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Abstract

Objective: This work introduces MamoRef, an innovative whole-field, near infrared spectroscopy based device for adjunctive
breast examination, aiming to help classify benign and malignant lesions in women. Utilizing low-power, non-ionizing red and
near-infrared lasers, it provides metabolic information to aid physicians in characterizing lesions in BI-RADS Il to IV patients,
offering a non-invasive screening alternative.

Approach: Clinical studies were conducted, benchmarking MamoRef against conventional imaging and core biopsies. The device
generates 2D maps of relative oxyhemoglobin, deoxyhemoglobin, and oxygen saturation. NIRS-specialized professionals, with
basic clinical training, independently scored MamoRef images using a 6-point scale analog to BI-RADS. Scores were averaged
and normalized for biopsy comparison.

Main results: The studied clinical cases show promising outcomes. For neoproliferative lesions, MamoRef images reveals high
deoxygenated hemoglobin and diffuse high oxygenated/total hemoglobin, suggesting neovascularization around necrotic tissue.
Preliminary receiver operating characteristic analysis yielded an area under the curve of 0.77. At a 0.6 threshold, MamoRef
showed 70% accuracy and 74% specificity.

Significance: Preliminary results suggest MamoRef can potentially differentiate benign from malignant lesions detected by standard
imaging. Trained clinicians might detect and characterize lesions using these metabolic maps. Further larger-scale studies are needed to
validate these findings and improve the technology, positioning MamoRef as a potential low-cost, accessible adjunctive screening tool.
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(BI-RADS). The main shortcoming of conventional mammog-
raphy is a decrease in sensitivity with the overall sensitivity mea-
sured at approximately 70%.* The standard 2-view digital

Introduction

Breast cancer remains the second most prevalent cancer (12%)
worldwide, and the fourth leading cause of cancer death glo-
bally. Incidence is higher in countries with a higher Human
Development Index (HDI), but mortality is almost 20% lower
than in countries with a lower HDI. Although breast cancer
mortality has been declining since 2002, this disease continues
to represent the most frequent cause of cancer death in women. '

'Centro de Investigaciones en Fisica e Ingenieria del Centro de la Provincia de
Buenos Aires (CIFICEN, UNCPBA - CICPBA - CONICET), Tandil, Argentina
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The goal of breast cancer screening is to reduce morbidity and
mortality, both overall and from breast cancer, with a reasonable
balance of risks.>® Mammography is an invaluable screening and
diagnostic tool for breast cancer. To standardize mammography
across the countries, the American College of Radiology (ACR)
developed the Breast Imaging-Reporting and Data System
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mammogram does not detect all cancers with the sensitivity
decreasing as the density of breast tissue increases. In women
with dense breast tissue, 76% of cancers are missed.*

None of the guidelines recommend magnetic resonance
imaging (MRI) or ultrasonography (US) as the first-line screen-
ing method in asymptomatic, average-risk women.? The debate
centers on the benefits of screening with a focus on the appro-
priate age to start with it versus any harm from overdiagnosis,
false-positive test results, and exposure to unnecessary radi-
ation.* The current US Task Force recommendation for breast
cancer screening for women at average risk is one mammogram
every two years at ages 40-74 years.’

There is insufficient evidence to assess the risk-benefit bal-
ance for the adjunctive use of breast US or MRI in women
with dense breasts on a negative mammogram.” MRI as a sup-
plement to mammography improves the screening for breast
cancer carriers aged 50 and older.* Contrast-enhanced MRI cre-
ates a blood flow map, that allows detecting tumor neovascular-
ity and peritumoral inflammation; this explains its high
sensitivity®; meta-analyses show that for contrast-enhanced
MRI a sensitivity of 77% was reported, with a specificity of
86%.”® Although these vascular-based technologies offer diag-
nostic advantages and are well integrated into clinical practice,
they require intravenous injections, and their use may be limited
by cost, availability, and accessibility.”

Most current clinical modalities for breast cancer diagnosis
rely on the observation of morphological changes in tissue;
stronger approaches are needed to examine or even determine
metabolic changes quantitatively.> As a complement to these
well established techniques, near-infrared (NIR) spectroscopy
can measure, in a completely non-invasive way, local metabolic
signals by combining blood volume and oxy- and deoxyhemo-
globin measurements that signal angiogenesis in hypermeta-
bolic tissues, as well as determining the concentrations of
lipids and water in tissue.”'® These parameters have proven
useful for discriminating malignant and benign tissue in the
breast, and several studies have demonstrated the efficacy of
these NIR techniques in exploring malignant changes during
neoadjuvant therapies.'®'?

It should be noted that NIR techniques allow access to bio-
chemical and physiological data that are not obtained through
other methods.” Cancer tissue differs from normal tissue in its
metabolic activity and density: malignant lesions tend to be sur-
rounded by neovascularization and oxygen-rich blood that
feeds its growth.'® In addition, when tumors grow rapidly or
reach a certain size, their central areas may not receive enough
oxygen to support further growth. This can lead to necrotic
lesions rich in deoxygenated blood, even when neovascularisa-
tion is present in the peripheral region. Previous studies show
unique absorption signatures associated with dysplastic, malig-
nant, and benign tissue transformations.'®'*!> There are also
clinical studies that have evaluated the findings in case series
and even in larger prospective cohorts.”!¢~'8

A recent work describes and validates an innovative
continuous-wave (CW), wide field diffuse reflectance device
named MamoRef, which uses NIR radiation to detect,

characterize and follow the evolution of neoplastic lesions of
the breast.> Previous studies described different aspects that
were evaluated and implemented to improve the ability to dif-
ferentiate between normal and pathological tissues, enhance
image quality, and identify the most suitable materials for the
clinical prototype.'**2

MamoRef is a low-cost, easy-to-maintain device that can be
implemented in a variety of contexts without the need for spe-
cialized personnel. Beyond screening recommendations, sev-
eral new techniques are being developed to improve early
detection of breast cancer, reduce the number of unnecessary
biopsies, and improve early treatment protocols.?**** This study
aims to describe the findings of MamoRef images in patients
who required core biopsy for suspected cancer on standard
breast nodule evaluation images, and to assess its potential to
differentiate malignant and benign lesions by comparing its per-
formance with established imaging modalities.

