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Abstract: In this work, broadband diffuse reflectance spectroscopy (DRS) and diffuse correlation
spectroscopy (DCS) were used to quantify deep tissue hemodynamics in a patient-derived
orthotopic xenograft mouse model of clear cell renal cancer undergoing antiangiogenic treatment.
A cohort of twenty-two mice were treated with sunitinib and compared to thirteen control
untreated mice, and monitored by DRS/DCS. A reduction in total hemoglobin concentration
(THC, p=0.03), oxygen saturation (SO, p=0.03) and blood flow index (BFI, p=0.02) was
observed over the treatment course. Early changes in tumor microvascular blood flow and total
hemoglobin concentration were correlated with the final microvessel density (p=0.014) and
tumor weight (p =0.024), respectively. Higher pre-treatment tumor microvascular blood flow
was observed in non-responder mice with respect to responder mice, which was statistically
predictive of the tumor intrinsic resistance (p=0.01). This hybrid diffuse optical technique
provides a method for predicting tumor intrinsic resistance to antiangiogenic therapy and could
be used as predictive biomarker of response to antiangiogenic therapies in pre-clinical models.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Renal cell carcinoma (RCC) is one of the most common urinary tract malignancies, with more
than 430,000 new cases reported worldwide in 2022, accounting for 2.2% of total new cancer
cases [1]. Clear cell renal cell carcinoma (ccRCC) is the most prevalent subtype of RCC,
characterized by high metastasis and mortality rates [2]. ccRCC tumors are largely insensitive
to chemotherapy and radiotherapy, and nephrectomy remains the standard of care for localized
ccRCC. However around 20% of patients are already diagnosed at metastatic stages (mRCC), and
approximately 30% of patients eventually develop metastases after surgery [3]. The difficulties

#532052 https://doi.org/10.1364/BOE.532052
Journal © 2024 Received 20 Jun 2024; revised 21 Aug 2024; accepted 25 Aug 2024; published 6 Sep 2024


https://orcid.org/0000-0002-6579-3844
https://orcid.org/0000-0003-4910-0291
https://orcid.org/0000-0002-4486-7592
https://orcid.org/0000-0002-9488-944X
https://orcid.org/0000-0001-5838-1027
https://orcid.org/0000-0002-2695-2128
https://doi.org/10.1364/OA_License_v2#VOR-OA
https://crossmark.crossref.org/dialog/?doi=10.1364/BOE.532052&amp;domain=pdf&amp;date_stamp=2024-09-06

Research Article Vol. 15, No. 10/1 Oct 2024 / Biomedical Optics Express 5774 |

Biomedical Optics EXPRESS A

in treating metastatic lesions and the low 5-year survival rates have motivated the development
of new treatment strategies for mRCC over the last decades, particularly targeting the highly
vascular nature of ccRCC tumors. Indeed, therapies aimed at inhibiting angiogenesis to halt
tumor progression have been integrated into clinical practice guidelines for mRCC management
[4].

Among antiangiogenic agents used for mRCC, sunitinib stands out as the standard first-line
treatment for patients with favorable to intermediate risk [4] and it remains as the comparative
treatment in clinical studies of new drugs [2]. Sunitinib acts by inhibiting the activity of the
proangiogenic vascular endothelial growth factor (VEGF), which significantly decreases tumor
angiogenesis and, in turn, inhibits tumor growth [5-7]. In spite of the demonstrated therapeutic
benefits of sunitinib over other treatments in terms of progression free survival and drug tolerance,
resistance to sunitinib is still the major obstacle in mRCC management: almost 30% of patients
present intrinsic resistance, and even those with good initial responses might acquire resistance
within 6-15 months of therapy [8,9]. How patients develop intrinsic and acquired resistance still
remains unclear and many different and multiple mechanisms have been proposed, but there is
also a lack of predictive biomarkers of therapy resistance and response.

In the last years, several studies have tried to validate clinical parameters [10], adverse effects
[11] and circulating biomarkers as secreted VEGF-A and IL-8 [12], associated with sunitinib
resistance or better clinical outcomes. However, these predictors are addressed at the systemic
level rather than directly imaging tumor microvasculature properties and the hemodynamic
changes hypothesized to occur during treatment. The kinetics and magnitude of those changes
might be indicative of either the tumor response to antiangiogenic agents or of the adaptive process
developed by the tumor to become therapy resistant [13]. Advanced imaging techniques such as
PET/MRI and PET/CT, that allow a combined anatomic, metabolic and physiological imaging of
renal tumors, have shown promising utility for predicting responses and resistance to sunitinib
treatment in patients with advanced RCC [14,15]. Yet, these methods are costly and require the
use of radiation or contrast agents which are not always tolerated by RCC patients. Therefore, to
date, there are no validated, non-invasive tools for the monitoring of tumor microvasculature
prior or during therapy that could help clinicians discriminate which patients would benefit from
treatment, avoiding the use of ineffective therapies [16].

