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Abstract

This review of optical breast imaging describes basic physical and system principles and
summarizes technological evolution with a focus on multi-modality platforms and recent clinical
trial results. Ultrasound-guided diffuse optical tomography and co-registered ultrasound and
photoacoustic imaging systems are emphasized as models of state of the art optical technology
that are most conducive to clinical translation.
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1. Introduction

Multiple imaging modalities are currently used for breast cancer screening and diagnosis. X-
ray mammography is the predominant imaging modality for both screening and diagnostic
imaging [1,2]. Screening mammography has been shown to reduce breast cancer mortality
on the order of 15-45 % [3-6], but has diminished sensitivity in the setting of
radiographically dense breast composition [7]. Breast US is widely used in diagnostic
imaging and has been advocated for supplementary screening in average risk women with
dense breasts, resulting in incremental cancer detection (ICDR) of 2—7 cancers per 1000
women screened [8-10]. Functional modalities including molecular breast imaging (MBI),
contrast enhanced mammaography (CEM), abbreviated MRI (ABMR) and traditional MRI
have demonstrated even higher incremental cancer detection rates of 8-18 cancers per 1000
women, in supplementary screening of the dense breast [11-15]. Established breast imaging
modalities are also disadvantaged by overdiagnosis, and low positive predictive values [16—
18]. In the United States alone over 1 million biopsies are performed annually with a
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positive predictive value of a biopsy recommendation estimated at 25 % and 30 % for screen
detected and clinical breast abnormalities respectively [18].

Like MBI, CEM and MRI, optical imaging provides functional information about the
vascular environment of a breast abnormality, and thereby has the potential to recognize
biologically active disease, i.e. limit overdiagnosis, and improve diagnostic accuracy above
that of anatomical imaging techniques like X-ray mammography or US. Furthermore, unlike
established vascular based imaging techniques, it does not require intravenous injection,
does not emit ionizing radiation, has very low medical risk, is intrinsically lower cost (than
MBI or MRI) and is easily adaptable to the clinical imaging environment.

In the broadest sense optical breast imaging involves the transmission of light into the breast.
Historically, diffuse optical imaging originated as breast trans-illumination, whereby a
surface of the breast was subjected to a point source of broad spectrum “white” light and
light transmitted through the breast was displayed. In 1929 Cutler reported the first clinical
experience of trans-illumination of the breast in a series of 174 lesions and described
characteristic findings in 8 different pathologic entities and clinical presentations [19]. A
representative trans-illumination image of a solid tumor published in 1931 by Cutler is
shown in Fig. 1 [20]. However, simple trans-illumination was limited by the ability of broad
spectrum light to penetrate breast tissue, which was addressed by narrowing the wavelengths
of transmitted light to the Red and Near Infrared (NIR) spectra [21,22]. Optical breast
imaging evolved with further improvements in spectral narrowing by utilizing specified
wavelengths of light that are selectively absorbed by different tissue components, and
through light propagation modelling, i.e. improving the accuracy of mapping tissue
components within the path of transmitted light by computer modeling and reconstruction of
the absorption and scattering properties of the intervening tissue. In this way, four major
tissue components can be quantified, including: water, fat, and oxygenated and
deoxygenated hemoglobin [23,24]. In the case of Diffuse Optical Spectroscopy (DOS) and
Diffuse Optical Tomography (DOT), NIR light at specified wavelengths is transmitted into
the breast through optical ‘transmit’ fibers and the emitted light (both transmitted and
scattered) is detected by a series of optical ‘receive’ fibers [25,26].

The photoacoustic effect - the conversion of light to sound - was first described by Bell in
the late 1800’s [27]. In the last decade, with advances in lasers, ultrasound transducers, and
tomographic reconstruction techniques, researchers have explored this principle for medical
imaging purposes and the field has seen immense growth [28-33]. In contrast to diffuse
optical imaging, Photoacoustic Imaging (PAI) transmitted NIR light is absorbed by tissue
causing thermoelastic expansion and resulting in the emission of an acoustic pressure wave
that is detected by an ultrasound transducer.

Both optical techniques provide useful clinical information by identifying breast
abnormalities with increased total hemoglobin, which serves as a surrogate for increased and
or altered vascularity. Due to wavelength specific absorption, DOS/DOT can quantify the
total hemoglobin (THb), oxygenated hemoglobin and deoxygenated hemoglobin of tissue.
Similarly, if two or more optical wavelengths are used, photoacoustic waves can be used to
compute distributions of relative hemoglobin concentrations and blood oxygen saturation
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(sO2). In general, breast cancer has higher THb than benign abnormalities or normal breast
tissue [34,35], likely reflecting tumor angiogenesis. As tissues transform from hyperplasia to
atypia to in situ carcinoma to invasive carcinoma, the increased metabolic needs create
hypoxia and engender angiogenesis [36,37]. In support of this hypotheses, significant
correlations between THb and markers of tumor angiogenesis have been demonstrated in
patients with invasive breast carcinoma undergoing preoperative systemic therapy [38].
Greater metabolic need may also explain optical results of lower oxygen saturation, i.e.
higher proportions of deoxygenated hemoglobin than oxygenated hemoglobin, in
metabolically active conditions [35]. In the body of this review, we briefly discuss the
physical principles of optical imaging and summarize the technical advancements of DOT
and PALI including the combination of conventional imaging and optical imaging modalities.
We present the most impactful clinical trial results for each multi-modality optical
technology. Finally, we focus on US-guided DOT and co-registered US-PAI approaches as
models of state of the art optical technology that are conducive to clinical translation.