At its current stage of development, MamoRef is intended to
be a complementary diagnostic modality. Its goal is to use the
unique functional and biochemical information that near infra-
red spectroscopy (NIRS) provides to supplement the structural
information from traditional imaging techniques. We believe
this has the potential improve overall diagnostic performance
and (by providing the physicians with an additional criteria
to) aid in malignancy discrimination.

To validate its potential for this role, we must first establish
its baseline performance as a standalone technology. Therefore,
this work compares MamoRef against the established imaging
techniques. While we believe MamoRef may have future poten-
tial as a screening tool, this would require more extensive val-
idation with a larger patient cohort.

Materials and Methods

Study Design and Setting

A prospective exploratory study was carried out between April
2023 and November 2023 at a recognized hospital in Argentina:
Hospital Privado de la Comunidad (HPC) located in Mar del
Plata, Argentina . It is a high-complexity hospital which since
2018 has a mastology unit accredited by the Sociedad
Argentina de Mastologia (Argentine Society of Mastology).
The hospital performs 460 breast surgeries per year, and it
has a patient cohort who receives all health care procedures
within the facilities of this hospital (clinical, laboratory, and
imaging services) with complete follow-up. The study was
approved on date 2021-11-02 by the hospital’s institutional
review board (Consejo Institucional de Revision de Estudios
de Investigacion - CIREI) and was conducted following the
Helsinki Declaration. It is reported according to the STROBE
guidelines for reporting observational studies.?

Population

Patients were prospectively included using simple consecutive
random sampling. This included all patients evaluated over
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Table |. Demographic information of the patients that were included
in this study.

Baseline Characteristics

Age (years), median (pp 25-75)
BMI, median (pp 25-75)

56 (44-70)
26.73 (21.5-29.9)

Characteristics at the Time of the Study

Systolic blood pressure (mmHg), 118 (115-120)
median (pp 25-75)

Diastolic blood pressure (mmHg), 77 (76-80)
median (pp 25-75)

Cardiac rate (Ilpm), median (pp 25-75) 76 (75-78)

Respiratory rate (rpm), median (pp 25-75) 19 (18-20)

Temperature (°C), mean (SD) 36.2 (0.14)

Hematocrit (%), mean (SD) 38.7 (2.6)

18 years of age who agreed to participate and who required a
biopsy due to their mammography findings or, if this was not
possible, MRI or breast ultrasound. Patients who were unable
to perform the study due to technical reasons (for example:
inability to assume the correct position on the stretcher), acute
inflammatory lesions, or any other condition that, in the opinion
of the physicians, could alter the NIR signal like the presence of
tattoos, piercings, or similar non-natural pigmentation on the
breast surface were excluded. Table 1 shows the demographic
information of the patients included in this study.

Procedures and Variables

All patients were evaluated using standard imaging and medical
strategies. Those who had a suspicious finding that required a
core biopsy were invited to participate in the study.

Figure 1 outlines the resulting patient circuit when MamoRef
is introduced in the diagnostic pipeline. These circuit is in
accordance with the design target of the proposed device and
was well received by both the physicians and the patients.

Prior to the MamoRef measurement, several key patient data
points were recorded as part of the informed consent process.
These included age, weight, body mass index, heart rate, blood
pressure, skin color classified via the von Luschan scale, hem-
atocrit, blood hemoglobin concentration, and the presence of
tattoos or piercings in the thoracic area.

Optical Mammography. To begin the measurement procedure,
the patient climbs onto a stretcher that has a transparent (acrylic)
window, below which the optoelectronic instruments are
located (see Reference Carbone et al. for details and Figure 2
for a simplified schematic representation of MamoRef). Then,
she gently rests her breast on the window (one at a time), while
she places her arms in the most comfortable position. A typical
study takes about three to five minutes per breast, and during
this period, the patient is asked to rest as still as possible to
avoid acquiring low-quality or blurry images.

The whole process is completely painless, harmless, and
safe, since the sources used emit low-power, non-ionizing light.

Suspicious finding by mammography, ultrasound or MRI

Core biopsy by ultrasound is scheduled

Invitation to the study and informed consent process

Optical mammography and subsequent US-guided core biopsy

Figure |. Diagram of the patient’s circuit. If a possible lesion is found
by a standard technique (x-ray mammography, US or MRI), an
US-guided core biopsy is scheduled; at that stage, the patient is invited
to participate in the MamoRef study (for which a signed consent is
required).

Due to the diffusive propagation of light inside the soft tissue,
every image is acquired in the so-called reflectance geometry,
which allows to avoid the mechanical compression of the
breasts used in X-Ray mammography, which suffer no other
pressure than the one exerted by the body weight, making the
optical mammography completely comfortable.

