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A B S T R A C T   

SOLUS is a multimodal imaging system comprising the first miniaturized handheld device to perform time 
domain Diffuse Optical Tomography at 8 visible and near infrared wavelengths. The hand-held probe also in
cludes B-mode ultrasounds, Shear Wave Elastography and Color Doppler sonography, being its first goal the 
multiparametric non-invasive diagnosis of breast cancer. This work aims at presenting the system and its main 
capabilities, focusing on the optical characterization carried out to assess the overall performance of the 
developed photonics technologies (picosecond pulsed lasers, high-sensitive time-gated sensors and integrated 
electronics) and of the software for tomographic reconstructions (perturbative model based on Born 
approximation). 

Systematic measurements performed on tissue-mimicking phantoms, reproducing a perturbation (e.g., a 
lesion) in a homogenous background, helped understand the system efficiency range. Variations in absorption 
are tracked with acceptable quality, which is key to estimate tissue composition, up to 0.25 cm− 1 for the bulk 
(relative error on average of 16 %) and 0.16 cm− 1 for sufficiently big perturbations (relative error on average of 
26 % for 6 cm3 inhomogeneities). Instead, the system showed low sensitivity to a localized perturbation in 
scattering and a relative error on average of 17 % for the scattering bulk assessment. An example case of clinical 
measurement is also discussed.   

1. Introduction 

In 2020, breast cancer became the most diffused neoplasia world
wide. Among women, it accounts for 24.5 % of cancer cases and 15.5 % 

of cancer deaths [1]. Medical imaging is the primary and least invasive 
tool to detect and characterize breast cancer, by providing information 
about morphology or physiology of tissues, depending on the specific 
technique [2,3]. However, current imaging techniques have relevant 
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limitations: X-ray mammography shows low sensitivity on dense breasts 
and involves the use of ionizing radiation, the interpretation of ultra
sounds images depends on the operator experience, while Magnetic 
Resonance Imaging and Positron Emission Tomography are character
ized by high costs and long examination time [2,3]. 

Also, studies brought out that mammographic screening programs are 
fundamental to reduce breast cancer mortality, but have a significant 
50–60 % rate of false positive mammograms on a 10-year period [4–6]. 
This leads to unnecessary invasive procedures (typically biopsy), with the 
consequent discomfort to the patients and waste of financial resources. 

Thus, there is a clear need for new non-invasive tools to characterize 
breast cancer. In this framework, diffuse optical breast imaging has 
already been presented as a promising technique [7–11]. At the same 
time, a multimodal approach, focusing on different aspects of tissue 
characterization, could increase the overall potential. 

The SOLUS project (Smart OpticaL and UltraSound diagnostics of 
breast cancer) is indeed devoted to the design, development and testing in 
laboratory and clinics of a multimodal hand-held probe for breast imaging, 
aimed at the non-invasive discrimination between malignant and benign 
breast lesions. It proposes the integration of time-resolved multi-wave
length Diffuse Optical Tomography (DOT) and ultrasound-based imaging 
techniques (B-mode ultrasounds—US, Color Doppler imaging—CD, Shear 
Wave Elastography—SWE) into a unique hand-held probe [12–14]. The 
combination of new photonics and more standard imaging modalities aims 
at a comprehensive quantitative characterization of breast lesions, based 
on composition (hemoglobin, water, lipids and collagen concentrations 
through DOT), morphologic information (US), functional blood features 
(CD) and mechanical parameters (e.g., stiffness, through SWE). 

Miniaturized picosecond pulsed lasers and high-sensitive time-gated 
detectors are the break-through elements of the SOLUS optical basic mod
ule, the “optode” [15]. Combined with a commercial US transducer, the 
optode enabled the implementation of the multimodal hand-held probe. 

SOLUS multimodality does not materialize only as a posteriori cross- 
correlation among DOT and ultrasounds-based findings, but also via the 
extrapolation of morphological priors to enhance the performance of the 
DOT system [16,17]. In fact, a well-known shortcoming of diffuse op
tical imaging is its limited spatial resolution, due to the highly diffusive 
nature of light in biological tissues in the red and infrared spectral range. 
The exploitation of a priori anatomical constraints obtained through 
B-mode, X-ray or MRI images already led to a distinctly more accurate 
quantification of the optical properties, and in turn of tissue composi
tion, with respect to DOT data alone, thus improving the diagnostic 
potential of the technique [18–27]. 

This paper aims at presenting the hardware and software of the 
SOLUS system and an initial performance assessment in laboratory prior 
to the clinical study. After a detailed description of the setup and mea
surement settings (Section 2) and of the data analysis methods (Section 
3), the outcomes of the ultrasound transducer assessment (Section 4) 
and of the validation of the SOLUS multimodal probe on phantoms are 
reported (Section 5). Finally, an example of multimodal in vivo mea
surement is presented in Section 6. 

