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Abstract

Purpose: In a pilot study, we introduce fast handheld multi-

spectral optoacoustic tomography (MSOT) of the breast at 28

wavelengths, aiming to identify high-resolution optoacoustic

(photoacoustic) patterns of breast cancer and noncancerous

breast tissue.

Experimental Design:We imaged 10 female patients ages 48–

81 years with malignant nonspecific breast cancer or invasive

lobular carcinoma. Three healthy volunteers ages 31–36 years

were also imaged. Fast-MSOT was based on unique single-frame-

per-pulse (SFPP) image acquisition employed to improve the

accuracy of spectral differentiation over using a small number of

wavelengths. Breast tissue was illuminated at the 700–970 nm

spectral range over 0.56 seconds total scan time. MSOT data were

guided by ultrasonography and X-ray mammography or MRI.

Results: The extended spectral range allowed the computa-

tion of oxygenated hemoglobin (HBO2), deoxygenated hemo-

globin (HB), total blood volume (TBV), lipid, and water

contributions, allowing first insights into in vivo high-resolu-

tion breast tissue MSOT cancer patterns. TBV and Hb/HBO2

images resolved marked differences between cancer and con-

trol tissue, manifested as a vessel-rich tumor periphery with

highly heterogeneous spatial appearance compared with

healthy tissue. We observe significant TBV variations between

different tumors and between tumors over healthy tissues.

Water and fat lipid layers appear disrupted in cancer versus

healthy tissue; however, offer weaker contrast compared with

TBV images.

Conclusions: In contrast to optical methods, MSOT resolves

physiologic cancer features with high resolution and revealed

patterns not offered by other radiologic modalities. The new

features relate to personalized and precision medicine potential.

Clin Cancer Res; 23(22); 6912–22. �2017 AACR.

Introduction

Despite advances in diagnosis and therapy, breast cancer

remains a leading cause of mortality in women (1). Imaging

plays a major role in breast cancer screening, early diagnosis,

staging and monitoring the progression of the disease or treat-

ment efficacy. X-ray mammography (XRM) is the most widely

used modality for breast cancer detection, despite concerns over

the use of ionizing radiation and reduced accuracy in dense breast

tissue (2). Ultrasonography (US) is also used as a follow-up

modality to differentiate nonmalignant cysts from other tumor

types (3). Other methods, including MRI and nuclear imaging,

have also been employed for breast cancer detection but are not

widely employed due to increased cost and low throughput (4).

Because of reliance on ionizing radiation, XRM and nuclear

imaging methods are not appropriate for frequent imaging ses-

sions, and hence, not suitable for longitudinal assessment of

treatment effects. In addition to cost and low-throughput limita-

tions, MRI may also require contrast agents for improving detec-

tion (5, 6), which complicate frequent use. Finally, US suffers

from poor contrast and interoperator variability (7, 8). Therefore,

despite a wealth of imaging approaches, there has been a constant

search for imaging methods that offer complementary informa-

tion and reduce possible health risks.

Optical imaging has been considered as an alternative to

existing radiologic methods for breast imaging (9). Diffuse

optical spectroscopy (DOS) and tomography (DOT) aimed to

resolve pathologic alterations of breast tissue by recording

oxygenated hemoglobin (HbO2), deoxygenated hemoglobin

(Hb), water, and lipids (10, 11). Hemoglobin images can

enable assessment of two key cancer hallmarks: (i) angiogen-

esis, typically defined as total hemoglobin Hb þ HbO2 or total

blood volume (TBV) content in tissue; and (ii) hypoxia, com-

puted as the ratio of HBO2 over TBV (12–15). Moreover, it has

been recently observed that hemodynamic responses resolved

by DOS can identify responders of neoadjuvant chemotherapy

(16–19) within a day of treatment. These capacities, along with

the low cost of optical instrumentation, the use of nonionizing

energies and the ability to image through several centimeters

(>5 cm) of breast tissue, make the optical method attractive for

breast cancer imaging. Conversely, the low resolution achieved

due to strong scattering compromises image fidelity and
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quantification and has restricted the widespread clinical appli-

cation of optical imaging methods.

Optoacoustic imaging is a hybrid imaging modality that

resolves optical absorption with resolution that is significantly

improved over optical imaging. Resolution improvements lead

to better image fidelity and accuracy (20–22). The technique has

been considered for breast cancer imaging since the late 1990s

(23–25), using different implementations and imaging geom-

etry designs. One design trend has been the use of rigid imaging

chambers to contain the target tissue and position the optical

illumination and ultrasound components at predetermined

positions in relation to the object scanned (23, 24, 26–31).