The objective of MamoRef is to find and characterize the
metabolic behavior of possible inhomogeneities in the breast
tissue, which may result from several neoplastic pathologies.
To this end, and because the molar absorption coefficients of
tissue compounds, such as oxygenated hemoglobin (HbO)
and deoxygenated hemoglobin (HbR), strongly depend on light
wavelength, it is possible to obtain maps of oxy- and deoxyge-
nated blood using at least two wavelengths; these maps are dir-
ectly relatable to metabolic function and, as mentioned before,
could in principle allow the differentiation of distinct types of
inhomogeneities.

Thus, the MamoRef approach relies on acquiring, by a CCD
camera, diffusely reflected light images of the breast under
study, which may contain lesions (benign or malignant) with
optical properties, i.e. scattering and absorption coefficients,
that differ from those of the healthy background tissue.

Compared to X-ray-based modalities, diffuse reflectance
imaging exchanges penetrating power and resolution for meta-
bolic information. While it has limitations regarding resolving
power and information extraction from deep structures, it has
been shown that, for example, a 10 mm lesion with twice the
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Figure 2. Schematic of MamoRef. A set of three laser beams (emitting at 1j = 670 nm, 4, = 785 nm and A3 = 830 nm) are combined into one
single beam, and directed to the patient’s chest via a galvanometric scanner. A CCD camera captures the diffusely reflected light exiting from

the breast.

absorption of the background medium can be detected at depths
of up to 3 cm.?® It is also important to note that this depth refers
to the breast in its compressed state during imaging, and that the
detected region represents the entire metabolically active area,
not only the solid tumor.

The exposed breast is illuminated by low-power (less than
5 mW) continuous-wave lasers of three discrete wavelengths:
660 nm, 785 nm and 830 nm. The scanning is done following
a grid pattern with around 50 positions using a galvo-scanner.
Using focused beams instead of expanded sources allows for
deeper light penetration, thus allowing the device to explore
up to 3-4 cm in depth. More technical details of these aspects
of MamoRef were described previously.?

The raw data obtained by MamoRef are a high number of
reflectance images, for each wavelength and each laser position.
A reconstruction algorithm converts the raw data into maps of
relative oxyhemoglobin (HbO) and deoxyhemoglobin (HbR) con-
centrations. The process begins by pre-processing the raw images:
they are cleaned of background noise and normalized against a
composite image of the entire scanned area to enhance the contrast
of potential inhomogeneities. This yields a relative attenuation
map, A(4, p), for each laser wavelength. These maps are then
related to the change in the tissue’s absorption coefficient, Ay,
via the modified Beer-Lambert law. Because the absorption is
modeled as a linear combination of the molar extinction coeffi-
cients of HbO and HbR, a system of N linear equations is estab-
lished using the data from N wavelengths. Solving this system for
each pixel produces the final maps of relative HbO and HbR con-
centrations, from which a map of relative oxygen saturation
(Sat0») is also derived.’ Because of this process the data on the

MamoRef HbO and HbR maps can be understood as a concentra-
tion relative to the median of the studied area for each pixel
(AHbX (x, y) = HbX (x, y) — median(HbX)). ~ Among  other
things, this helps in reducing the influence of other, less
wavelength-dependent, chromophores such as melanin.

MamoRef thus generates three different 2D maps: relative
oxyhemoglobin concentration, relative deoxyhemoglobin con-
centration, and relative oxygen saturation, the latter derived
from the first two. Since continuous-wave laser radiation only
allows for the measurement of changes with respect to the back-
ground, these maps represent relative changes compared to the
mean concentration across the entire tissue under examination.
Since during the measurement, the patient’s breast is positioned
in a prone posture against the transparent measurement win-
dow, ensuring a flattened surface for optimal contact, the result-
ing maps provide an anterior-posterior 2D projection of
absorption across the entire breast tissue.

These functional maps, when combined with structural
imaging modalities such as ultrasound and X-ray mammography,
offer significant potential for characterizing lesion malignancy. As
mentioned before, in general, malignant lesions exhibit increased
metabolic activity, often accompanied by neoangiogenesis, which
manifests as regions with elevated relative oxyhemoglobin con-
centration, extending beyond the tumor’s physical boundaries.
Additionally, some malignant tumors develop central necrosis,
which can appear on the maps as a localized increase in relative
deoxyhemoglobin concentration.

Ultrasound-Guided Core Biopsy. While the patient lies in a supine
position, previous images (mammography, US, MRI) are
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reviewed and the image to be biopsied is found using ultra-
sound. Once the image is located, the most appropriate
approach site is selected and the area is cleaned with povidone
iodine. Using a sterile technique, a small incision is made in the
skin with a scalpel; then an introducer is directed to the nodule
and with a 14G core needle already mounted on a biopsy gun
(Histo®), 3 to 6 samples are taken. The samples are sent to
the pathology department in jars with 10% buffered formalin,
labeled with patient data and the specific sample collection
site. Once the sample collection is finished, the coaxial intro-
ducer is extracted and compression is applied to the area with
ice for a few minutes. Hypoallergenic Microporous tape
(Hypafix®) is placed on the skin over the incision area and a
compressive elastic bandage is applied for 24-48 hours. Pain
medication is administered if the patient or the physician per-
forming the biopsy deems it necessary.

Imaging. Mammography, MRI, and breast ultrasound are
described according to the ACR BI-RADS descriptors.?’
Regarding the optical mammography procedure, an experi-
enced radiologist reported the MamoRef findings in the context
of available conventional imaging (mammography, ultrasound,
and MRI) and the pathologic anatomy of each patient.