1.1. Physical principles and imaging

Light photons interact with tissue through absorption and scattering (see Fig. 2). Ballistic,
snake and diffusive photons refer to pathways of photon transmission through tissue.
Ballistic photons travel along a straight-line pathway without being scattered, snake photons
travel a quasi-straight path with only a few scattering events, and diffusive photons travel a
random zig-zag path with many scattering events. Certain molecules like oxygenated and
deoxygenated hemoglobin absorb light at specified wavelengths and are termed
chromophores (see Fig. 2 insert). Most of the received light emanates from scattering.
Accurate recovery of tissue optical properties requires mathematical modeling of light
diffusion through tissue [25] and benefits from a-priori knowledge of tissue composition and
lesion location provided by conventional imaging modalities.

1.2. DOS-DOT

DOS measures the reflected photons from the incident NIR light on the tissue surface and
fits tissue optical absorption and scattering properties based on light diffusion models [23],
while DOT measures transmitted or reflected photons and uses tomography reconstruction
algorithms to image spatial absorption and/or scattering distributions [25,39,40].
Reconstruction algorithms are largely based on the light diffusion equation, which is an
approximation of photon transport in biological tissue. The reconstruction process recovers
lesion optical absorption and/or scattering properties from either transmission and/or
reflection measurements made at the tissue surface. DOS systems typically consist of several
pairs of sources and detectors and are used to estimate average optical properties of
biological tissue. The systems are simple and low cost, however, imaging capability is
limited [23]. While DOT systems have 3-D image capbility and is presented in greater detail.

Four types of the DOT imaging systems have been developed based on different light source
and detection techniques: time-domain (TD), frequency domain (FD), continuous wave
(CW), and mixed FD and CW systems. The TD diffuse optical technique used a picosecond
laser pulse to illuminate the tissue and the temporal distribution of received photons known
as the temporal point spread function (TPSF) is collected from multiple detectors [41-43].
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The differences between TPSFs and an external reference derived from the source directly
provide photon time of flight profiles. These time-resolved spatial measurements acquired
from the detectors can reveal the spatial distribution of breast lesions using tomographic
techniques discussed later. Over the past two decades, the techniques have been advanced to
clinical studies [43]. However, the complexity and high cost of the system have hampered
the spread of the TD systems [42].

The FD system directly modulates the amplitude of the light source at a high frequency (>
50 Mhz), and detectors measure the reduction in amplitude and phase shift of the transmitted
signal [44,45]. FD systems typically employ one modulation frequency and many light
sources consisting of multiple wavelengths and many detectors of broader spectral and
frequency bandwidths. The detected signal at each detector for each wavelength is compared
with an external reference derived from the source directly to provide amplitude and phase
measurements. These spatially resolved measurements at each wavelength acquired from all
detectors can reveal the spatial distribution of breast lesions using tomographic techniques
discussed in the following section. The cost of FD systems is significantly less than TD
systems. Thus, FD systems have been widely used by researchers as well as industry. The
CW system emits NIR light at a constant intensity or with a low frequency modulation (a
few kHz) to improve signal to noise. Detectors measure the reduction in amplitude of the
transmitted signals [46]. CW systems with multi-wavelength laser diodes and dense source
and detector arrays have been developed and used for clinical studies [47-49]. Frequency
domain systems require fast response rate detectors, typically photomultipliers or silicon
avalanche photo-detectors as well as high frequency detection circuits. However, CW
systems only require slow response rate photo-detectors and low frequency circuits.
Therefore, CW system cost and complex is far less than FD systems. As a result, more
sources and detectors have used in the CW systems [49]. However quantitative optical
reconstruction using amplitude only data from CW systems is limited and clinical
application has largely been confined to tracking dynamic changes in breast abnormalities
[47,48]. FD and CW systems have been combined to overcome the reconstruction limitation
of the CW systems and cost and complexity of FD systems [50].

Imaging reconstruction of unknown tissue optical absorption and scattering X (see Egn.1) is
largely based on inverse optimization methods which iteratively search the absorption and
scattering distributions of the tissue while minimize the error between the measurements
from the tissue, Y, and computed forward measurements £(.X). The forward measurements
are based on models computed from TD, or FD, or CW diffusion equations. A is a
regularization matrix to mitigate the non-uniqueness or stability of the solution X. A
stopping criterion is typically implemented to stop the iteration and obtain estimated
absorption and scattering distributions X of the tissue. The hemoglobin distributions
(oxygenated-, deoxygenated-, and THb) are computed from absorption distributions at the
selected wavelengths based on known extinction coefficients of the wavelengths used
[25,51],