Typically, the patient lies in the prone position on a bed with

the rigid imaging chamber. Alternatively, handheld optoacous-

tic imaging has been considered for breast cancer imaging, using

a linear ultrasound array retrofitted with an illumination source

for optoacoustic signal generation (32). Notably, optoacoustic

imaging of the breast has used at most two wavelengths, which

affords limited information on the spectral content of the breast

tissues (28, 32, 33). While rigid imaging chambers may allow

three-dimensional data collection and reconstruction, hand-

held scanners are more versatile in their use and can operate

similarly or simultaneously with US, also applied in handheld

mode (32).

We have recently developed a new class of lasers and hand-

held optoacoustic systems that can perform fast wavelength

scanning (20, 34). Up to 100 different wavelengths can be

scanned each second. Moreover, fast data acquisition hardware

can acquire up to 512 channels in parallel, enabling real-time

image acquisition. The rich availability of wavelengths can

enhance the readings of the optoacoustic method (35). In

particular, it has been recently shown that increasing the

number of wavelengths, over previous implementations using

two wavelengths, can lead to marked improvements in spectral

unmixing accuracy and sensitivity (36). Taking advantage of

these developments, we introduce handheld MSOT based on

fast-tuning pulsed lasers for multispectral imaging of healthy

human breast and breast cancer. In a pilot study using 28

wavelengths ranging between 700 and 970 nm and 50-Hz

pulsing rates, we resolve the distribution of hemoglobin, lipid,

and water in human volunteers and patients. The primary goal

of the study was to identify the patterns achieved by breast

MSOT due to the high resolution offered and interrogate

possible differences between malignant tumors and between

malignant tumors and nonmalignant breast tissue. We identify

a characteristic disruption of Hb and HbO2 signals, leading to

marked TBV pattern differences between healthy and cancerous

breast tissue. We further identify spatial heterogeneity differ-

ences between tumors in different patients. We discuss the

implications of the findings in terms of designing phase II

clinical trials based on handheld breast cancer MSOT.

Materials and Methods

Handheld MSOT

The custom-built handheld MSOT scanner has been described

previously (34). In brief, illumination is provided by a tunable

pulsed laser (Spitlight 600 DPSS, Innolas Laser) with a working

range of 680–980 nm on a per-pulse basis and a repetition rate of

50Hz. Pulse lengthwas 8 ns, andmaximumenergy at 700nmwas

approximately 15 mJ. A custom-made fiber bundle (CeramOptec

Germany) delivered light in a line configuration (40 � 1 mm2).

Optoacoustic signals were detected using a 256-element piezo-

electric transducer array in which the elements were arranged in a

half arc spanning 174�. The array diameter was 120 mm, and the

central frequency was 5 MHz (see ref. 34 for a detailed descrip-

tion). The transducerwas enclosed in anoptically and acoustically

transparent low-density polyethylene membrane, with the cavity

between the half-arc detector and specimen filled with heavy

water (D2O) for optimal acoustic coupling. The 220-mL D2O

cavity does not come into contact with the patient and requires

topping-up (5–10mL) every fewmonths. A custom-built analog-

to-digital 256-channel converter was used for parallel data acqui-

sition at a sampling rate of 40 MS/second and 12-bit digital

resolution. To enable real-time viewing of the acquired images,

a delay and sum image reconstruction algorithm was implemen-

ted on a graphics-processing unit (GPU) that rendered frames at

50 Hz in a graphical interface.

Patients

Ten patients ages 48–81 years that had been diagnosed with

malignant, nonspecific breast cancer (n ¼ 8) or invasive lobular

carcinoma (n ¼ 2) at the Klinikum Rechts der Isar of the Tech-

nische Universit€at M€unchen (Munich, Germany) were examined

using handheld MSOT. Three of the patients were premenopaus-

al, while the remaining 7 were menopausal or postmenopausal.

All patients were diagnosed initially based on lesions observed by

XRM, US, and/or MRI, and the diagnosis was confirmed on the

basis of core-needle biopsy. Tumors, which ranged in size from 5

to 50 mm in the long dimension, were classified by an expert

radiologist based on the Breast Imaging Reporting and Data

System classification scale and IHC (HER2, ER, and PR; ref. 37).

All participants gavewritten informed consent toparticipate in the

study, which was approved by the Government of Upper Bavaria

and by the Ethics Review Board of the Klinikum Rechts der Isar

(Munich, Germany).

Imaging protocol

All patients and healthy controls were scanned by US and

MSOT in the supine position. In patients, the masses seen by

XRM were located using US (Logiq E9, GE Healthcare), and

then the same tissue area was scanned using handheld MSOT

Translational Relevance

Multispectral optoacoustic tomography (MSOT) combines

detection of optical contrast with resolution that is much

higher than conventional optical imaging methods. In a pilot

interrogation using handheld MSOT, we employed 28 wave-

lengths with frame rates of approximately 2 Hz to image 3

healthy volunteers and 10 breast cancer patients and identify

MSOT imaging features of breast cancer. We show recon-

structed images of total blood volume (TBV), oxygenated

hemoglobin (HbO2), deoxygenated hemoglobin (Hb), lipid,

and water and observe vascularization and pathophysiologic

changes in tumors versus healthy tissue. Initial results point to

MSOT as a nonionizing, label-free method for imaging breast

tissue with possible future applications to diagnostics and the

assessment of treatment response.