Pathology. The results are described according to their immuno-
histochemistry (estrogen and progesterone receptors, HER2 and
Ki67) that characterize the behavior of the tumor and the histo-
pathological report of the biopsied lesions.?®

Covariables. Some covariates that could modify the indices
evaluated in NIRS were recorded, as it is the case of different
baseline characteristics such as skin color, age and body mass
index (BMI). Skin color was recorded using the Von Luschan
valid scale and then patients were classified according to
Fitzpatrick?® phototypes; the presence of chromatic lesions
such as nevi or tattoos was also recorded. Physiological vari-
ables were recorded during the optical mammography proced-
ure: respiratory rate (RR), heart rate (bpm), blood pressure
(BP-BP), and hematocrit.>°

Skin color is of particular interest as it can potentially affect
light propagation in tissue. Table 2 has the Von Luschan scale
for each patient of the studied cohort. It is important to note that
this distribution is demographic dependent and specific to the
region in which the study was carried out. It is our priority
for future work to have a more diverse cohort.

Statistics. A data collection form was created to systematize the
capture and minimize errors in Redcap®, and it was entered by
a trained and data-entry-expert operator. The numerical vari-
ables are expressed as median or mean with their corresponding
dispersion measure (25-75 % percentiles or standard deviation)
as appropriate. The variables are checked for normality using
the Kolmogorov-Smirnov test.>' Categorical variables are
expressed as absolute frequency (n) and percentage (%). The
agreement between the results is described when both results
are in the same direction (negative-negative or positive-

positive) for both optical mammography vs. pathology and
for optical mammography vs. conventional mammography.
The data was analyzed using Stata/IC 15.1 for Mac.

In our study, 21 patients were included, of which 17 had
mammography, all of them had breast ultrasound with core
biopsy, and 4 patients had MRI in addition to mammography
or breast ultrasound. Finally, patient number 2 was excluded
from the final analysis due to the inability to perform the core
biopsy adequately, as the size of the lesion prevented it. All
patients were of Hispanic-Latino ethnicity, 16 were postmeno-
pausal, and none had skin lesions, nevi, or tattoos that could
interfere with the images obtained by MamoRef. The most fre-
quent phototypes were IV and V.

The contralateral breast was imaged in all cases of unilateral
lesions. These breasts typically had alow BI-RADS score on conven-
tional imaging and therefore did not undergo biopsy. Consequently,
for the purpose of our analysis, these contralateral breasts were
assigned a ground truth status of 'negative for malignancy’.

Performance Metrics. We conducted a classification test to pre-
liminarily evaluate MamoRef’s performance as a semi-
quantitative classifier for breast lesion malignancy. For this
test, 5 professionals specialized in NIRS, with basic previous
clinical training regarding breast cancer anatomy, independ-
ently scored the images generated by MamoRef.

A structured 6-point scoring scale, modeled conceptually
after the ACR BI-RADS assessment categories, was developed
for this study. Using a familiar framework like BI-RADS aims
to provide a standardized structure for assessment and poten-
tially facilitate future clinical translation.>**3

The scale was defined as follows:

e Score 0: The image cannot be assessed due to artifacts or
other technical issues.
Score 1: The image shows normal breast tissue.
Score 2: The image displays abnormalities that are likely
benign.

e Score 3: The image displays abnormalities with a low
probability of malignancy.

e Score 4: The image displays abnormalities possibly com-
patible with malignant lesions.

e Score 5: The image displays abnormalities highly sug-
gestive of malignancy.

In the interest of avoiding bias, the professionals only had
access to the images produced by MamoRef and were instructed
not to discuss their scoring criteria with each other. Before scor-
ing, all participants received training on the underlying physics
of MamoRef images and the expected appearance of physio-
logical variations (e.g., nipple, effects of pressure, known
benign features) in the different chromophore maps, but no spe-
cific guidance on clinical interpretation was provided.

The evaluators were provided with the complete set of
images for each case (HbO, HbR, total hemoglobin, and oxygen
saturation maps). Their assessment was guided by established
physiological principles from the literature, which link elevated
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Table 2. BI-RADS for each patient included in this study according to different imaging techniques (columns two to four), as well as the
corresponding pathology findings (last column), compared to the optical mammography finding (fifth column).

Patient No X-ray Mammography us MRI Optical Mammography Pathology Skin Color
| 0 5 - Yes Yes 23
3 - 3 - No No 23
4 - 3 - No No 17
5 4 4 2 No No 27
6 2 4 - No No 24
7 4 4 4 No No 15
8 5 4 - Yes Yes 28
10 0 5 - No No 17
I 2 4 - No No 24
12 4 4 - Yes Yes 15
13 4 4 - No No 15
14 2 4 - No No 16
15 2 3 - Yes No 17
16 - 4 4 Yes Yes 19
17 4 4 - Yes Yes 23
18 2 4 2 No Yes 23
19 2 4 - No Yes 17
20 4 4 - No No 23
21 4 4 - Yes No 24

Patient number 2 was excluded because it was not possible to analyze her pathology. Also shown is the skin color of each patient following the von Luschan scale.

HbO concentrations to metabolic activity and neovasculariza-
tion, and localized HbR concentrations to hypoxia or necrosis.
An initial validation of this assessment is one of the main objec-
tives of this work.

Cases where half or more of the assigned scores were 0 were
excluded from further analysis. For the remaining cases, the scores
provided by the professionals were averaged (aritmetric mean),
yielding a single score per case. In instances where both breasts
were imaged, each breast was treated as an independent case.
The averaged scores were normalized to a 0-1 scale, assuming a
linear probability of malignancy. These normalized scores were
then compared against ground-truth diagnoses obtained from
biopsy reports. When biopsy was not indicated, the case was
assumed to be benign or healthy based on clinical follow-up.