In this sense, diffuse optical techniques working mainly in the near-infrared emerge as
potential set of tools for longitudinal and non-invasive monitoring of tissues, providing relevant
information on hemodynamics, physiology and tissue structure. These techniques, namely diffuse
correlation spectroscopy (DCS) and diffuse reflection spectroscopy (DRS), differ from other
techniques in their ease-of-use, safety for multiple applications and their non-invasiveness [17].
In the last decades, we and others have demonstrated the utility of optical monitoring of tumor
hemodynamics to predict therapeutic efficiency in many different oncology settings, such as
neoadjuvant chemotherapy, radiation therapy and photodynamic therapy, in both pre-clinical
and clinical studies [18-28]. In particular, and of relevance to this work, the effectiveness of
combining DCS and DRS was previously demonstrated to measure tumor microvascular blood
flow, total hemoglobin concentration and blood oxygenation changes in a murine model of
ccRCC under antiangiogenic treatment targeting vascular endothelial growth factor receptor 2
(VEGFR-2) [21]. Results revealed a correlation between early changes in hemodynamics with
therapeutic outcome, paving the way to use such techniques to validate prognostic biomarkers in
antiangiogenic treatments.

In the present work, we use these diffuse optical techniques to explore the potential for the
prediction of response to the gold-standard sunitinib antiangiogenic drug, in an orthotopic
xenograft of ccRCC mouse model. To this end, we quantify pre-treatment tumor hemodynamics
and their early changes during treatment as potential biomarkers to predict therapy outcome.
We have identified the pre-treatment total hemoglobin concentration (THC) and blood flow
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index (BFI) as a potential set of predictive biomarkers of the therapy outcome, whereas the early
changes in physiological parameters are predictive metrics of the final therapy effects. Ultimately,
this work may allow to envision strategies to use these non-invasive biomarkers in order to
optimize therapy selection for advanced cancer patients and develop personalized treatments.

2. Method

2.1. Patient-derived orthotopic xenograft (PDOX) models of renal cancer

Histologically-intact fragments from primary biopsies of human clear cell RCC tumors (ccRCC,
named REN108) were obtained from the Vall d’Hebron Hospital under protocols approved
by local ethics committee (CEIC approvals PR322/11 and PR (AG) 240/2013). One of these
fragments, from a single patient, was surgically implanted orthotopically in the kidney (original
neoplastic organ) of an athymic male nude mouse (primary mouse) (Envigo Laboratories) [29]
and left to grow. Once the tumor achieved a sufficiently large volume, the primary mouse was
sacrificed to excise the tumor, which was then sectioned into several fragments of approximately 1
mm? volume. Each one of these fragments was implanted on the kidney of a group of mice, from
which a subpopulation was chosen for our study and left to grow according to our protocols (See
Section 2.2). The rest of the mice were reassigned as new primary mice to perpetuate the tumor
line. All animal experiments were conducted at IDIBELL’s Animal Facility. All procedures were
approved by the institution’s Animal Research Committee and the corresponding department by
the regional government (approval DMAH #4899).

2.2. Treatment plan

Tumor growth was evaluated by palpation once per week, and when tumors reached a volume
of 1000 mm?, mice were randomized into two groups: treatment and control. The treatment
group (n =22) received sunitinib (S-8803 Sunitinib Malate, LC Labs, USA) at a dosage of 40
mg/kg/day, administered daily by oral gavage during 21 days. The control group, i.e., without
antiangiogenic treatment, (n = 13), received carboxymethyl cellulose vehicle formulation in the
same dosage, administration route and frequency.

Mice were monitored over a period of twenty-one days in which they were fed ad libitum and
maintained in a specific pathogen-free environment at the animal facility. Tumor growth was
followed by palpation twice a week and the treatment was considered effective until primary
tumors increased by 25% their initial volume. At the end of the treatment, mice were sacrificed,
and tumors were extracted and weighted. Final tumor volume was estimated by water displacement
in a graduated cylinder. Tumors were then processed for immunohistology analysis.