OBj(X) = argminl|Y = F(X)II° + 1ax]I? W
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PAI is a hybrid imaging technology that uses nanosecond laser pulses in the NIR range to
excite tissue (see Fig. 3), which then undergoes thermoelastic expansion and generates heat
that is dispersed as acoustic (or photoacoustic) waves. The acoustic wave is received and
quantified by the US transducer array as an optical absorption distribution, which in turn
reveals optical contrast. Optical contrast is directly related to microvascular networks and
the distributions of relative hemoglobin concentrations and sO2 can be mapped when two or
more optical source wavelengths are used. Photoacoustic tomography systems used for
breast imaging can be categoried into two major configurations depending on light
illumination methods and photoacoustic detection methods: photoacoustic tomography CT -
PACT and photoacoustic tomography -PAT. In PACT, nanosecond pulses illuminate a wide-
field and 2D cross-section images can be reconstructed from projections, similar to x-ray
CT, received from a ring transducer array or a linear or a curved linear array around the
breast. 3D volumetric images can be obtained when the transducer is mechanically
translated or arranged to acquire data spatially in 3D [30,52-56]. In PAT, nanosecond pulses
illuminate a wide-field, commerical handheld transducers with a small field of view are used
to acquire real-time 2-D images [35,57-61]. The penetration depth of PACT and PAT is
tunable with ultrasound frequency. In the diagnostic ultrasound frequency range of 3-10
MHz, with a temporal resolution of 150-500 pm, the penetration depth of PAI in tissue can
reach 3—4 cm or more in the near-infrared spectrum, depending on the laser power and the
background tissue optical properties. However, because of the need of screening the entire
breast in a PACT imaging set-up, the 3—4 cm penetration depth limits the PACT to closer to
surface lesions. Currently, PACT requires laboratory prototypes of 2D array transducers.
Related clinical studies are limited to pilot feasibility studies. However, PAT has advanced to
a larger scale patient studies because it can readily use handheld US transducers and can be
adopted to the breast imaging work flow. In this review, we will focus on PAT because it will
have immediate impact on breast cancer diagnosis. We will use PAI to refer photoacoustic
imaging in general, PACT to 3D volumetric imaging using 2D array transducers and PAT to
2D cross-section imaging using handheld transducers in the following manuscript.

There are advantages and disadvantages to each of the optical imaging technologies. The
advantages of DOT are: 1) high sensitivity with no light to sound conversion loss; 2) the
provision of quantitative optical properties for diagnosis; 3) no major safety considerations,
i.e. DOT laser diodes have no vision risk unless viewed directly with naked eye; 4) capacity
to image larger breast lesions; and 5) ready adaptation of US-guided DOT to existing clinical
US systems. The advantages of PAT are: 1) high spatial resolution; 2) real-time qualitative
image display, and 3) image presentation, i.e. lesion vasculature and sO2 can be
superimposed on the gray scale US image to create a fusion image for interpretation, which
is familiar and intuitive to radiologists.

Both technologies have limitations. The challenges for DOT include: 1) lower resolution due
to intensive light scattering in tissue; 2) non-real time data processing and time-intensive
tomographic image reconstruction; and 3) the need for a reference such as a calibration
phantom or contralateral normal breast. The challenges for PAT are: 1) image features are
qualitative and maybe subject to reader variability; 2) background tissue absorption may
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produce confounding image artifacts; and 3) safety - PAI lasers require the operator and
patient to wear protective eyewear; 4) clinical adaptability - currently PAT requires a
separate US/PAT unit rather than adaptation of available clinical equipment.

1.4. Multimodality co-registered optical imaging

DOT and PAI systems utilize a similar variety of breast positioning and imaging array
geometries for data acquisition and imaging formation. DOT was initially developed as a
standalone technology and deployed in three different delivery systems. Standalone DOT
systems either sandwiched the breast between two parallel plates, with sources and detectors
deployed on opposite sides of the breast [45,62-65], used a cup-like geometry with the
patient prone and the breast pendant in a fluid medium or in close contact with sources and
detectors [48,66—68] or performed with a hand-held probe containing optical source and
detectors, utilizing a reflection geometry [69-71]. However, it was widely appreciated in
early 2000 that standalone DOT systems could not compete in terms of spatial resolution
with x-ray, ultrasound and MRI but offer unique functional information critical for diagnosis
of tissue malignancy.

PACT was also developed as a standalone system using similar breast positioning
geometries: prone positioning with the pendant breast lightly compressed in a planar
(mammaography like) geometry, prone pendant breast lightly compressed within a hemi-
cylindrical cup, prone non-compressed breast with a radial (spherical or hemispherical)
acquisition [30,52-56]. In the prone position, the pendant breast is illuminated from the
bottom while in the planar geometry, the breast is illuminated from either one side of the
compressed breast or both sides of the breast. These standalone systems are capable of
providing high-resolution 3D volumetric images, however, with slow data acquisition due to
mechanical scan of the transducers. Further technology developments are needed to advance
PACT systems for breast cancer screening. In the hand-held imaging geometry, the patient is
in supine positioning with the breast illuminated from both sides of a one dimensional
handheld linear US array [57-61]. The B-scan PAT images can be formed in real-time by
using delay-and-sum or back-projection imaging algorithms. The B-scan PAT images can be
superimposed on B-scan US images for co-registration. Due to the limited field of view of
the transducer, the resolution of these PAT systems are limited to depth-dependent US
resolution.