MSOT Signatures of Human Breast Cancer
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(Fig. 1A), during which slight pressure was applied to reduce

the tumor's depth. A real-time reconstruction algorithm was

used to display the resulting images on a graphical user inter-

face (GUI), with raw data stored in parallel for offline post-

processing and data analysis. For each MSOT position scanned

(cross-sectional slice), 28 frames were collected at wavelengths

from 700 to 970 nm in 10-nm steps. Each multiwavelength

slice of 28 frames took approximately 0.56 seconds to acquire

(i.e., 50-Hz laser pulse repetition rate with a different wave-

length for each pulse). The laser pulses triggered the data

acquisition (DAQ) module (Fig. 1B). We did not employ data

averaging, to minimize motion artifacts. Therefore, each single

image collected was acquired with a single pulse illumination.

Total examination time was 2–4 minutes.

Data analysis and image representation

Data was processed offline with MATLAB R2014b (Math-

works). First, a Butterworth bandpass filter was applied with

cut-off frequencies 0.25 MHz and 10 MHz, and signals were

corrected for laser energy fluctuations, using an internal photo-

sensor that is recording laser output. The sensor was integrated

into the laser module, and images obtained at different wave-

lengths were reconstructed on the basis of a model-based recon-

struction algorithm (38). Subsequently, the reconstructed images

were linearly unmixed, using the spectra of the four main endog-

enous absorbers in the 700–970 nm range (Fig. 1C), that is,

oxygenated hemoglobin (HbO2), deoxygenated hemoglobin

(Hb), lipid, and water (H2O), in the 700 to 970 nm spectral

range (39). This resulted in four separate images, each correspond-

ing to one of the main absorbers (Fig. 1C). Different colormaps

were selected to represent the distributions of the four absorbers:

HbO2, red; Hb, green; lipid, magenta; and H2O, blue. Image

processing calculating image metrics, including average values

over regions of interest and image profiles employed for assessing

spatial heterogeneity, were performed on MATLAB (Mathworks).

Total blood volume (TBV ¼ Hb þ HbO2) ratios were calculated

for 5 � 5 mm2 regions of interest from high TBV values on the

tumor rim to background tissue, that is, normal breast tissue away

from the tumor. Spatial TBV gradients through tumors were

calculated by fitting a line (radius) of 5-mm length to the intensity

values across a TBV profile from the center of the tumor to the

outer boundary of the tumor and plotting the resulting slope.

Similar 5-mm profiles were also drawn in adjacent healthy tissue

to obtain reference spatial gradient measurements.

Results

Figure 2 shows MSOT measurements from a healthy volun-

teer. Images acquired at different wavelengths reveal different

structural information and contrast (Fig. 2A–D). Images at

wavelengths in the 700–850 nm range depict a layer of strong

signal from the tissue surface (i.e., skin), with an underlying

layer of weak optoacoustic signal and then, at lower depth, an

area containing several high-resolution structural features

attributed to vascular structures. Images at shorter wavelengths

(i.e. 750, 850 nm; Fig. 2A and B) showed higher resolution

and contrast compared with images at longer wavelengths (i.e.

930 nm; Fig. 2C) reflecting the fact that longer wavelengths are

representative of fat and water signals, which reduces contrast

in observing hemoglobin. This is in particular evident at

>930 nm images (i.e. 970 nm; Fig. 2D), which exhibited a

low-spatial variation pattern due to the fact that lipids and

water are broadly distributed throughout the breast. Spectral

unmixing applied to all 28 wavelengths produced a set of

four images, that is, HbO2, Hb, lipid, and water (Fig. 2E,

G, H). Figure 2F shows an image of total blood volume,

Figure 1.

A, Photograph of the handheld MSOT

probe and a schematic of MSOT

scanning breast tissue. B, Hardware

components employed in image

acquisition and generation of a

multispectral dataset at 28

wavelengths. HS, handheld scanner;

DAQ, data acquisition unit; OPO, optical

parametric oscillator; PC, personal

computer. C, Normalized absorptivity

graph of four key absorbers in the

breast tissue in the range of

wavelengths used. On the basis of

defined spectra, distributions of the

four different components (HbO2, Hb,

lipid, and water) were extracted from

the 28 acquired frames and assigned a

different color.

Diot et al.
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calculated as the sum of HbO2 and Hb components. A com-

posite image showing the overlap of all four components is

depicted in Fig. 2I.