2.3. Immunohistochemical staining and quantification

Frozen or formalin-fixed paraffin-embedded (FFPE) tumor sections were stained with hematoxylin-
eosin (H&E) and immunohistochemistry techniques as previously described [30]. Rabbit
anti-cluster of differentiation 31 (CD31, Abcam, ab28364) and EnVision system of labeled
polymer-horse radish peroxidase (HRP) anti-rabbit IgG (DakoCytomation, Agilent Technologies,
Santa Clara, USA) were used as primary and secondary antibodies, respectively. 4’-6-diamidino-
2-phenylindole (DAPI, Sigma, 0929) was used for nuclear counterstaining, and finally tissue
sections were mounted in DPX medium (Merck, 1005790500). To quantify CD31 positivity, four
to six hotspot fields in viable tissue zones at 20X magnification were captured for each tumor.
Microvessel density (MVD) was obtained by counting the number of CD31-positive vessels in
each field using a Nikon Eclipse 80i microscope (NIKON-801 DS-Ril, NIKON, Japan), whereas
the percentage of necrosis (NP) was calculated as the ratio of the necrotic-pixel-area/total-image-
pixel-area multiplied by hundred, using ImageJ software (version 1.5.2, National Institutes of
Health, USA) [31].
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2.4. Hybrid optical setup

A schematic of the hybrid DRS/DCS contact setup and examples of the acquired optical data
are shown in Figs. S1 and S2 of the Supplement 1. A detailed description of the hybrid diffuse
reflectance spectroscopy (DRS) and diffuse correlation spectroscopy (DCS) device can be found
in Farzam et al. [21] and in Mireles et al. [32]. Briefly, the DRS system consisted of a continuous
wave 250 W broadband illumination lamp (QTH source model 66499, lamp model 6334 NS,
Oriel Instruments, Newport Corporation, USA) coupled to two 400 um multimode fibers to
deliver light to the tissue. Diffuse reflected light was collected through six multi-mode fibers
at distances ranging from 0.25 to 0.5 cm from the illumination point. The detected light was
spatially and spectrally resolved by a two-dimensional spectrometer (Acton Insight with CCD
PIXIS eXcelon 400B, Princeton Instruments, USA) over a wavelength range from 600-1000 nm.

The DCS system consisted of a long coherence length 785 nm laser (DL785-120-S, CrystaLaser,
USA) as a light source, the diffuse reflected light was collected by single mode fibers at eight
source-detector separations ranging from 0.25 to 0.5 cm. The collected photons were detected by
single photon avalanche photodiodes (SPCM-ARQH-14, Excelitas Technologies, USA). The
output photon counts were fed into a correlation board (Correlator.com, USA) to compute the
self-normalized intensity autocorrelation function for each source-detector separation. Post-
processing of the signals was performed for retrieving the blood flow index (BFI). The set of fibers
for light delivery and collection of both techniques (DRS and DCS) were assembled in a contact
probe. Optical data was collected and analyzed offline using the semi-infinite approximations to
the photon and correlation diffusion equations as described in Durduran et a/ [17]. and Farzam et
al. [21] to retrieve the tissue optical properties, which were then used to estimate microvascular,
total hemoglobin concentration (THC), tissue/blood oxygen saturation (SO;) and BFI following
the data processing pipelines employed in our previous publications [21,32].

Our probe design allows us to achieve a theoretical mean light penetration depth of about 0.25
cm [33]. This sampling depth has been previously validated by our group [21,32] and others
[20,34,35] to provide enough penetration depth to sample representative volumes regions of the
tumor. Given the expected tumor volume increase over the treatment course, we note that we
sampled over different regions across the tumor (see Section 2.5) which adds to the variability of
the data.

2.5. Diffuse optical measurement protocol

Prior to and during the optical data acquisition, mice were anesthetized with a mixture of
isoflurane and oxygen (4% isoflurane and 2 L/min of oxygen for induction, and 2% isoflurane
and 2 L/min of oxygen for maintenance). Mice body temperature was stabilized at 34°C and
monitored by means of a heating blanket with a rectal temperature sensor feedback (PS-03,
PhysioSuite, MouseSTAT Pulse Oximeter, Kent Scientific, USA).

Using the device described in Section 2.4, optical data was collected non-invasively from each
mouse by positioning the contact hand-held probe at two different locations: shoulder and tumor.
In the shoulder, data was collected five times from the same position. In the tumor, five different
positions were probed, where the last one corresponded to the probe placed at the top center
of the tumor and the rest, in reference to the top one, the surrounding cardinal points. Total
acquisition time for the ten measured locations lasted around ten minutes. Data was acquired
daily starting before the treatment administration on the day of the treatment (“Day 0”) for six
days (until “Day 5”), and on days seven, ten, fourteen, seventeen and twenty.

For every optical measurement, the contact hand-held probe was removed and repositioned
for achieving better statistical results including the test/re-test variability (e.g., due to the probe-
tissue coupling and pressure). To minimize their impact, in addition to the self-calibration
procedures that were detailed, only optical data from every channel at each position that are at
least 3x above the mean dark level was utilized while trying to maintain similar contact surface,
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pressure and orientation across measured positions over time. In the shoulder position, marginal
adjustments were required due to homogeneity of the region resulting in an overall reduced
physiological variability for the whole treatment period (Table S1). However, adjustments in
the probed locations for the tumor area were needed over the course of measurements due to
the heterogeneous tumor growth. We note that such adjustments did not represent a significant
impact in the recovered physiological values, showing a slightly elevated inter-tumor variability
for both the treated (Table S1, THC: + 30 uM, SO,: + 9% and BFI: 1 x 1078 cm? s~!) and control
(Table S1, THC: +35 uM, SO,: + 11% and BFI: 2x 1078 cm? s~!) mice over the course of
treatment compared to the pre-treatment measurements (Table 1, THC: + 30 uM, SO;: + 9% and
BFL + 1.3 x 1078 cm? s7!) and illustrated by the confidence intervals (CI) in Fig. 4.