Reconstruction of DOT represents a typical ill-posed inverse problem of a large number of
imaging voxels with unknown optical properties and a relative limited number of
measurements. This necessitates the incorporation of a priori information of tissue
composition and lesion location from other high resolution imaging modalities into the DOT
inverse problem in order to obtain an accurate and viable solution [72-74]. Approaches
include using anatomical information obtained from high resolution imaging modalities to 1)
segment the imaging volume into a lesion region(s) and a background tissue region (s) to
reduce the number of voxels with unknown optical properties Xin the forward model £(X)
[72]; and 2) use directly segmented imaging volume or high resolution gray scale images to
impose regularization A in the reconstruction given in Eqn.1 [73,73,74]. Additionally, the
multi-modality approach incorporates complementary anatomic (i.e. structural) information
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from conventional imaging with physiologic (i.e. functional) information from optical
imaging. Three conventional breast imaging modalities have been co-registered with DOT,
including digital breast tom synthesis [75-77], US [34,78-83] and MRI [84-87] (see Table
1). Recent system advancements include an MRI-guided wideband (660-948 nm), hybrid
FD and CW optical spectral tomography system [50], a tomosynthesis coupled NIR spectral
tomography system for dual-modality breast imaging [88], a 3-D co-registered
tomosynthesis and dynamic DOT system [89], and a compact co-registered US-guided DOT
system [90]. The conventional high resolution imaging modality routinely used in clinics
localizes a pre-defined imaging abnormality as the region of interest (ROI) in a co-registered
imaging set-up. The reconstruction algorithm either segments the ROI from background or
impose regularization in reconstruction, allowing for more accurate recovery of optical
parameters within the abnormality and improving breast lesion diagnostic accuracy.

Unlike DOT, PAl intrinsically involves two modalities: NIR light transmission and
absorption to create photoacoustic waves and US to receive the emitted photoacoustic
waves. Image contrast relates to tissue optical properties while image resolution depends on
US. Despite the intrinsic utilization of US, the early PACT systems were essentially
standalone devices and did not utilize clinical imaging modalities to localize or define an
anatomic region of interest [33]. The subsequent addition of a localizing modality, i.e. gray
scale US [35,61], allows for anatomic-optical image fusion for interpretation.

2. Clinical results

2.1. Co-registered digital breast tomosynthesis (DBT) -DOT

Shortly after the development of DBT prototypes in the late 1990’s, co-registered DBT DOT
systems were created with 2 goals in mind, (1) improving DOT reconstruction algorithms by
providing a priori structural information from DBT, and (2) enhancing diagnostic accuracy
of DBT by adding functional information gleaned from DOT. Early co-registered DOT-DBT
system trials were designed to establish system feasibility and to benchmark optical
parameters in the setting of X-ray mammaography compression [91,92]. Two groups of
investigators, i.e. from Massachusetts General Hospital (MGH) and from Thayer School of
Engineering at Dartmouth College independently developed systems using General Electric
and Hologic DBT systems respectively. Fang and colleagues from MGH reported that an
average THb and sO2 of 16.2 uM and 71 %, respectively in 68 “healthy” breasts, where the
THb showed a linear trend with breast density. The authors concluded that the low THb
value compared to the existing optical literature was likely due to mammographic
compression. Michaelson and colleagues from Dartmouth studied 27 women with normal
mammography and varied breast composition demonstrating correlations between breast
composition (i.e. radiographic breast density) with THb (r = 0.64, p = 0.001), water (r =
0.62, p = 0.003), and lipid concentrations (r = -0.74, p < 0.001), but not with sO2 [75].
Comparison of compressed and minimally compressed acquisitions showed a significant
decrease in sO2 due to compression (58 % versus 50 %, p = 0.04).

In 2011, Fang and colleagues demonstrated significant differences in optical properties
between malignant and benign - normal women. In a study of 189 breasts in 125 patients,
including 138 normal breasts and 51 breasts with imaging abnormalities [76], bulk THb
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correlated with fibroglandular tissue fraction (Fg), R = 0.57, p <.0001 and the THb of 26
malignant tumors ranging from 0.6 to 2.5 cm was significantly greater than 17 solid benign
lesions (p =.025), 8 cysts (p = .0033), and fibro-glandular tissue of the same breast (p
=.0062). This group has since expanded the system to a dynamic DOT apparatus designed
for tight integration with commercial DBT scanners and providing a fast (up to 1 Hz) image
acquisition rate to enable tracking hemodynamic changes induced by the mammographic
breast compression [89].

Based on these studies, it is now accepted that THb is lower in the compressed state,
correlates with breast density and has the capacity to differentiate malignancy.

2.2. Co-registered MRI - DOT

The first clinical study of MRI-guided DOS was reported by Ntziachristos and colleagues
[84]. The breast was compressed softly between two plates, which contained both optical
fibers and radio-frequency coils for co-registration. A TD system was used to deliver two to
three NIR wavelengths to 24 optical fibers with 8 optical detectors within a detection plate.
Both source and detector optical fibers were 10 m long so that the DOT system could avoid
interference with the MR scanner. The hybrid system utilized MR structural images as a
priori information and quantified the hemoglobin of five malignant and nine benign breast
lesions in vivo. In general, malignant abnormalities had lower sO2 and higher hemoglobin
concentration than benign lesions. The average THb concentration and sO2 of the malignant
lesions was 130 + 100 pM, and 60 + 9 % respectively. Fibroadenomas exhibited lower THb
of 60 = 10 uM and a mild level of higher sO2 of 67 + 2 %, and normal fibroglandular tissue
had low THb of 18 £ 5 uM and higher sO2 of 69 + 6 %.