Clearly distinguishable features are present in the different

tissue components, pinpointing a stratified organization of the

breast tissue, with HbO2 and Hb revealing vascular-rich tissue

areas and vessels (Fig. 2E, F, I), supplying the dermal layer and

mammary tissue, whereas the subcutaneous fat and retro-mam-

mary adipose tissue receive sparser vascularization. Anatomi-

cally, the information provided by the four components

resolved (Fig. 2E–I) is in agreement with the stratified anatomy

of the healthy breast (Fig. 2J). The dark subcutaneous layer

in Fig. 2A, B, and D, more clearly resolved in Fig. 2G, likely

represents a fat layer because it showed stronger optoacoustic

signal at 930 nm (Fig. 2C), near the peak absorption for lipids

(Fig. 1C). Future work is needed to verify whether this dark layer

corresponds to lipids or to wave reflections or other effects.

Next, we used handheld MSOT to image breast cancer. Fig. 3

presents two cases of a 5-mmdiameter nonspecific carcinoma and

a 15 � 20-mm diameter invasive lobular carcinoma. The 5-mm

tumor was a superficial mass with a center at a depth of approx-

imately 8 mm. The tumor was imaged by MRI after gadolinium

injection (Fig. 3A and B) andwas visible both by US (Fig. 3C) and

MSOT (Fig. 3D). Contrast enhancementwith gadolinium shows a

"rim enhancement" effect, corresponding to a tumor that is

peripherally perfused but with a core of reduced blood perfusion

(Fig. 3B). MSOT resolves a similar pattern of rim enhancement

indicative of strong peripheral vascularization and a core of low

optoacoustic signal, observed in Hb–HbO2 images (Fig. 3E) and

TBV (i.e. Hb þ HbO2) images (Fig. 3F). Slight but clearly dis-

cernible distortion of the lipid and water layers is also evident

in the healthy tissue surrounding the breast, possibly due to

invasion of the tumor into the adipose tissue and an overall

disruption of healthy tissue structures (Fig. 3G and H). Postop-

erative histology of breast tissue stainedwith anti-CD31 antibody

confirmed the rim enhancement of vascularization (arrows,

Fig. 3I), and staining with hematoxylin–eosin identified a dense

tumor core (arrow, Fig. 3J).

Figure 3K–Qdepict the case of the larger tumor (15� 20mm),

pathologically characterized as invasive lobular carcinoma

approximately 17 mm under the skin surface. The breast of this

patient was denser, as reflected in the high XRM signal from the

tissue surrounding the tumor (Fig. 3K), while the tumor itself was

clearly visible as a large area of high density (arrow). US also

resolved a large solid mass with hypoechoic appearance and ill-

defined margins (Fig. 3L), measuring 15 mm along the short and

>20 mm along the long dimension. MSOT clearly detected a

disruption of the layered structure seen in healthy adipose and

Figure 2.

MSOT images of healthy breast tissue revealing spectral and structural information from four endogenous absorbers. A–D, Raw images acquired at

four different wavelengths. E, Image of HbO2 and Hb distribution after unmixing of the raw images (A–D). F, Image of total blood volume

distribution. G and H, Lipid and water components after unmixing as in E and F. I, Composite image of all four absorbers, revealing the layered

structure of the breast. J, Schematic of the structure and layers of the human breast: yellow, skin; pink, lipid; light blue, mammary tissue; green,

connective tissue known as Cooper ligament. Scale bars, 5 mm.

MSOT Signatures of Human Breast Cancer
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fibroglandular tissue. Figure 3M–Q show MSOT images, which

revealed disruption of the normal layered structure of adipose

and fibroglandular tissue. Part of the tumor appeared as a dark

area (solid arrow) surrounded by areas of increased but irregular

vascularization inside the tumor (TBV), with patches of increas-

ed hemoglobin signals (Fig. 3M, N, and O, hollow arrow), with

only one region of the tumor appearing avascular. The avascular

tumor region measured approximately 3 mm, smaller than the

tumor's diameter of 15 by 20 mm. No lipid signal was detected

inside the tumor (Fig. 3P), while patchy water signals were

observed in and around the tumor (Fig. 3q). Postoperative

histology of breast tissue stained with anti-CD31 antibody con-

firmed the presence of a highly vascularized area (Fig. 3R, hollow

arrow), next to an avascular region (red arrows). Hematoxylin

and eosin (H&E) staining (Fig. 3S) revealed that the avascular

area corresponded to a fibroadenoma (red arrows), next to

Figure 3.