Table 1. Pre-treatment tissue characterization. The estimated pre-treatment tissue hemodynamics
by measured location and treatment group and their statistical significance. Data expressed as
mean + standard deviation.

THC [uM] SO, [%] BFI [10~3cm?2s™1]

Tumor 76 +30 75+9 28+1.3

A. Measured positions Shoulder 39+5 525 2.0+09
p-value < 0.01 < 0.01 < 0.01
Treated-Tumor 7727 757 30+1.2
Control-Tumor 73+36 74+12 25+13

B. Therapy group p-value 0.72 0.78 0.25
Treated-Shoulder 38+4 51+5 2.1+1.0
Control-Shoulder 40+7 53+5 1.7+0.8
p-value 0.20 0.31 0.25

2.6. Classification of the therapy response

We have classified the animals according to the antiangiogenic effect on the tumor volume
obtained by palpation, which provides a fast, cost-effective, and consistent volume estimation
of irregularly-shaped tumors, even those embedded deeply within tissue. This method uses the
fingertips to protrude the tumor from the surrounding tissues by applying a pinching motion while
applying downwards pressure at the tumor margins, facilitating a more accurate estimate of the
tumor volume by better revealing the full extent of the tumor mass. This method was validated
(unpublished results) within our laboratory by comparing against tumor volumes measured
ex vivo, demonstrating that an experienced, single operator can achieve very good correlation
against true tumor volume. The mice in the treated group were classified into two groups: (i) the
responder group where the tumor volume did not increase more than 25% with respect to its
initial volume, and (ii) the non-responder group where the tumor volume increased more than
25% with respect to its initial volume. These groups formed the therapy outcome groups.

2.7. Statistical analysis

Data analysis was performed in R statistical software (version 3.3.2, R Foundation for Statistical
Computing, Austria). Statistical differences in tumor volume, weight, microvessel density and
necrosis percentage were assessed with Mann-Whitney-Wilcoxon rank sum test. Statistical
differences in the mean values of the estimated parameters distributed across treatment and
therapy groups were conducted using a non-parametric Kruskal-Wallis test (denoted as p) and
bootstrap (pps) random sampling with replacement. The longitudinal statistical analysis between
the groups was done using a linear mixed-effect (LME) method to account for repeated measures.
The normal distribution of the pre-treatment estimations was tested by means of a Jarque-Bera
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test (pjp). The Pearson’s correlation coefficient (r) was employed to quantify the linear correlation
agreement between the early changes in the tissue hemodynamics and the ex vivo histology
results. Finally, uni- and multi-variate analyses were used to assess the statistical power of the
pre-treatment tumor hemodynamics to classify the therapy response. In this regard, to enhance
the contrast among groups, the data was transformed using the z-score metrics described in Busch
et al. [36] A receiver operating characteristic (ROC) curve was used to evaluate the sensitivity
and specificity of the classification. The area under the curve (AUC) was used to assess the
performance of the classification method. Data dispersion was evaluated through interquartile
range (IQR) metric. All the statistical tests were considered significant at a < 0.05 for rejecting
the null hypothesis.

3. Results

3.1. Treatment associated changes in tumor volume and weight

On average, patient-derived orthotopic xenograft (PDOX) tumor volume allowed to identify
therapy response. In specific, tumor volume showed a statistically significant difference (p < 0.01)
between control and treated mice (Fig. 1(A)). Nevertheless, tumor volume of treated mice showed
a heterogeneous response, hence, allowing us to discriminate those that were responding to
treatment (Fig. 1(B), in red, n = 14) from non-responders and/or intrinsically resistant tumors
(Fig. 1(B), in blue, n =8). No differences were observed between control and non-responders
(p=0.83), while the responder group was different from both the control and the non-responder
group (p < 0.01). The underlying mechanism behind the heterogeneous tumor response (resistant
vs sensitive) is unclear; however, it is hypothesized that the heterogeneity of cells within the
tumor might give rise to such phenomena [37,38]. Likewise, given the nature of our PDOX
model, the observed proportion of resistant cases (n = 8) with respect to the total treated mice
(n=22) might come from the heterogeneities in the primary biopsies from the human tumor
being transferred to our animal model. We note that the proportion of resistant to sensitive cases
in this study is in agreement with literature observations [8,9].