Results

At the time of the study, the vital signs were stable without
anemia (see Table 1). All patients with BI-RADS below III
had breast US or MRI. The findings of each patient according
to BI-RADS are described in Table 2. Of all the biopsies per-
formed, only seven were cancer, two of them in situ, as
described in Table 3.

Figures 3 to 6 show examples of the relative concentration
maps of hemoglobins (deoxygenated, oxygenated and total),
as well as the oxygen saturation map, retrieved by MamoRef,
for patients 8 and 12 whose diagnosis found by core biopsy is
cancer, and for patient 10, who has no evidence of cancer,
respectively. The units of maps from one to three are micro
molar (uM), while the last maps has no units. In all cases the
values are relative to the average of the whole image.

Table 4 show descriptive findings provided by medical per-
sonnel who participated in the study. They were instructed to

produce a descriptive report based solely on the MamoRef
images, without having seen the results from other modalities
or the final histopathology report.

The physicians were briefed on the working principles of
MamoRef and were shown the HbO, HbR, total hemoglobin,
and oxygen saturation maps for each case. Based on this infor-
mation and their own clinical expertise, they described their
findings as they would for any other imaging modality. To
accurately reflect their independent interpretations, the descrip-
tions were recorded verbatim.

After this analysis was done, the participating physicians
correlated the general location of the lesions identified by
MamoRef with their location as reported in standard modalities.
While exact 3D coordinate comparisons are not possible due to
differences in tissue compression and the functional nature of
the NIRS data, the general anatomical locations were compared.
In all cases, the physicians confirmed that the findings were spa-
tially coincident within the expected margins of error.

In all MamoRef images, the nipple area is prominently vis-
ible. This region can be correlated with reference images of
the measured breast and used to spatially reference other poten-
tial findings. In Figure 3, the nipple is located at
x=50mm,y =50mm; in Figure 4, it is located at
x = 60mm, y = 60 mm. In Figure 6, a nipple with particularly
high pigmentation is shown, spanning x = 50—65mm and
y = 35—60mm. First, in Figure 3, the maps obtained from
patient number 8, for which the core biopsy performed diag-
nosed a ductal invasive carcinoma, a high-concentration, neat,
region of deoxygenated hemoglobin can be seen in the corre-
sponding map between 20 mm < x < 40 mm and 40 mm <y <
50 mm (x, y) (around hours 7 to 9), while the oxygenated hemo-
globin map and the total hemoglobin map show an extensive,
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Table 3. Results and specifications of the core biopsies performed.

Patient Cancer Description ER PR HER2 Kié67 IHC

I Yes Ductal invasive carcinoma of no special type. +) (+) (-) < 20% Luminal A

3 No Stromal sclerosis with calcifications - - - - -

4 No Fibroadenoma - - - - -

5 No Foreign body type giant cell histiocytic reaction with charcoal debris and mild chronic - - - - -
inflammation. Stromal sclerosis.

6 No Ductal hyperplasia, adenosis, and columnar cell changes. - - - - -

7 No Fibrosis, foci of adenosis - - - - -

8 Yes Ductal invasive carcinoma of no special type. (+) (+, weak) (-) >20% Luminal B

9 No Periductal mastitis - - - - -

10 No Fibrosis - - - - -

I No Hyaline fibrosis - - - - -

12 Yes Ductal carcinoma in situ + ) - - -

13 Yes Foreign body type giant cell histiocytic reaction with charcoal debris and mild chronic NA NA NA NA NA
inflammation. Stromal sclerosis.

14 No NA - - - - -

15 No Fibroadipose tissue. Apocrine metaplasia. - - - - -

16 Yes Invasive carcinoma of no special type (ductal carcinoma NOS). + ) -) < 20% Luminal A

17 Yes Ductal carcinoma (NOS) +) (+) (-) < 20% Luminal A

18 Yes Lobular carcinoma in situ - - - - -

19 Yes Ductal carcinoma (NOS) + ) (+) >20% Luminal X

20 No Fibrocystic mastopathy - - - - -

21 No Breast parenchyma with microcalcifications. - - - - -

NA: not available. The hyphens indicate that no biomarker corresponds to the core biopsy performed. Patient number 2 was removed from further analysis due to
the impossibility of correctly assessing her histopathology by a regular core biopsy. “Yes/No” results for malignancy and its description are transcribed from the

histopathology report obtained from the patient’s biopsy. The abbreviations used

are: ER - Estrogen Receptor, PR - Progesterone Receptor, HER2 - Human

Epidermal growth factor Receptor 2, Ki67 - Ki-67 Protein, IHC - Immunohistochemistry.

diffuse, area of high concentration (i.e.: the neovascularization
that surrounds the necrotic tissue); finally, the O, saturation
map, at the same region shows lower values of that quantity
than in the surrounding healthy tissue.

In Figure 4 another case of ductal carcinoma is shown. In
this case, a region of increased concentration in HbR, HbO
and total hemoglobin is seen between 40 mm < x < 60 mm
and 40 mm <y < 60 mm (i.e.. below the nipple, around hour
6); conversely, the same region in the O, saturation map is
decreased with respect to its surroundings.

Figure 5 shows the contra-lateral breast of the patient shown
in Figure 4. A notable artery is visible below and to the left of
the nipple (around hour 7), which was also visible in natural
light due to its shallowness. The images otherwise show a rela-
tively homogeneous nature with no areas of uptake other than
the artery and the nipple that are present in HbO and HbR maps.