Multimodal imaging of nonspecific cancer and invasive lobular carcinoma. A, Axial postgadolinium MRI showing a 5-mm diameter nonspecific breast

tumor located at approximately 8-mm depth. The tumor location is indicated with an orange arrow. B, Enlarged image of the boxed area in A. The

arrow indicates the tumor body. Higher gadolinium intake (contrast) is visible on the periphery of the tumor, while the tumor core appears darker,

suggestive of reduced perfusion. C, US image of the same tumor providing complementary structural information. D, Composite MSOT image of

the same tumor showing all four key absorbers after unmixing. E, MSOT image color-coding the distributions of Hb and HbO2. F, MSOT image of

total blood volume (TBV). G, MSOT image of fat content. H, MSOT image of water content. I, Anti-CD31 IHC staining of a cross-sectional slice

through the tumor obtained postoperatively. J, H&E staining of a slice adjacent to the one in I. Scale bars (A–H), 5 mm. Scale bars (I and J), 2 mm.

K, XRM image from a second patient shown a 15 mm � 20 mm invasive lobular breast carcinoma indicated by a solid orange arrow. l, US image

revealing a center at location of approximately 17-mm deep. M, Composite MSOT image, indicating a strong disruption of the layered structure of

the tissue around the tumor. N, MSOT image of hemoglobin (Hb and HbO2) map. O, MSOT image of total blood volume. P, MSOT image of lipid.

Q, MSOT image of water. R, Anti-CD31 IHC staining of a cross-sectional slice through the tumor obtained postoperatively. S, H&E staining of a slice

adjacent to the one in R. Scale bars (K–Q), 5 mm. Scale bars (R and S), 2 mm.

Diot et al.

Clin Cancer Res; 23(22) November 15, 2017 Clinical Cancer Research6916
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mammary carcinoma (dotted line þ yellow arrows). MSOT

allowed in this case differentiation of two types of tumors through

their vascularization pattern. The complementarity of contrast

between ultrasonography and MSOT is also evident in the

images, with US imaging capturing the extent of the entire lesion,

whereas MSOT only resolving vascularization associated with

the malignant part of the tumor.

Figure 4 shows two additional cases from the largest tumor

imaged and deepest seated tumor imaged. Figure 4A shows a

nonspecific breast carcinoma imaged by XRM and measuring

>4 cm in the longer diameter. The tumor and surrounding

vasculature virtually occupied the entire MSOT field of view

(Fig. 4B–E). The MSOT images demonstrate highly irregular

disruption of the layered tissue seen in healthy tissue (Fig. 2).

MSOT images showing Hb/HbO2 (Fig. 4B) and total blood

volume (Fig. 4C) revealed irregularities of vascularization and

blood distribution, with patches of high HbO2 throughout the

tumor. Superficial and deeper areas of the tissue show patches

of increased blood volume, many with high levels of Hb

(Fig. 4B). Disruptions of the layered tissue structure were also

evident from the spectral maps of lipid (Fig. 4D), which

revealed a diffusive signal region (arrow) that may be due to

the invading tumor mass. The water signal does not show clear

evidence of disruption (Fig. 4E).

A triple negative nonspecific carcinoma was imaged at depth

of approximately 2.2 cm (tumor extended at depths from

� 1.7–3 cm) Postgadolinium MRI (Fig. 4F) revealed a circular

tumor measuring approximately 12 mm in diameter, also seen

on ultrasound images as a hypoechoic lesion (Fig. 4G). MSOT

images (Fig. 4H–K) show a lesion of increased vascularization

with patchy appearance and, as in the previous cases an avas-

cular center appearing dark on the Hb, HbO2 (Fig. 4H) and TBV

images (Fig. 4I). A large feeding vessel appears entering the

tumor on the top side of the image (Fig. 4H and I). No

significant disruption is seen on the lipid layers (Fig. 4J) and

a minor water disruption is seen on the water image (Fig. 4K).

Figure 5 shows measurements from two additional breast

cancer patients and compares images obtained from adjacent

planes in the tumor. Figure 5A presents XRM imaging with

iodine-enhanced contrast of a dense breast with a tumor of

diameter approximately 20 mm lying at a depth of 5 mm. The

US image of the same area displays a hypoechoic tumor with a

highly irregular boundary (Fig. 5B). The corresponding MSOT

image (Fig. 5C and E) clearly resolves a tumor mass, exhibiting

a patchy rim enhancement indicative of increased blood vol-

ume areas. Moreover, a large vessel measuring approximately

2 mm in diameter seems to reach into the tumor center. Layer

disruptions are seen both in the fat and water images. An

adjacent MSOT image, obtained approximately 5 mm apart

from image (Fig. 5E), exhibits a different appearance as it

resolves a different part of the tumor mass. A patchy enhance-

ment of TBV is observed (Fig. 5D and F), but no central dark

area is visible. A layer disruption is seen on both the fat

(Fig. 5H) and water layers (Fig. 5J). Images from another

patient (Fig. 5K–T) show a breast tumor measuring 25–30 mm

in the longer diameter in a second patient. Adjacent MSOT

planes 5-mm apart are rendered again to examine differences

through different slices through the tumor. Figure 5K shows

the XRM of the breast tumor measuring 25–30 mm in the

longer diameter. Irregular, spiculated borders are clearly

Figure 4.