Brooksby and colleagues from Dartmouth in 2006 developed a broadband MRI guided DOT
system with 6 laser diode source fibers and 15 detector fibers distributed in a ring structure
and reported results on 11 normal subjects [85]. The ring system was located inside the open
breast MRI coil to allow positioning along the length of the pendant breast. The entire data
acquisition occurred in less than 10 min. Subsequently this group studied a larger cohort of
44 patients with breast abnormalities using a system with three additional CW optical
wavelengths and photodiode detectors [93]. In a subset of 30 exams that met optical data
sensitivity criterion, the MR-guided DOT separated malignant from benign lesions using
THb (p < 0.01) and tissue optical index (TOI) defined as THb x water/Lipid (TOI, p <
0.001). Combined MRI plus TOI data produced the best diagnostic performance.

In a recent study reported by the same group in 2017 [94], twenty-four subjects with 16
malignant and 8 benign abnormalities were simultaneously imaged with MRI including T2
weighted, diffusion weighted (DWI) and dynamic contrast enhanced sequences (CEMRI)
and DOT prior to biopsy. DOT was guided by both CEMRI and non-contrast MRI using the
T2 weighted sequence for guidance. MRIs were evaluated independently by three breast
radiologists blinded to the subsequent pathology results. Optical image reconstructions were
constrained by grayscale values in the T2-MRI. MRI and optical images were used, alone
and in combination, to estimate the diagnostic performance of the data. Operating
characteristics were described for CEMRI alone, non-contrast MRI -guided DOT, and
CEMRI-guided DOT. The authors found that the most accurate results occurred when
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combining non-contrast (T2-DWI) MRI with T2-guided optical imaging (Table 1),
suggesting that similar or better diagnostic accuracy can be achieved without requiring a
contrast agent. Table 1 summaries the outcome measures and key results of DBT and MRI
guided DOT for clinical trials with more than 20 patients.

Co-registered MRI - DOT, especially with the innovation of T2 weighted MRI guided DOT,
shows promise in distinguishing breast cancer, but has only been evaluated in a few small
pilot studies. It has the potential to address the specificity limitations of breast MRI.
However, it brings the additional challenges of incorporating optical fibers into the MRI
gantry and either creating MRI compatible equipment or extending optical fiber length to
allow the optical console to be located outside of the high magnetic field. Coupled with the
MRI disadvantages of limited access and high expense make co-registered MRI-DOT less
likely for near term clinical implementation.

2.3. US-guided DOT

The first US-guided DOT patient study was reported by Zhu et al. in 2003 [78]. A 1st
generation US-guided frequency-domain DOT prototype system fit a commercial US
transducer within a clamshell like optical probe consisting of 12 dual-wavelength (780 nm
and 830 nm) optical couplers and 8 detection fibers. US identified the imaging abnormality
and DOT simultaneously mapped hemoglobin content. Each co-registered data set was
acquired in approximately 2-3 seconds. Initial findings of two studies using this system
involved 100 imaging abnormalities in 84 patients, including ten early stage invasive
carcinomas and 90 benign lesions [78,79]. The malignant abnormalities had about two-fold
greater total hemoglobin concentration than benign abnormalities (p < .001) and had a
localized THb distribution as compared to a more diffuse distribution on THb distribution
maps. US-DOT substantially outperformed color Doppler US [79].

Subsequently, two larger-scale trials were conducted in 466 women undergoing image
guided needle biopsy and utilizing 2nd and 3rd generation US-guided frequency-domain
DOT prototype systems and results were reported in 2010 and 2016 publications [34,80].
The 2nd generation prototype had two laser diodes (optical wavelengths of 780 nm and 830
nm), while the 3rd generation prototype had 4 laser diodes (wavelengths of 740 nm, 785 nm,
808 nm and 830 nm). In both systems, light was delivered to 9 source locations on the probe
and was received by 10 photomultiplier detectors with parallel electronic channels. Optical
absorption distributions at each wavelength were reconstructed, and THb was computed
from the absorption maps. Both studies again demonstrated significantly higher THb in
malignant (than benign) abnormalities and showed differences between lower stage (Tis-T1)
vs. higher stage (T2-4) malignancies, Figs. 4 and 5 show typical examples of malignant and
benign subjects. A characteristically malignant heterogeneous peripheral THb distribution
pattern was identified in 38 % of T2—4 malignant lesions. The third generation system
demonstrated moderate correlation between THb and both histological grade (r =0.283, p =
0.034) and nuclear grade (r = 0.315, p = 0.015) (44). Similarly, maximum oxygenated
hemoglobin correlated moderately with nuclear grade (r = 0.267, p = 0.042). Both studies
also demonstrated different nm, 785 nm, 808 nm and 830 nm). In both disease categories
and identified groups of benign pathology such as fibroadenomas, fat necrosis and
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inflammatory conditions and proliferative diseases with and without atypia as a source of
false positives.

In the final study, two radiologists retrospectively reviewed the US findings and reassessed
each abnormality with a final BIRADS assessment. When a positive result was defined as
THb > 80 puM or a BIRADS 4C or 5 assessment the sensitivity and NPV improved
substantially with only a mild decrease in specificity and PPV. When a THb lower threshold
(THb < 50 pM) was employed, biopsy recommendations for 4A and 4B lesions decreased by
50 % and 39 % respectively (an average of 45 %), while only a single malignant abnormality
(i.e. 1 cm low grade invasive carcinoma) was misclassified by one reader.

Contemporaneously, several international investigator groups conducted clinical studies
using a single integrated commercial system, OPTIMUS II™ (XinaoMDT Technology Co.,
Ltd., Langfan, China). The system incorporated a frequency domain DOT system consisting
of two laser diodes (785 nm and 830 nm), 9 source locations and 10 avalanche photodiode
detectors along with a commercial US system (Terason t3000 Ultrasound; Teratech
Burlinton, MA USA). Related clinical studies involved approximately 1000 patients (Table
2).