On the other hand, in Figure 6 a case of no malignant lesion is
shown. There, it can be seen that no correlation is found between
the zone of high relative HbO concentration located at the right con-
tour (hours 3 to 5) and the HbR relative concentration map. In add-
ition, no notorious decrease in O, saturation (other than the one
occurring in the nipple region) can be seen in the corresponding map.

Performance Metrics

Figure 7 presents the Receiver Operating Characteristic (ROC)
curve derived from the analysis detailed in Procedures and vari-
ables, demonstrating an area under the curve (AUC) of 0.77,
indicative of good predictive performance.

Considering a 0.6 threshold, obtained from the ROC curve
by identifying the point that maximizes the Youden’s J statistic,
MamoRef reaches an accuracy of 70% (90% CI: 55%-85%),
sensitivity (true positive rate): 62% (90% CI: 33.33%,
87.50%), and a specificity (true negative rate) of 74% (90%
CIL: 56%-90%). Confidence intervals (Cls) for performance
metrics were calculated using a non-parametric bootstrapping
approach. The dataset was resampled with replacement 1000
times to generate bootstrap samples, and the metrics were recal-
culated for each sample. The Cls were derived from the empir-
ical distribution of the bootstrapped metrics by determining the
2.5th and 97.5th percentiles for 95% Cls. It is important to note
that, due to the relatively low number of patients, the 95% CI
range is quite large. We expect this to improve as the number
of patients in the protocol increases. Moreover, choosing an
appropriate threshold involves balancing sensitivity and speci-
ficity, which can vary depending on the desired emphasis.
Table 5 shows a comparison of these results with standard
imaging modalities.

To quantify the inter-rater agreement among the evaluators,
we computed the Fleiss® kappa statistic.** The resulting value
was 0.253 (95% CI: 0.136-0.354), which can be interpreted
as slight to fair agreement. As with the previously discussed
metrics, the limitations of the current sample size should be
taken into account. We anticipate that inter-rater agreement
will improve with more clinical studies and as the evaluators
gain more familiarity with the image characteristics produced
by MamoRef.
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Figure 3. MamoRef’s reconstructed maps for patient 8 in Table 4: Deoxygenated hemoglobin relative concentration map (upper-left plot),

oxygenated hemoglobin relative concentration map (upper-right plot),
oxygen saturation map (lower-right plot).

Discussion

A preliminary quantitative statistical analysis was carried out to
determine the potential ability of MamoRef to correctly assess
breast tumor malignancy. It is important to note that this study
has an exploratory intention only and it has to be taken care-
fully. Further statistical analysis will be done in future works
when more clinical data is available.

Results show that the comparison between the concentration
maps obtained by MamoRef and the corresponding pathology
analyses (core biopsies) yield an agreement of nearly 80%, and
6 of the remaining 17 evaluable set of concentration maps do
not show any evidence of lesion; in these cases, the corresponding
core biopsy showed that there are no detectable signs of cancer.
MamoRef was designed with patient comfort, portability, afford-
ability, and diagnostic efficiency as its primary goals.

As a drawback, four MamoRef studies had to be discarded
from the final analysis due to artifacts. The most common rea-
sons for them are incomplete or inhomogeneous support of the
breast in the measurement window and high intensity reflec-
tions due to the laser hitting a damaged (scratched or spotted)
portion of the transparent acrylic of the measurement window.
There was also one specific case of artifacts due to patient
movement while the measurement was being done. These

total hemoglobin relative concentration (lower-left plot) and relative

measurement errors generate numerical instabilities in the
inversion process that are difficult to distinguish from real ana-
tomical data. For this reason, in the cases in which these arti-
facts were detected, the whole measurement was discarded.

This work should be contextualized within the broader field of
optical breast imaging. While advanced modalities like functional
photoacoustic tomography and time-domain or frequency-domain
NIRS systems have demonstrated high-resolution capabilities,
published clinical validation is often limited to small-scale studies
or case reports.* 7 These systems, while technically powerful,
also tend to be complex and expensive. In contrast, our study vali-
dates a simpler, more accessible continuous-wave approach on a
comparatively larger patient cohort, providing a statistical analysis
of its performance and demonstrating its clinical potential feasibil-
ity in a broader setting.

In this sense, while it is not the first near-infrared
(NIR)-based mammography device to reach clinical feasibility
testing,*® MamoRef stands out due to its relative simplicity
and accessibility. Specifically, compared to many other diffuse
optical tomography (DOT) systems, (i) uses low-cost,
off-the-shelf continuous-wave lasers instead of time-resolved
sources; (ii) is able to take a measurement of the whole breast
in a single, relatively fast acquisition; and (iii) its cost-
effectiveness makes it accessible for medical institutions in
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Figure 4. MamoRef’s reconstructed maps for patient 12 in Table 4: Deoxygenated hemoglobin relative concentration map (upper-left plot),
oxygenated hemoglobin relative concentration map (upper-right plot), total hemoglobin relative concentration (lower-left plot) and relative

oxygen saturation map (lower-right plot).

less developed countries or for primary care facilities. These
qualities make it a potential candidate for early-stage screening,
treatment monitoring, and general breast diagnostics, especially
in cases where other techniques are contraindicated (e.g. preg-
nant women; women under the age of 40) or unavailable due
to accessibility limitations.