Multimodal imaging of the largest and the deepest seated tumor in the study. A, XRM image revealing a >4 cm, subcutaneous, nonspecific breast

tumor by XRM and MSOT. The field of view imaged by MSOT is approximately indicated by a dashed line box. B, MSOT image of Hb and HbO2

obtained from the box in A; arrows point to areas of increased blood volume. C, MSOT image of TBV showing constitutive hyperemia through an

extended area of the tumor. D, MSOT image of lipid showing disruption of the fat layer (arrow) at the area of the tumor mass. E, MSOT image of

water. F, Axial MRI breast image after gadolinium injection from a second patient with a triple negative approximately 12-mm diameter nonspecific

tumor. G, US image of the same tumor resolving the tumor at a depth of approximately 22 mm. H, Hb, HBO2 MSOT map. I, TBV revealing

patches of increased intensity surrounding the tumor. A large blood vessel appears to infiltrate the tumor. As in previous cases, the core of the

tumor appears avascular. Lipid map (J) and H2O map (K) showing disruptions in the tumor area. Scale bars on MSOT images, 5 mm.

MSOT Signatures of Human Breast Cancer
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discernible on the US image (Fig. 5I). MSOT resolves rim

enhancement in the TBV image, surrounding a dark mass (Fig.

5M and O). Figure 5Q shows the lipid layer, revealing minor

disruption, while Fig. 5S shows the water layer, which indicated

no apparent tumor-induced changes. In the second imaging

plane (Fig. 5N and P), Hb/HbO2 and TBV MSOT images

revealed features different from those in the first imaging plane,

including different patches of high Hb signal as well as strong

HbO2 signal around a dark avascular core. This suggests

increased angiogenesis of areas surrounding an apparent

weaker signal mass lying deeper than in the first imaging plane

(arrow). US confirmed hypoechoic areas that extended deeper

than the main mass (arrow on Fig. 5L), which is clearly seen on

the MSOT images (Fig. 5N, arrow). This secondary dark-center

mass (Fig. 5N and P, arrow) shows rich lipid content (Fig. 5R),

which was unusual among the lesions analyzed in this study.

Overall, this secondary lesion also appears to impart a disrup-

tion of the deeper fat layer (Fig. 5R), but not prominently in the

water layer (Fig. 5T).

To better understand the manifestation of the MSOT features

resolved in breast cancer, we computed two parameters based

on the imaging feature observed, that is, the TBV tumor-to-

background ratio (Fig. 6A) and the TBV gradient (Fig. 6B). The

first parameter computed the ratio of the TBV (TBV ¼ Hb þ

HbO2) seen in highly vascular areas of tumors versus back-

ground normal tissue over a 5 � 5 mm2 ROI. The TBV ratio

indicates the relative angiogenesis in tumors and reached values

as high as 30-fold (Fig. 6A). The ratio in tumor #3 is computed

for the patient shown on Fig. 4A–E. Because of the large area

occupied by the tumor, it is not likely in this case that normal

tissue is present on the image; therefore, the value may not

represent an accurate tumor-to-background ratio. The findings

demonstrate that in all cases, there is a marked increase in TBV

signal in cancerous tumors, indicative of angiogenesis. Never-

theless, the findings also demonstrated significant variability

between tumors, allowing observations on the individual

tumor level. Because of the presence of high resolution images,

intratumoral variability could also been observed. To capture

aspects of tumor heterogeneity we also applied the TBV gradi-

ent as a metric of tumor spatial heterogeneity. The TBV gradient

(Fig. 6B) was calculated as the angle of a 5-mm line profile

(radius) applied to tumors and adjacent noncancerous tissue.

The TBV gradient indicates spatial heterogeneity from the

periphery to the center of the tumor and similarly exhibited

more than 5-fold variability for different tumors imaged. The

strongest gradient value is in the case of patient #4, which was a

triple-negative stage 3 tumor, followed closely by patient #7,

which was a double negative (PR�, HER2�) patient. Figure 6C

shows a summary of the IHC readings for estrogen receptor

(ER), progesterone receptor (PR), and tyrosine–protein kinase

receptor (HER 2) for all patients. The age, sex, and tumor

grading and type are also specified.

Figure 5.

Individualized tumor heterogeneity revealed by MSOT analyzed in two additional patients. A, Iodine-enhanced XRM of a breast tumor showing a nonspecific

carcinoma measuring 13 mm in diameter. B, US image of the same tumor. C, Cross-sectional Hb–HbO2 image through the tumor. D, An adjacent cross-sectional

Hb–HbO2 image through the tumor, obtained 5-mm apart from the section in C, exhibiting a different pattern of angiogenesis. E and F, TBV maps

corresponding to C and D. E depicts a large vessel entering the core of the tumor and an overall reduced TBV value at the tumor core. G and H,

Corresponding lipid cross-sections showing disruption of the retro-mammary layer with lipid invasion into the tumor core. I and J, MSOT

cross-sectional images of the water component showing local disruption of the water content. K and L, XRM and US images of an irregularly shaped

tumor with diameter 2.5–3 cm. M and N, Adjacent Hb–HbO2 maps 5-mm apart showing high density of small vessels at the edges of the tumor.