The first study utilizing OPTIMUS II™ was performed on 198 women with 214 lesions
[81]. The average THb was approximately twice as high and significantly greater in
malignant than benign abnormalities (Table 2). Similar to prior reports [34,80], the authors
described false positive results in fibroadenomas, papilloma, adenaosis, benign phyllodes
tumors and inflammatory conditions. In addition, each lesion was systematically classified
as vascular or non-vascular by color Doppler US and malignant or benign by US-guided
DOT based on THb. Thirteen of 118 (11 %) cancers were non-vascular but had elevated
THb, while 25 of 96 (26 %) of benign lesions were vascular by color Doppler evaluation but
had low THb. The investigators concluded that the addition of THb could be helpful for
identifying suspicious nonvascular lesions and characterizing probably benign vascular
lesions [95].

A second group of investigators evaluated the level of inter-observer agreement of
conventional US combined with US-guided DOT (OPTIMUS 11™) for differentiation of
malignant and benign lesions in 121 patients [82]. In the final data analysis of 122 lesions
interpreted by two radiologists there was almost perfect inter observer agreement in
BIRADS final assessment with the combination of US and US-guided DOT (k = 0.8619) as
compared with that of US only (k = 0.6574). However, the overall accuracy as noted by
areas under the ROC curve did not show a significant difference between US and combined
US and US-guided DOT.

The same group evaluated data derived from the OptimuslI™ trial. In 207 consecutive
women that underwent US-DOT, correlation between clinic-pathologic variables and THb
was performed in a subset of 53 women with 65 invasive ductal carcinomas [96]. In
univariate analysis HER2 positivity, tumor size, and Ki-67 positivity were significantly
correlated with maximum THb (p < 0.05). In multivariate analysis including tumor size, and
ER, PR, HER2, and Ki-67 status, HER2 positivity correlated with maximum THb (p =
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0.007). Recently, the same group also evaluated correlation of THb with pharmacokinetic
features of Dynamic contrast-enhanced CE-MRI and pathologic markers of breast cancer in
37 patients with contemporaneous CE-MRI and US-DOT [97]. The parameters THb and
MRI signal enhancement ratio showed marginal positive correlation (r = 0.303, p = 0.058).

A third group, reported their clinical experience with OPTIMUS in 136 lesions that
underwent biopsy in 102 women, including 54 cancers and 82 benign abnormalities [83].
The operating characteristics of the combination of US and US-DOT was substantially
improved from either technique alone. Recently, the same group evaluated associations of
THb and clinicopathological parameters in 455 breast cancers in 447 patients using
OPTIMUS-01HWS [98]. The authors found that the average THb was significantly greater
in ER negative, PR negative than in ER positive, PR positive cancers (p = .005 and p = .01,
respectively) and that cancers with axillary lymph node metastases or lymphovascular
invasion also had higher average THb (p = .042 and p = .043, respectively). No significant
differences in THb were found in groups of infiltrating vs. non-infiltrating, HER2+ vs.
HER2-, Ki67 high vs. Ki67 low, and during different menstrual phases (p = .457, p =.917, p
=.417, p = .213, respectively).

Based on these studies from multiple investigators with data obtained from different DOT
systems, it is accepted that US-guided DOT demonstrates 1) statistically significant higher
tumor vascular contrast in malignant breast lesions than that in benign lesions; 2) the
vascular contrast is correlated with the tumor aggressiveness; and 3) the vascular contrast in
certain benign lesions is much lower than others and can be used safely to reduce benign
biopsies. However, in order to integrate US-guided DOT into the clinical breast study flow,
the DOT system needs to be miniaturized and its data processing and image reconstruction
speed need to be improved to near real-time operation.

2.4. Co-registered US and PAT

Early pilot clinical results of co-registered US-PAI included both mammography like and
handheld geometries. In 2016 Asao et al. reported phantom results and showed feasibility in
a single patient with invasive ductal carcinoma using a prone US-PACT system with the
pendant breast compressed between parallel plates [99]. An US transducer scanned the
breast horizontally translating vertically in 10 mm increments following each sweep. An
example from this system is given in Fig. 6. Two small trials of co-registered US-PAT hand-
held prototype devices reported in 2017 and 2018 demonstrated similar results [58,60].
Becker et al. imaged 6 healthy volunteers, 5 women with invasive carcinoma and 2 women
with DCIS and demonstrated differences in hemoglobin and sO2 between invasive
carcinoma and normal controls only [60]. Using a similar device Diot et al. showed
increased tumor blood volume over background in ten patients with invasive carcinoma [58].
Dean-Ben et al. demonstrated that young healthy volunteers with fibroglandular-dominated
dense breasts revealed the feasibility of rendering three-dimensional images representing
vascular anatomy and functional blood oxygenation parameters at video rate [59].