2. Experimental setup 

The implementation of the first ever miniaturization of multi- 
wavelength time-resolved DOT in a hand-held probe was made 
possible by the development of the optode, a stand-alone module to 
perform time domain (TD) multi-wavelength diffuse optical 
spectroscopy. 

In this Section, we describe the optode components (Section 2.1) and 
the integration of eight optodes in the multimodal probe (Section 2.2), 
which was conceived as part of a high-end commercial ultrasonography 
system (Section 2.3), the Aixplorer Mach 30 from Hologic SuperSonic 
Imaging [28,29]. Section 2.4 describes the software able to run a mea
surement and Section 2.5 the problems encountered while testing the 
prototype. Finally, Section 2.6 describes the measurement procedure. 

2.1. The optode 

A SOLUS optode is a compact module (2.3 × 1.2 × 1.4 cm3) con
taining [15]:  

• eight pulsed laser diodes emitting at 640, 675, 830, 905, 930, 970, 
1020, and 1050 nm, each driven by 4 dual picosecond laser pulser 
integrated circuits; 

• a fast-gated digital Silicon PhotoMultiplier (dSiPM), with program
mable active area composed of 1728 pixels (8.6 mm2);  

• an integrated Time-to-Digital Converter (TDC) to implement Time 
Correlated Single Photon Counting (TCSPC);  

• control and power electronics. 

Fast-gating helps improve the sensitivity to absorption by investi
gating the output pulse at different time windows. SPADs are turned ON 
and OFF repeatedly so as to divide the output Distribution Of Time-of- 
Flight (DTOF) into slices [30,31]. Each acquisition occurs at a fixed 
optimized count rate by dynamically increasing the number of active 
pixels (i.e., low number for early gates close to the pulse peak, high 
number for late gates in correspondence of the pulse tail). Therefore, 
after proper normalization to the active area, the slices can be interlaced 
post-processing via software to generate a new gated curve with a much 
higher dynamic range. The amplitude gain can reach 3–4 decades, thus 
enhancing the sensitivity to deep tissue optical properties [32]. The first 
gated acquisition can be considered equivalent to a free-running 
acquisition (i.e., standard acquisition, without fast-gating), provided 
that the gate width is sufficiently large (3–4 ns). 

2.2. The SOLUS probe 

The SOLUS multimodal probe encompasses a regular ultrasound 
transducer for B-mode US, CD and SWE (256 elements 50 mm-large linear 
array with a central frequency around 7 MHz, Hologic SuperSonic Ima
gine S.A., France [29]), sided by eight optodes (four on each side, Fig. 1). 

Fig. 1. The SOLUS multimodal system (left) and a zoom on the hand-held 
probe (right). The US transducer is located in central position, sided by 
the optodes. 

Table 1 
Scheme of the source (S) –detector (D) distances. It displays the high symmetry 
of the probe, considering eight unique values. Distances are calculated between 
the centres of the S and the D and are expressed in centimetres.   

S1 S2 S3 S4 S5 S6 S7 S8 

D1 0.67 1.46 2.68 3.96 2.83 3.11 3.84 4.82 
D2 1.46 0.67 1.46 2.68 3.11 2.83 3.11 3.84 
D3 2.68 1.46 0.67 1.46 3.84 3.11 2.83 3.11 
D4 3.96 2.68 1.46 0.67 4.82 3.84 3.11 2.83 
D5 2.83 3.11 3.84 4.82 0.67 1.46 2.68 3.96 
D6 3.11 2.83 3.11 3.84 1.46 0.67 1.46 2.68 
D7 3.84 3.11 2.83 3.11 2.68 1.46 0.67 1.46 
D8 4.82 3.84 3.11 2.83 3.96 2.68 1.46 0.67  
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Each module (i.e., each optode) lays on a printed circuit board mounted 
orthogonally to the corresponding front-end window. A prism properly 
conveys the signal from the sample to the chip. The optode window is 
covered by a long-pass filter (Schott OG590) to minimize stray light. For 
the same reason, the lasers and the detector windows are physically 
separated. The probe footprint is 80 mm ×55 mm, a compromise between 
maximized technological compactness and ease of handling for the 
operator. Table 1 reports the source-detector distances relative to all 
source-detector couples, while Table 2 the power of the 64 lasers. 