At the end of the treatment, group discrimination was further confirmed with differences in
both tumor volume (Fig. 1(C)) and weight (Fig. 1(D)). Final tumor volume was found to be
significantly lower (p < 0.001) in responders (1050 + 138 mm?, IQR =200, Fig. 1(C), in red)
compared to non-responders (1950 + 399 mm?, IQR = 650, Fig. 1(C), in blue), as well as between
the responders and the controls (2200 + 594 mm3, IQR =500, Fig. 1(C), in black, p < 0.001).
However, final tumor volume was not different (p = 0.14) among non-responders and controls.
Likewise, tumor weight revealed differences between responders (0.90 + 0.17 gr, IQR =0.275,
Fig. 1(D), in red) and both controls (2 + 0.53 gr, IQR = 0.4, Fig. 1(D), in black, p < 0.001) and
non-responders (1.55 +0.27 gr, IQR = 0.35, Fig. 1(D), in blue, p < 0.001). Tumor weight was also
significantly different (p = 0.03) between control group and non-responders. In Supplemental
Figure S3, representative images of tumors from control, responder and non-responder groups
can be found.

3.2. Histological evaluation of the response to the sunitinib treatment

To investigate the histological response to the sunitinib treatment, tumor tissue sections were
analyzed as described in Section 2.3. No significant differences (p > 0.05) in the microvessel
density (MVD, Fig. 2(A)) were found between controls (20.25 + 8.04 vessels/mm?) and non-
responders (16.5 + 3.76 vessels/mm?); however, in responder tumors, where sunitinib impairs
tumor growth through angiogenesis inhibition, a significantly decreased density of the tumor
microvasculature (9.2 + 1.94 vessels/mm?) was observed compared to both controls (p < 0.001)
and non-responders (p < 0.001). Tumor necrosis was similar (p > 0.05) in all therapy outcome
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Fig. 1. Effects of sunitinib treatment in REN108 RCC PDX tumor. A. Tumor volume
progression measured by palpation in REN108 RCC orthotopic xenografts tumors. Solid
lines represent the mean tumor volume over time whereas the ribbon area denotes the
standard error of the mean (SEM). n = 13 controls and 22 treated animals. B. Tumor volume
progression measured by palpation in REN108 RCC orthotopic xenograft tumors. According
to the therapy response, mice were classified in controls (black line), responders (red line) and
non-responders (blue line). Solid lines represent the mean tumor volume over time whereas
the ribbon area denotes the 95% confidence interval (CI). n= 13 controls, 14 responders
and 8 non-responders animals. C. Final tumor volume and D. Tumor weight measured at
sacrifice. Data from n = 13 controls, 14 responders and 8 non-responder animals. Medians
and IQR for each group and parameters are shown. Mann-Whitney-Wilcoxon rank sum test
are shown with * for p <0.05, ** for p <0.01 and *** for p <0.001. Pink triangles indicate
outlier points.

groups (Fig. 2(B)). Supplemental Figure S4 shows representative images of immunostained tissue
slices for each group.

3.3. Diffuse optical results

DCS/DRS were used to assess sunitinib-derived hemodynamic changes in tumor and shoulder
(Fig. 3). In general, THC, SO, and BFI (Fig. 3(A), C and E, and Supplement 1) were observed to
be affected by sunitinib treatment in the tumor, whereas healthy muscle hemodynamics remained
unaltered during treatment (Fig. 3(B), D and F, and Supplement 1). In particular, treated tumors
showed, compared to controls, a statistically significant reduction in THC (Fig. 3(A), p=0.03,
Pos < 0.048) from day seven of treatment onward; in SO, (Fig. 3(C), p =0.03, pps < 0.03) from
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Fig. 2. Tumor ex vivo characterization and histology. A. Microvessel density quantifica-
tion (MVD, vessels per mm?). B. Tumor necrosis quantification (% of necrosis). Data from
n =13 controls, 14 responders and 8 non-responder animals, 4 images per sample section
were captured and quantified. Medians and IQR are represented. Mann-Whitney-Wilcoxon
rank sum test are shown with *** for p <0.001. Pink triangles indicate outliers.

day ten of treatment; and in BFI (Fig. 3(E), p =0.02, pps < 0.02) from day fourteen onward. In
contrast, none of the parameters measured on the shoulder location showed changes (Fig. 3(B), D
and F, with p=0.87, p=0.71 and p =0.52 for THC, SO, and BFI, respectively), indicating the
specific VEGF-targeting effect of the therapy in the tumor without systemic implications.