Two larger scale industry sponsored prospective multicenter clinical trials of a commercial
handheld PAT system (Imagio™ Seno Medical Instruments) were also published in 2017
and 2018 [35,100-102]. The co-registered device contains a clinical quality grayscale US
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unit combined with an optoacoustic imaging component. One study was conducted from
2015 to 2016 in five centers in the Netherlands. The study was restricted to low to moderate
suspicion masses (BIRADS 4A and 4B) and utilized all available imaging information
[101]. The other trial was performed in 16 sites in the US from 2012 to 2015, included
probably benign (BIRADS 3) masses with adequate follow-up and suspicious masses
(BIRADS 4A, 4B, 4C and 5) with biopsy results, and assessments were based solely on
imaging (gray scale and optoacoustic) from the investigational device [35]. The first 100
subjects from this trial seen at seven sites were used as a training set and subsequently
reported results separately [100].

In the European multi-center trial, the authors assessed the ability of co-registered US-PAT
to correctly downgrade benign masses assessed as low or moderate suspicion (BIRADS 4A
or 4B) on the basis of conventional SOC ultrasound. Of 209 patients with 215 BIRADS 4A
or 4B breast masses, co-registered US-PAT correctly downgraded 47.9 % of benign masses
classified as low suspicion 4A and 11.1 % of masses classified as moderate suspicion 4B.
Three of 67 (4.5 %) malignant masses were incorrectly downgraded, including two of seven
low suspicion (BIRADS 4A) and one of 60 moderate suspicion masses (BIRADS 4B).

The goal of the larger US trial was to compare the diagnostic accuracy of co-registered PAT
information with grayscale US alone in differentiating benign and malignant
sonographically visible masses [35]. The Imagio™ system contains an ‘internal’ gray scale
US transducer that meets state of the art clinical specifications and can be operated in gray
scale only or duplex PAT/US modes. In the PAT/US mode, a two-laser system (1064 nm and
755 nm) and a hand-held US array (128 elements, 5 MHz) is used to create color coded
hemoglobin maps fused with gray scale US images. The final reader study population
included 1757 masses in 1690 subjects. Seven study readers blinded to conventional imaging
and clinical data first evaluated US images from the “internal’ gray scale mode and then
PAT/US images. In addition to BIRADS assessment and probability of malignancy, readers
scored PAT data based on a set of five PAT imaging features: vessel score (internal
vascularity and deoxygenation), blush score (volume averaging of unresolved vessels),
hemoglobin score (internal hemoglobin signals), boundary zone score (external boundary
vascularity and deoxygenation) and peripheral zone score (external peripheral radiating
vessels) (Fig. 7). The specificity of PAT/US was 43.0 % versus 28.1 % for “internal’ gray
scale US, yielding a statistically significant 14.9 % increase in specificity. There was a
significant 2.6 % decrease in sensitivity: PAT/US = 96 % vs. internal US = 98.6 %. For
benign masses read as BIRADS 3 by internal US, PAT/US resulted in appropriately
downgrading 48.6 % (1023/2107) and inappropriately upgrading 21.3 % (48/2107). In the
subset of BIRADS 3 with malignancy, PAT/US led to upgrading 47.0 % (31/66), while
downgrading 27.3 % (18/66). The adjunctive use of PAT/US in the malignant population
with = BIRADS 4A gray scale US assessment resulted in upgrading 35.6 % (1415/3976) of
malignant mass reads to a higher BIRADS category, while downgrading 3.9 % (157/3976) to
a BIRADS 2 or 3. Correct upgrades were significantly higher than incorrect downgrades.
Based on the five PAT/US imaging features, the related imaging scores were significantly
lower in benign pathology than malignant pathology. In addition, the probability of
malignancy increased with increasing feature score. Boundary and peripheral (rather than
internal) scores were most highly correlated with malignancy.
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Two subsequent studies derived from the initial 100 “training’ cases of the US multicenter

Seno Medical trial were published in 2018 and also showed promising results [100]. In one
trial sensitivity of PAT/US was unchanged from sensitivity of internal US (97.1 % vs. 97.1

%) while specificity with PAT/US improved to 44.3 % (vs. 36.4 % - gray scale US). In the

other study PAT/US feature analysis again demonstrated higher scores for malignancy with
external features more predictive than internal features.

Of note, readers in the three US multicenter clinical trials [35,100] were blinded to clinical
information, such as clinical or mammographic findings, which likely negatively impacted
accuracy. One might expect the additional clinical information to improve sensitivity and
decrease specificity of the adjunctive PAT technology.

In addition to its demonstrated clinical impact on benign biopsy reduction, co-registered US
- PAT has other desirable clinical features. As noted above, it has already been
commercialized (Imagio™, Seno Medical Instruments) and thereby available for clinical
implementation. The combined system conveniently allows for conventional US and PAT to
be performed during the same exam. Furthermore, the optical parameters can be
superimposed upon traditional US images to provide a fused image map (Fig. 5), providing a
familiar image format for the interpreting radiologist. However, Imagio™ is an integrated
US/PAT unit with special US transducer and hardware rather than an adaptation of available
clinical breast US units. There is a huge challenge to replace commercial breast US systems
with Imagio™and future clinical trials are needed to justify the added benefit.

3. Discussion

Conventional breast imaging with mammography and ultrasound has several important
limitations, which create a niche for adjunctive imaging technologies like diffuse optical
tomography and photoacoustic imaging. Optical imaging provides functional information on
tumor related vascularity and generally demonstrates elevated THb and decreased sO2 in
malignant masses. The combination of conventional imaging and optical imaging improves
the optical imaging data and has the capacity for image co-registration.