O and P, Corresponding TBV images exhibiting differences of angiogenesis patterns through the tumor. Lipid maps (Q and R) and H2O maps (S and T)

showing disruption of the lipid layer and reduced H2O in the tumor-affected area.
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Discussion

We performed a pilot imaging study aimed to identify MSOT

patterns in healthy breast tissue and breast cancer, resolved in

label-free mode. Handheld MSOT is emerging in clinical

applications; however, it has never been previously applied

to breast cancer studies. Observation of breast MSOT patterns

revealed recurring features including high peripheral vascular-

ization, increased TBV heterogeneity over normal tissue,

low intratumoral vascularity, disruption of tissue layers such

as fat and water layers, and patchy appearance of Hb and

HBO2 signals.

High-peripheral vascularity was visualized on Hb, HbO2,

and TBV images, which demonstrated areas of increased

TBV indicative of angiogenesis, a hallmark of cancer develop-

ment (40–43). Compared with healthy breast tissue, tumor

areas exhibited a strong heterogeneous TBV pattern with

markedly reduced vascularization in the tumor core. High-

resolution MSOT patterns of angiogenesis and tumor vascular

heterogeneity were captured by the TBV ratio and the TBV

gradient calculations, respectively (Fig. 6). Regions of interest

from the tumor periphery (rim) versus adjacent noncan-

cerous tissue demonstrated target-to-background Ratios (TBR)

that could reach values of >30-fold increase (Tumor #7,

#8; Fig. 6A).

CD31 IHC analysis on surgically excised specimen (e.g.,

Fig. 3I and R) confirmed patches of high vasculature surround-

ing the tumor. The reduced optoacoustic signal (dark area)

observed in the core of tumors is explained herein as low

intratumoral vascularization. Histopathology analysis of the

tumor core, available for a subset of tumors that did not

receive neoadjuvant chemotherapy (Fig. 3I and J) revealed

vessels with size that would generate high ultrasound frequen-

cies (>7 Mhz), which are not detected by the ultrasound

transducer employed. It is unlikely that this lack of signal

is due to light blockage because of increased photon absorp-

tion by the increased vascularization, as there are no "shadow-

ing" effects observed by the tumor. Moreover, Fig. 5A clearly

resolves a large blood vessel reaching the tumor center, cor-

roborating the hypothesis that light reaches the tumor

core. Tumors also exhibited marked spatial heterogeneity

of vascular features, with normalized gradient differences

ranging from 0.2 to 1 (Fig. 6B) and the TBV gradient assuming

the highest values for the two PR-negative patients in the study

(patient #4, #7).

MSOT also allowed the observation of the individual HbO2

and Hb images contributing to TBV and consistently demon-

strated patches of increased HbO2 content in the tumor periph-

ery. Some tumors were shown to contain strong deoxygenated

hemoglobin signals, indicative of settling hypoxia into the

tumor mass. However, this observation was not present in all

tumors, possibly pointing to a variation in hypoxia between

tumors. MSOT also resolved an apparent disruption of the

lipid and water layered structures observed in healthy breast.

The disruption was seen on all images; however, its strength

varied significantly and did not preliminary evince on an

MSOT pattern with diagnostic potential, as not all tumors

could be clearly identified on the fat or water images. Imaging

of large tumors in Fig. 4 and Fig. 5Q showed strong lipid

infiltration in the tumor area, whereby imaging of smaller

tumors, such as in Fig. 3, did not show colocalization of the

tumor mass and fat signals.

MSOT images demonstrated different patterns compared

with the appearance of the tumors on ultrasonography.

The dense vascular patterns observed, indicating malignancy

(42, 44), could play a role in tumor characterization within

the BI-RADS classification or for cartography of intratumoral

heterogeneity leading to improved biopsy guidance. This

Figure 6.

Quantification of tumor parameters

compared with healthy tissue. A, Ratio

of the TBV intensity in tumors

compared with healthy tissue. Healthy

tissue is set as the reference at value 1.

We note that the TBV ratio calculation

for patient #3 may not be

representative of true tumor-to-

background ratio as the tumorwas very

extended spatially (see Fig. 3) and the

entire field of view of the MSOT image

may have not contained truly healthy

tissue. B, Intensity gradient across

tumor compared with healthy tissue.