Moreover, when animals were further split as responders and non-responders, no statistical
differences were observed in their longitudinal trends among groups in either THC (Fig. 4(A),
p=0.46) nor BFI (Fig. 4(E), p=0.68) at the tumor location. Tumor SO,, however, was
higher (p =0.04) in the non-responder group with respect to the responder with a statistically
significant difference from day fourteen (p = 0.04, pps < 0.04) onwards (Fig. 4(C)). Controls and
non-responders showed similar SO, values (p =0.77). The shoulder muscle did not reveal any
significant differences among therapy outcome groups in any hemodynamic parameter (Fig. 4(B),
D and F, with p=0.69, p=0.51, p=0.34 for THC, SO, and BFI respectively).

In addition to the longitudinal vascular changes observed during the treatment period, early
tumor hemodynamic changes were further investigated as potential biomarkers to predict therapy
effects. As shown in Fig. 5, the changes in BFI (ABFI) and THC (ATHC) at day three after
therapy (A = Day 3 - Day 0) were correlated with the histological tumor MVD (Fig. 5(A), r: 0.42,
p=0.014) and the extracted tumor weight (Fig. 5(B), r: 0.39, p=0.024), respectively.

3.4. Diffuse optical prediction of therapy outcome

Prior to therapy initiation, all measurements of THC, SO, and BFI in the tumor were consistently
higher (p <0.01) than those in the healthy tissues as represented by the shoulder muscle
measurements (Table 1(A)); in agreement with the known anabolic processes taking place
during angiogenesis to supply oxygen and nutrients to the tumor. Nevertheless, the full set
of estimated hemodynamic parameters were similar between the treated and control groups
both in the tumor and in the shoulder positions (Table 1(B)); thus, reflecting the biological
process proper of the tumor growth. We note that, owing to the enhanced sensitivity of DRS
technique to the microvascular tissue physiology, with a roughly weight of 2/3™% towards the
venous compartment, low tissue SO, percentages are observed and in agreement with previously
reported DRS validation studies [23,39].

The pre-treatment (day zero) tumor hemodynamics in control, non-responder and responder
groups showed differences among them, but data showed a skewed distribution (data not shown).
Therefore, values were log-transformed to achieve a normal distribution (Fig. 6). Pre-treatment
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This data suggested the possibility that pre-treatment BFI could define or predict therapy
outcome, so prediction power of this variable was further evaluated in a receiver operating
characteristics (ROC) curve analysis (Fig. 7). Log-transformed BFI fitted a statistically significant
model (p =0.01, pps < 0.03) with an area under the curve (AUC) of 0.81 (Fig. 7(A)). Consistently,
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Fig. 4. Therapy outcome discrimination by the estimated tissue hemodynamics. In the
tumor location (left column); A. THC, C. SO, and E. BFI hemodynamics of the responder
(red line), non-responder (in blue) and control (in black) groups are shown. In the right
column, panels B., D., E. show THC, SO, and BFI values obtained in the shoulder location.

5

5

5

I Control mmm Responder

Tumor

10
Treatment day

10
Treatment day

10
Treatment day

15

15

15

THC [uM]

20

20

20

All values in the figures are Mean + SEM.

SO [%]

BFI[10 % em? s 7]

w
(=]

[
o

-

w

Ly

-

B Non-responder

Shoulder

5 10 15
Treatment day

5 10 15
Treatment day

5 10 15
Treatment day

20

20

20



Research Article

Vol. 15, No. 10/1 Oct 2024 / Biomedical Optics Express 5783 |

Biomedical Optics EXPRESS -~

>

ABFI[10 % em? s7)

10g(THC )gayo [UM]

B

4! r: 042, p=0.014 100! r: 0.39, p=0.024

2 . : 501

of . . . o 0 et

~ . . T .

'_
= .

-2 -50! '

A1
-100|
10 20 S0 40 05 10 15 20 25
MVD [vessels mm ] Tumor weight [g]

Fig. 5. Early tissue hemodynamics changes predict the antiangiogenic therapy effect.
The changes at day three after treatment (A = Day 3 - Day 0) of the in vivo recovered blood
flow index (BFI) and total hemoglobin concentration (THC) parameters were observed
to correlate with the ex vivo tumor characteristics: A. The initial tumor BFI change was
observed to correlate with the histology recovered tumor micro vessel density (MVD). B.
The initial tumor THC was observed to correlate with the extracted tumor weight (TW).
Individual data points for responders are shown in red, non-responders in blue and controls
in black. r is the Pearson correlation coefficient.
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Fig. 7. Therapy outcome classification based on pre-treatment tumor hemodynamics.
The therapy outcome was classified by a binomial logistic regression of the pre-treatment
tumor hemodynamics. A. The univariate binomial logistic regression model of the tumor
BFI. B. The multivariate binomial logistic regression model of the combined tumor THC &
BFI parameters.

log-transformed pre-treatment tumor THC and SO, univariate models were not statistically
significant (p=0.15 and p =0.14, respectively, data not shown). In a multivariate analysis
(Fig. 7(B)), the combined contribution of the log-transformed pre-treatment tumor THC and
BFI demonstrated a statistically significant model (p = 0.04, pps < 0.047) with an AUC of 0.79.
The other multivariate models (THC & SO2 and BFI & SO2) were not statistically significant
(p=0.32 and p =0.052, respectively) (data not shown). A summary of the uni- and multi-variate
binomial logistic regression of the tumor hemodynamics at the pre-treatment time point for the
therapy outcome classification is provided in Supplemental Table S3.

