high metabolism develop permeabilized vessels and that provide
sufficient nutrient supply to keep up with metabolism. Meanwhile,
correlations of K™ to tumor oxygenation (i.e., high HbO,, and SO,
levels) were relatively weak (despite being significant), indicating that

in different parts of the tumor, oxygen may or may not keep up with
neovascularization, a piece of evidence that tumors could have varying
levels of hypoxia.

It is worth noting that the emerging dynamically enhanced MSOT
technique can be extended to applications that other dynamically
enhanced imaging technologies have explored. For example, O’Connor
et al. have combined DCE and oxygen-enhanced (OE)-MRI to explore
tumor hypoxia, and OE-MRI was shown to be capable of quantifying the
hypoxic fraction in multiple models with differing hypoxic and vascular
phenotypes. OE-MRI was also shown to detect dynamic changes in
hypoxia induced by the vasomodulator agent [61]. Further, given the
link between hypoxia and tumor response to radiation therapy,
oxygen-sensitive MRI could also assist in response monitoring and
outcome prediction during radiation therapy [62]. Similarly,
oxygen-enhanced MSOT (OE-MSOT) and other hypoxia-sensitive MSOT
techniques [37,63,64] demonstrated comparable capabilities to monitor
tumor oxygenation in real-time, and the unique strengths of MSOT,
including portability, high spatiotemporal resolution, etc., potentiates
its application in certain clinical settings infeasible for MRI and other
imaging modalities. It should, however, be noted that the labeling of
2-DG with IRDye800 alters the metabolism of 2-DG and may not
dynamically reflect glucose metabolism, in contrast to MRI technologies
that require no labeling for dynamic imaging, e.g., chemical exchange
saturation transfer (CEST) MRI [65]. Moreover, in this pharmacokinetic
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Fig. 6. Pathology and immunohistochemistry. Tumors were assessed for morphology as well as angiogenesis using H&E staining as well as immunohisto-
chemistry. (A-B) Hematoxylin and Eosin staining of breast tumor xenografts. Images taken with a 4 x objective and inserts taken at 20 x (C-D) Angiogenesis
assessed using anti-CD31 in breast tumor xenografts. Images taken with 40 x objective. Brown staining indicates CD31 positive areas (angiogenesis).

study, we did not measure the clearance of the probe, and further studies
that monitor probe clearance in a longer time frame are needed for
clinical translation.

In summary, here we explored a novel method for dynamic modeling
of 2-DG-800 pharmacokinetics in tumor using MSOT. The use of 2-DG-
800 enabled the simultaneous measurement of tumor glucose trans-
porter activity, as a surrogate marker for glucose metabolism, in addi-
tion to hemodynamics, and the voxel-wise analyses of parameters
derived from both ETM and RRM suggested the utility of both models for
analyzing DGE-MSOT data. As many dye-labeled anti-cancer drugs have
been studied in clinical trials (NCT02415881, NCT02855086), our
approach can also be expanded to understanding the drugs’ intra-
tumoral kinetics.
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