C, Table containing the IHC (ER–PR–

HER 2) results, the age, the type of

tumor, and the stage of all the

scanned patients.
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possibility was exemplified in Figs. 3L and 6N, whereby ultra-

sound identified a large mass containing fibroadenoma and

malignant tumor, whereby MSOT detected the highly vascular

malignant lesion. In a second example, Fig. 3C and F depict

markedly different tumor appearance between MSOT and

ultrasound images, with MSOT exhibiting a highly hetero-

geneous pattern extending well beyond the lesion seen by

ultrasonography. Such complementary contrast between MSOT

and ultrasonography may change the views on tumor mass

extent and biopsy guidance.

MSOT may be further clinically useful for identifying tumor

skin infiltration. Disruptions of the melanin layer and skin

vascularization, seen on Fig. 4, could guide surgery and overall

therapy planning when skin infiltration is suspected. MSOT

could help avoiding punch biopsies, especially as current

mammographic imaging cannot distinguish between cutane-

ous edema (e.g., due to lymph node metastasis) and tumor

skin infiltration. Furthermore, the extent of the tumor to

subcutaneous layers is valuable in planning subcutaneous

mastectomy.

Compared with DOI of breast cancer (10–19, 45–49), the

MSOT patterns were found showcasing the merits of the super-

ior optoacoustic resolution. DOI cannot observe vasculariza-

tion patterns, due to the strong photon scattering in tissue and

the low resolution achieved. In contrast to optoacoustic meth-

ods that resolve breast tumors with 200–300 mm resolution,

DOI methods offer a resolution of 2–3 mm or lower. Therefore,

only a bulk value per tumor mass can be typically recorded.

Moreover, photon diffusion leads to an imaging problem that

is highly ill-posed, a feature which significantly reduces the

quantification accuracy over high-resolution methods and may

lead to strong image artifacts. Therefore, DOI has not been

shown suitable to observe the morphologic tumor character-

istics observed by MSOT.

The MSOT system described here offers novel features com-

pared with previous optoacoustic studies employing at most 2

wavelengths (25, 36). Advanced illumination and detection

technology enabled MSOT at 28 wavelengths at approximately

2-Hz scan times. The use of a large number of wavelengths

improves the accuracy of spectral unmixing over systems using

2 wavelengths (41) and enabled unmixing of four spectral

components. In addition, fast scanning technology minimizes

motion artifacts, which allows seamless coregistration of

images collected at different wavelengths and improves the

accuracy of spectral unmixing. The MSOT implementation

herein also employed curved arrays for improving resolution

and overall image quality (32) over linear ultrasound element-

arrays or fixed scan geometries that yield lower resolution (25).

Conversely, handheld systems are more sensitive to motion

over fixed geometries. Moreover, access to deep seated tumors

may require adjustment of the handheld scanner to obtain a

preferable angle of access, in analogy to practices common in

handheld ultrasonography.

Despite the recent technical advances described in the

previous paragraph, handheld MSOT can be substantially

improved. One advance would be to integrate US into the

handheld device, to allow truly multimodal imaging allow-

ing for accurate image registration between the two modal-

ities, in analogy to implementations developed in small-

animal imaging (50). Another improvement would be to

reduce the effects of wavelength- and depth-dependent flu-

ence attenuation on the optoacoustic images (36). This would

be particularly important for accurately calculating oxygen

saturation (SO2) maps, especially as it has been shown that

SO2 images based on linear unmixing become inaccurate with

increasing depth (36). It may also be useful to include absorp-

tion of melanin in MSOT unmixing, to improve imaging of

skin oxygenation.

Overall, MSOT allowed individualized label-free readings of

vascularization/angiogenesis patterns in high-resolution,

enabling understanding of parameters not only on a per tumor

level but even within the intratumoral environment, revealing

variations in the tumor spatial heterogeneity among tumors.

High peripheral TBV values and weak intratumoral TBV con-

tributions were preliminarily shown to differentiate tumors

from adjacent nonmalignant tissues in a broad range of tumor

sizes; nevertheless achieving highest TBV contrast in smaller

tumors. Understanding this spatial tumor heterogeneity may

provide valuable insights into breast cancer pathogenesis,

progression, and response to treatment. Some tumors exhib-

ited strong Hb signals, indicative of tumor hypoxia. In the

future, careful analysis of Hb and inferred tissue hypoxia may

be useful in assessing functional aspects of tumors. Moreover,

HbO2 flare has been suggested as an early predictor of neoad-

juvant chemotherapy (46). High-resolution HbO2 imaging

afforded by MSOT may lead to more precise localization of

these signals in relation to the tumors, possibly improving the

overall accuracy of the observation. In the future, we expect

improvements in the quantification of spectral components,

especially in regard to correcting for the effects of depth- and

wavelength-dependent fluence effects on the data collected

(36) and relation of the patterns observed to diagnostic and

theranostic applications.
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