4. Discussion

During the last decade a high heterogeneity of the tumor response to antiangiogenic therapy have
been described in the clinics [37]. Currently, there are no validated biomarkers to accurately
predict which patients will benefit from anti-vascular endothelial growth factor (VEGF) therapies
[40]. Therefore, it would be of great relevance to find evidence that could identify new predictive
biomarkers of response, particularly early-response, which, in turn, could help in the selection of
the therapy, in prevention of therapeutic failures and in avoiding the associated toxicities. In this
work, diffuse optical techniques have been employed to investigate the baseline values and the
evolution of the tissue hemodynamics as biomarkers to aid the understanding of the therapeutic
effects of antiangiogenic therapy in an orthotopic xenograft mouse model of clear cell renal cell
carcinoma (ccRCC) derived from a human tumor sample [41,42]. As therapeutic agent, we used
the clinical standard antiangiogenic drug sunitinib, which is a multitargeted receptor tyrosine
kinase that primarily blocks the vascular endothelial growth factor receptor to inhibit new blood
vessel formation [43,44].

As expected, the tumor volume evaluated by palpation over time was observed to be statistically
significantly different between the treated and control groups. However, in some treated mice, the
tumor volume was not successfully controlled by the antiangiogenic drug and continued to grow
during the experiment. In other words, some mice displayed intrinsic resistance characteristics
despite having received therapy. This observed behavior resembled the heterogeneous response
reported both in human [45-47] and pre-clinical [48] studies which has been associated to
several tumor resistance mechanisms [49,50], and allowed us to classify mice as responders and
non-responders.

The histological characterization and immunohistochemistry analysis of the tumor samples
confirmed the similarity between the non-responder and control groups whereas the responder
group was observed to be systematically different from the others. These results might arise from
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the fact that the therapeutic mechanism of sunitinib is based on the inhibition of the neovasculature
formation. This could slow down the tumor growth and reduce the final tumor volume and
weight in the responder group, while the non-responders might be capable of overcoming the
vascular trimming targeted by sunitinib drug through several mechanisms of resistance [29,49,9],
resulting in a similar behavior as non-treated tumors. Despite the observed group differences in
microvessel density, the extent of tumor necrosis was similar among controls, non-responders
and responders. This might be due to the combination of two factors. On one hand, the vascular
trimming in responders group deprives the tumor from oxygen and nutrients supplied by the
bloodstream [51], thus leading to the formation of necrotic areas. On the other hand, the larger
tumor volume of controls and non-responders could lead to the natural formation of necrotic
regions due to the lack of vascular support, reaching similar values as in the responder group.

Taking advantage of this heterogeneous response model, which resembles the clinical scenario
of antiangiogenic therapy response, diffuse optical techniques were used to investigate tissue
hemodynamic changes induced by this therapy, aiming to find a predictive parameter that could
be used as a new biomarker to predict patient outcome. The non-invasive, practical nature of the
diffuse optical platform allowed us to monitor the in vivo tissue hemodynamics (THC, SO, and
BFI) during the whole protocol, before administering the drug and throughout all treatment at
different time points. In general, the estimated pre-treatment tumor hemodynamic parameters
were higher in comparison to the shoulder tissue. These findings might be associated with
the overexpression of VEGF and other pro-angiogenic factors in the tumor, which allows the
development of an extended vascular network [52]. This is, in fact, the basis of the contrast in
the optical signals for both pre-clinical and clinical studies [18,19]. Furthermore, the estimated
pre-treatment tissue hemodynamics of the treated and control groups within the tumor and
shoulder locations were similar indicating an initial physiological similarity between the randomly
formed therapy groups.

Beyond the characterization of the pre-treatment tissue hemodynamics of the therapy groups
(treated and control) in the tumor and in the shoulder, we have also evaluated the difference
between the therapy outcome groups (responder and non-responder). The log-transformed
pre-treatment tumor BFI was found to be statistically significantly different between the responder
and non-responder groups, whereas THC and SO, remained unchanged. This was then utilized
to do a receiver operating characteristic (ROC) curve analysis with a logistic regression. The
recovered area under the curve (AUC) obtained from log-transformed pre-treatment BFI (AUC:
0.81, p=0.01) and that for THC & BFI (AUC: 0.79, p = 0.04) parameters provided a potential for
the pre-treatment prediction of the therapy outcome. This, if confirmed, could have a potential
impact for determining the usage of alternative therapeutic strategies in subjects with a high
probability to not benefit from an antiangiogenic therapeutic approach. Similar results have been
reported in patients with breast cancer undergoing neoadjuvant chemotherapy assessed by diffuse
optical methods [53]. As per definition, biomarkers are objective, quantifiable characteristics of
biological processes that measure a physiological state and may be used as surrogate endpoints to
predict outcomes. Here, we suggest tumor BFI to have prediction benefit primarily in the mRCC
setting and may help in the development of precision and personalized approaches.