Thus, a comprehensive analysis of the initial results in real
patients is crucial for the device’s continued development. As
this study represents an initial feasibility assessment, the results
should be interpreted within the appropriate context. Several
challenges typical of early-stage medical hardware develop-
ment were encountered, including:

e A limited number of patients due to stringent enrollment
criteria and the availability of only a few prototypes, con-
strained by financial limitations.

e Technical challenges inherent to early-stage prototypes,
added to the relatively untrained personnel unfamiliar
with the novel technique. Notably, four studies had to
be excluded due to artifacts caused by improper breast
positioning.

e Difficulties in avoiding bias during image evaluation as
physicians, engineers, and physicists shared and recog-
nized emerging patterns as part of their training.

Despite these limitations, they do not preclude the possibility
of reaching meaningful conclusions. The comparison between
MamoRef’s concentration maps and pathology analyses (core
biopsies) showed an agreement of nearly 80%. Additionally,
the quantitative performance metrics, though limited by the
small sample size and high margin of error, yielded results simi-
lar to those of gold-standard screening devices.?***’

As mentioned before, these results, although rigorously
obtained, lack of high statistical significance because of the
small sample considered. However, we will present a much
more reliable statistical analysis in a future paper. It is important
to take into account that these values were obtained on a new
imaging technique, in its first clinical trial, using first-
generation clinical prototypes and with physicians who had
none prior experience interpreting MamoRef (or NIR) images
and/or physicists with minimal medical training.

This last point is significant. As with any image-based diag-
nostic technique, proficiency in interpreting results improves
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Figure 5. MamoRef’s reconstructed maps for the contralateral breast of patient 12 in Table 4: Deoxygenated hemoglobin relative
concentration map (upper-left plot), oxygenated hemoglobin relative concentration map (upper-right plot), total hemoglobin relative
concentration (lower-left plot) and relative oxygen saturation map (lower-right plot).

with experience. The predictive power of such techniques
increases not only with advances in hardware and software
but also as users become more acquainted in distinguishing
the sometimes subtle differences between healthy and patho-
logical tissues in the images.

Although other optical mammography devices have been
considered before, and are currently under study, they usually
show a number of differences with ours; for example, there
exist several handheld devices that are intended to probe the
breast in a similar way that ultrasound does.>*~>? This approach
is painless, compact, and portable, but as a drawback, it is
operator-dependent and cannot image the breast completely at
once. A different type of optical mammography devices uses
a set of fiber bundles to both emit and detect the pulsed light
transmitted through the breast*>>® in combination with time-
domain detecting systems. Although this method is able to
retrieve absolute values of the optical properties of the breast,
instead of relative ones, it is significantly more expensive and
cumbersome and needs to compress the breast as in the trad-
itional X-ray mammography. Finally, other devices rely on
the use of contrast agents such as indocyanine green
(ICG).*->*>% Although this method can improve the contrast
between the neurovascularized lesion and the surrounding
healthy tissue, it lacks the non-invasiveness of MamoRef.

There are, however, relatively few clinical studies conducted
with devices using NIRS, highlighting the importance of this con-
tribution. The other studies utilizing clinical data are either out-
dated®® or employ much more complex devices based on
tomography geometries.”’ On the other hand, while thermography
may seem related to NIRs and has been explored in numerous
clinical studies as a potential tool for breast screening,*®? it repre-
sents a fundamentally different technology with distinct limita-
tions and challenges compared to NIRs. Thermography relies
on detecting surface temperature variations, which can be influ-
enced by numerous confounding factors, limiting its sensitivity
and specificity for deep tissue characterization. Consequently,
the findings of these studies suggest that thermography may not
be suitable as a reliable standalone method for breast screening.

Future research on MamoRef should focus on several key
areas:

e Expanding patient studies: Conducting larger-scale studies
with proper blinding to generate robust statistical data.
Further exploring the effect of skin color: While we
aimed for a broad patient cohort, due to the demographic
characteristics of the local population, individuals with
very light or very dark skin tones could not be recruited
for this study. While the method is expected to be robust
(as it relies on differential absorption across wavelengths,
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Figure 6. MamoRef’s reconstructed maps for patient 10 in Table 4: Deoxygenated hemoglobin relative concentration map (upper-left plot),
oxygenated hemoglobin relative concentration map (upper-right plot), total hemoglobin relative concentration (lower-left plot) and relative
oxygen saturation map (lower-right plot). No region is compatible with a malignant lesion.

and melanin has a relatively flat spectral absorption in the
NIR window, meaning its contribution is largely can-
celed out) this hypothesis must be properly validated in

future works.

ROC Curve
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Figure 7. Receiver Operating Characteristic (ROC) curve. The black
slashed line represents the random guess.

Improving hardware: Iteratively designing and building
improved prototypes to reduce instances of improperly
acquired images.

Training personnel: Developing training protocols to
familiarize physicians with the unique imaging charac-
teristics of MamoRef.

Improved reconstruction algorithm: MamoRef generates
hundreds of raw diffuse reflectance images from various
source positions and wavelengths, which are synthesized
into human-readable 2D chromophore concentration
maps (and their derivatives). This process is detailed in
our previous works.> Future developments include the
integration of Al-based image-to-image algorithms cap-
able of providing depth resolution, faster reconstruction
speeds, and reduced artifacts.

Integrating with existing screening technologies: In the pre-
sent contribution, MamoRef images were analyzed inde-
pendently of other diagnostic modalities. However, in
real-world scenarios, it is expected that physicians will com-
pare MamoRef data with X-ray mammography and ultra-
sound to arrive at a diagnosis. Furthermore, Al
classification algorithms, which are already being developed
for lesion classification in mammograms, could be enhanced
by incorporating the metabolic data provided by MamoRef.
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Table 4. Analysis of the four different 2D maps obtained by MamoRef.