All of the co-registered conventional - optical systems have advantages and disadvantages.
Co-registered Digital Breast Tomosynthesis (DBT) -DOT can differentiate malignancy from
benign abnormalities in designated regions of interest but has untapped potential as an
adjunctive screening tool because the entire breast is included and screening with DBT is
well established. However, more research is needed to confirm diagnostic accuracy in in the
compressed state and novel designs and associated research is needed to assess a potential
role in improving the accuracy of screening with DBT. Co-registered MRI - DOT has been
shown to improve the diagnostic accuracy of breast MRI and has potential to improve the
specificity of MRI, especially with the t2 weighted MRI guided DOT technique. However,
due to its limited access and high cost, MRI is not used as a primary screening or diagnostic
modality in breast imaging and more clinical studies are required to validate the potential
benefit of co-registered DOT - MRI to justify the need. Furthermore there are logistical
hurdles to create MRI compatible optical equipment.
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Preliminary trials from both US-guided DOT and co-registered US-PAT demonstrate the
ability to substantially (on the order of 45 %) reduce unnecessary biopsy of benign
sonographically visible masses and thereby greatly improve the positive predictive value of a
biopsy recommendation. If either or both technologies can be validated in phase 3 trials this
could lead to significant reductions in the anxiety and minor morbidity related to a false
positive biopsy recommendation and translate to substantial cost savings for patients, health
care insurers and society at large. Furthermore encouraging data correlating optical
parameters with markers of tumor biology are emerging.

The clinical adaptation of multi-modality optical breast imaging will depend on many
factors, including the ability to maintain high sensitivity while reducing false positives, cost
savings vs. additional system and exam costs, as well as acceptance by the breast imaging
community. The technology for US-guided DOT and co-registered US-PAT techniques is
maturing fast and clinical adoption of either one or both of the technologies may well come
in the near future. Co-registered DBT-DOT will need further clinical studies to validate if
optical contrast between malignant and benign breast abnormalities can be preserved under
compression and therefore can be used synergistically with DBT to improve breast cancer
diagnosis. Co-registered MRI - DOT will also need further clinical studies to validate the
benefit of integrating an additional DOT system into the MRI for improving breast cancer
diagnosis. PACT has a promise to be used as a standalone screening modality and further
development is warranted to improve the data acquisition speed and also depth of
penetration for breast cancer screening. The development of optical contrast agents is an
active research area and has a great potential to improve cancer detection with a greater
penetration depth for both DOT and PAI [103,104].

Lastly, same as the initial developments of x-ray, US, MRI and PET, optical imaging
systems constructed by different research laboratories or companies have implemented
different hardware, data processing, and imaging reconstruction software. As a result, it is
difficult to perform cross-comparison of patient studies obtained from different systems.
Currently, FDA is leading a significant effort to standardize optical imaging phantoms so
different systems can acquire images of the same targets to perform cross-comparison [106].
With the further development of promising optical imaging technologies, the standardization
of imaging systems should be followed for commercialization.
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Fic. z.—Opacity on transillumination of a solid tumor in the breast.

Fig. 1.
Transillumination of the Breast from Fig. 2 in Cutler M. Ann Surg. 1931;93(1):223-34.
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III?Jstration of photon propagation in biological tissue. Most photons received from the
breast tissue either in transmit or reflection geometry emanate from scattering. Oxygenated
and deoxygenated hemoglobin absorption spectrum is shown in the insert
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Fig. 3.
Illustration of photoacoustic signal generation. Short nanoseconds laser pulses are directly to

the tissue and the absorption of the laser pulses by a lesion generates acoustic or
photoacoustic waves that can be detected by an US array. The spatial measurements of the
photoacoustic waves can be used to generate a lesion map which is directly related to lesion
vascular network.
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(a) (b)

Fig. 4.

Ug-guided DOT of 6 mm intermediate grade DCIS with cribiform architecture. a. Gray
scale US demonstrating an irregular mass with indistinct margins. b. DOT derived total
Hemoglobin (THb) map reveals a localized distribution of THb in the malignant range,
(maximum THB = 106 pM.). The map is comprised of 7 successive coronal imaging planes
from 0.5 cm —-3.5 cm from the skin with a vertical scale of THb concentration in uM. (from
Zhu et al, Radiol 2016).
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Fig. 5.

Slice 2

(b)
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US- guided DOT of a hyalinized fibroadenoma. (a) Gray scale US image demonstrating an

oval mass with microlobulated margins. (b) DOT derived THb map showing a diffuse

distribution with a maximum THb of 53 pM in the probably benign range. (From Zhu et al,

Radiol 2016).
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(a)

Fig. 6.
A 44-year-old woman with an invasive ductal carcinoma of 3.0 cm measured by US. (a) US

image obtained by co-registered US and PAI system and (b) PAI image simultaneously
obtained with US showing many blood vessel-like signals around the solid lesion seen by
US [From Asao et al. J Biomed Opt. 2016]
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Fig. 7.
A 6-mm invasive ductal and lobular carcinoma. A: Grayscale US image. B: The PAT

combined map shows relatively oxygenated blood as green and relatively deoxygenated
blood as red. C: Short wave (755 nm) map displayed in gray scale. D: The total hemoglobin
map. E: Similar to B and may have different threshold. F: Long wave (1064 nm.) map
displayed in gray scale. Segmentation lines were manually drawn on the US image and
propagated to co-registered locations on the five maps (B-F) to help distinguish distributions
of PAT findings. (From Neuschler et al, Radiol 2018).
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