Alongside with pre-treatment characterization, our non-invasive diffuse optical methods
allowed us to carry out a longitudinal tissue hemodynamic monitoring throughout all treatment
periods. The estimated tumor hemodynamics (THC, SO2 and BFI) were found to be different
in the therapy and control groups, while the control location, i.e. the shoulder muscle, did not
show a similar evaluation with time. These results demonstrate, first, that the hypothesized
sunitinib-derived hemodynamic changes are observable, and, second, the suitability of diffuse
optical methods as a tool for assessing and linking those changes to the therapeutic effects. We
note that our methodology led to increased variability in optical measurements due to inherent
tumor growth and probe positioning over the course of treatment; however, we have demonstrated
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the value of our method to obtain scientifically relevant results despite such constraints, thus
increasing the impact of the study. Besides, our findings suggest the tissue specificity of sunitinib
antiangiogenic drug, which effectively alters tumor regions while avoiding global vascular
changes and, thus, reduces side effects.

We have also evaluated whether the longitudinal evolution of these parameters revealed any
patterns between the responder and non-responder groups early-on. The estimated tumor oxygen
saturation (SO,) discriminated between responder and non-responder groups from day fourteen
onward. This suggests that vascular trimming is present in the responder group but absent in
non-responder tumors, which might effectively modulate nutrients and oxygen supply to the
tumor under antiangiogenic treatment. In this regard, although the tumor total hemoglobin
concentration (THC) did not change among therapy outcomes over time, a decaying trend in both
responder and non-responder groups was observed reaching a plateau region comprising from
day seven of treatment onwards in both groups. This finding is in agreement with the time point
reported by Zhou et al. in a pre-clinical SF188V + human glioma xenograft mouse model treated
with sunitinib under the same dosage as our work [54]. This effect might be associated with the
vascular trimming of the permeable neovasculature caused by the blockage of the VEGF signaling
pathway [55]. Interestingly, tumor THC levels from the responder and non-responder groups
at the plateau region matches their corresponding THC values in the shoulder position. These
results might indicate that even though the blood volume level in the tumor is comparable to that
of a healthy tissue due to the vascular trimming induced by the VEGF blockage, other signaling
pathways or different mechanisms could potentially be interfering in the tumor development and
leading to eventual acquired treatment resistance.

Besides these findings, the early tumor THC change observed at day three with respect to
day zero, and the pre-treatment value were demonstrated to correlate with the extracted tumor
weight. These results are in good agreement with the reported fractional blood volume changes
associated with the therapy prognosis reported by Robinson ef al. in a mouse model of 786-O
ccRCC cells [56]. This may potentially be indicative of the capability of a resistant tumor to
adapt and continue developing even under nutrient-depleted conditions [29]. Similarly, the early
change (Day 3) in the retrieved tumor BFI parameter with respect to the pre-treatment value
correlates with the final microvascular density. These results are in line with the studies by Huang
et al. in a xenograft mouse model of 786-O ccRCC where an increase in the microvessel density
in the tumor was found in sunitinib-resistant specimens [48].

In general, our findings suggest an early trigger effect induced by sunitinib antiangiogenic
therapy on the initial days of treatment. This can be determined in pre-treatment THC and BFI
tumor hemodynamic parameters, which turn out to be a potential set of predictive biomarkers of
therapy outcome. Furthermore, early changes and longitudinal monitoring of THC, SO, and BFI
parameters demonstrated the feasibility to predict the final therapy effects. These results might
produce objective and reproducible cut-off values for assessment of their use as new predictive
biomarkers. Although it is not trivial to extend the non-invasive application of diffuse optical
techniques to renal carcinoma, minimally invasive approaches may be envisaged and become a
helpful tool in medicine personalization.

5. Conclusion

Diffuse optical techniques have been demonstrated to be a suitable toolbox for predicting the
therapeutic resistance of a ccRCC tumor to antiangiogenic therapy from the pre-treatment time
point. Furthermore, the longitudinal tissue hemodynamics monitoring provides not only the
possibility to assess the therapeutic response over time but also to predict the ending point therapy
effects from the early changes in the hemodynamic parameters. This set of features bridges the
gap of the current translational oncology field by providing relevant biomarkers for achieving an
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early identification of the intrinsic resistant tumors where alternative therapies might be applied
in order to improve the therapy effects.
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