Metabolic

Patient Changes Optical Mammography Findings Description

I Yes Loss of the rounded shape of the nipple, with the uptake area extending towards 6 o’clock.

3 No In the upper internal quadrant, uptake area that could be related to the surgical history, without being able to
separate the tumor lesion under study.

4 No No evidence of pathological images.

5 No No evidence of pathological images.

6 No Artifacts due to lack of support in both breasts.

7 No No evidence of pathological images.

8 Yes At the periareolar level and with a separation plane, an area with increased metabolism, irregular margins and
measuring 32 mm X 25 mm + 0.5 mm is observed at 3-4 o’clock of the left breast. Findings suggestive of a
neoproliferative lesion.

9 No No evidence of pathological images.

10 No No evidence of pathological images.

I No In the upper external quadrant, uptake area that could be related to the surgical history.

12 Yes At hour 12, a punctate image with increased uptake/artifact is observed on the right breast.

13 No In the upper external quadrant, uptake area that could be related to the surgical history.

14 No Not evaluable due to motion artifacts.

15 Yes At 9 o’clock, an area of increased uptake is observed, with a plane of nipple separation, which could correspond to a
neoproliferative lesion.

16 Yes Poorly defined catchment area at 12-13 o’clock.

17 Yes At 12 o’clock, uptake area modifies nipple area, suggesting primary lesion.

18 No Not evaluable due to artifacts.

19 No No evidence of pathological images.

20 No Not evaluable due to artifacts.

These results are to be compared with those given in Table 3 and with the Figures available in the supplementary material. The patient number 2 was removed from
this analysis due to the impossibility of correctly assessing her histopathology by a regular core biopsy.

Table 5. Comparison of statistical metrics for MamoRef with standard imaging modalities.

Modality Accuracy Sensitivity Specificity AUC
MamoRef 70% 62% 74% 0.77
Mammo X 71.8%* 65.2%-78.7%>°, 85%-47.8%¢, 60%7, 56.2%>* 84%-91%3¢, 87.5%>*, 80%>3’ 0.73%
us 46.9%* 68.9%-100%8, 85.1%-92.9%°, 76%>°, 46.9%>* 68.7%-99.9%8, 84%°, 18.8%* 0.768%
MRI - 55%-67%, 92%*' 74%-88%, 70%*' 0.93%

Note the wide spread of values among different studies, highlighting the difficulty in establishing definitive quantitative statistical values.

While there is still significant work to be done, the initial
results are encouraging. MamoRef’s potential as a low-cost
(expected to be below $30k per device), versatile, and access-
ible breast screening system capable of differentiating tissue
malignancy at a level comparable to gold-standard techniques
represents a major step forward. If these early results are repli-
cated and validated, MamoRef could open up a whole new
breast diagnostic pipeline, particularly in resource-limited
settings.

Our current reconstruction algorithm is a model-based ana-
lytical approach that converts raw absorption maps into maps
of HbO and HbR concentrations.> To improve this process,
we are developing an Al-based, image-to-image reconstruction
pipeline. The intended approach is a supervised learning strat-
egy utilizing convolutional neural networks (CNNs), such as
a U-Net architecture. We plan to train the model on a large data-
set generated from Monte Carlo simulations. In this strategy,
simulated absorption maps will be the input, and the known

ground-truth hemoglobin distributions used to generate them
will serve as the target output. This methodology has shown
preliminary  potential to reduce artifacts, improve
signal-to-noise ratio and, importantly, to retrieve depth informa-
tion in the final reconstructed HbO and HbR maps.

Beyond its technical capabilities, it is important to context-
ualize MamoRef’s potential role within the current breast can-
cer diagnostic pathway. The results suggest that its most
immediate clinical application could be as a non-invasive sec-
ondary assessment tool. For instance, for lesions classified as
BI-RADS 3 (probably benign) or 4a (finding with a low likeli-
hood of being cancer) by mammography, which have a low to
moderate suspicion of malignancy, MamoRef could provide
supplementary metabolic information to help assesing risk
more accurately. A finding of benign-like metabolic activity
could strengthen the case for a follow-up imaging surveillance
plan, potentially reducing the number of immediate core biop-
sies. This would not only alleviate patient anxiety and
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discomfort associated with invasive procedures but also reduce
healthcare costs. Furthermore, by providing functional data on
tumor vascularity and oxygenation, MamoRef could enhance
the diagnostic confidence of clinicians when integrated with
the structural details provided by mammography and ultra-
sound, leading to more informed decision-making.

Conclusion

Although further clinical studies are needed to accomplish a
more statistically significant comparison, our preliminary
results show that MamoRef has the potential to differentiate
between benign and malignant lesions, once they have been
detected by conventional imaging techniques such as X-ray
mammography, US or MRI. Trained clinicians could help not
only telling apart the malignancy of a lesion, but also detecting
them by careful inspection of each map.

In future work, we propose to train an Al algorithm that could
automatically locate and classify different breast lesions. Further
improvements include the reconfiguration of MamoRef’s struc-
ture for the sake of comfort in pregnant women or in women
with reduced mobility that find our device uncomfortable.

As an additional improvement, in future iterations, we plan
to add visual cues to the MamoRef GUI that highlight to the
operator the presence of artifacts as it would be desirable that
they make sure that the patient’s breast is fully supported on
the window. Also, the acrylic of the measurement window is
considered disposable. We plan to recommend using a new
plastic sheet for each patient instead of cleaning and sterilizing
it as it was done in this study.
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