The probe is provided with five terminals:  

• the cable for US, which is connected to the main body of the 
Aixplorer Mach 30 (Section 2.3);  

• input and output pipes for the water-cooling system (EXT-440CU 
Computer Liquid Cooling System, Rev3.0, Koolance, USA), which 
warrants temperature control and correct operation of the probe 
detector and electronics;  

• the cable for DOT, which is connected to a power injector and a PC, 
in this order. Indeed, the ultrasonography system has been adapted 
to host a computer (Intel® Core™ i7–8700T CPU @ 2.40 GHz) and a 
touch screen to manage the whole measurement procedure (left 
screen in Fig. 1).  

• the cable for the position sensor, which keeps track of the probe 
movements during measurements. 

Finally, an isolating transformer (1000 VA A-50, REOMED GmbH, 
Germany) guarantees safe use of electrical equipment in a medical 
environment in agreement with relevant regulations. 

It is important to underline that the multimodal probe can be used 
limited to optical acquisitions even connected to a PC, separately from 
the ultrasonography system. 

2.3. The ultrasonography system 

The cart-based SuperSonic Ultrasound Mach 30 system is used to 
perform non-invasive diagnostic general purpose ultrasound imaging 
procedures. 

It allows the operator to run measurements, capture images and review 
the results in the form of a report. It provides a wide variety of information 
thanks to a large panel of imaging modes: anatomical (B-mode) and 
functional (M-mode, Color Doppler, Angio P.L.U.S, Pulsed Wave Doppler, 
Continuous Wave Doppler). Moreover, it allows to access tissue elasticity 
maps through ShearWave™ elastography. The modalities involved in the 
SOLUS protocol are limited to B-mode, Color Doppler and SWE. 

2.4. The SOLUS system software 

The SOLUS software, encoded in MatLab with a modular structure, 
implements the following core functionalities:  

• frontend for the hardware drivers (communication with SuperSonic 
Ultrasound Mach 30, initialization of smart optodes and position 
sensor);  

• control of the measurement procedure performing optical and US 
data acquisitions (e.g., selection of acquisition sequence and settings, 
visualization of DTOFs during measurement);  

• processing of optical signal, implementing and displaying DOT 
reconstructions;  

• collection of the patients’ information during clinical tests;  
• management and storage of database, including experimental data 

and metadata. 

These functionalities are managed through a user interface, designed 
for the operator who pilots the machine and performs the clinical 
examination. 

2.5. Hardware challenges 

As explained previously, the SOLUS multimodal probes are cutting- 
edge prototypes that include unprecedented photonics technologies. 
Their complete fabrication, assembly and test required several travels 
from one partner to another. Besides, like any medical instrumentation, 
they have been subject to thorough and extensive electrical, ultrasound 
and water-tightness tests prior to laboratory and clinical 
characterization. 

Such intense operations, interventions and movements could be the 
cause of the sudden hardware damage limited to optical parts encoun
tered on the first SOLUS probe when delivered to Politecnico di Milano 
for the validation in laboratory (March 2021). Similar (even though 
more limited) damage occurred later on (March 2022) with the second 
probe, despite the particular attention paid during fabrication, being us 
aware of the previous experience. Therefore, both SOLUS probes are not 
fully operative. Their current status is depicted in Fig. 2. 

Nevertheless, it is worth mentioning that the SOLUS probe provides 
redundant information due to its highly symmetric disposition of sour
ces and detectors. Also, despite the partial functionality, the results of 
the characterization on phantoms described in the following are 
consistent with the ones obtained during a similar procedure performed 
prior to hardware problems. Therefore, the probes have been considered 
suitable for laboratory and clinical validation. The performance assess
ment has been carried out with the second probe, and Table 2 refers to 
the second probe as well. 

2.6. The measurement procedure 

2.6.1. DOT acquisition 
An efficient optical measurement requires three kinds of acquisi

tions:  

• Preliminary light trimming: fine tuning of the collected light intensity 
to reach a specific count rate target (in this case, 105photons

s × 0.
01 s = 103 photons for each acquisition) by activating a certain 
number of pixels in each detector. 

Table 2 
Power of the lasers available in each source of the SOLUS probe. Values 
expressed in milliwatt.  

λ [nm] S1 S2 S3 S4 S5 S6 S7 S8 

640 1.44 1.24 1.42 1.43 1.75 1.43 1.75 1.72 
675 3.25 2.79 2.7 1.27 1.98 2.49 2.44 2 
830 0.95 0.73 0.85 0.83 1.09 0.98 0.93 0.77 
905 4.38 3.39 2.73 2.2 3.82 2.93 2.81 3.31 
930 2.63 2.07 2.11 2.21 2.6 2.19 2.45 3.02 
970 1.79 0.98 0.89 1.06 1.77 1.62 1.72 2.13 
1020 2.42 1.86 1.91 1.89 2.36 2.23 2.39 2.39 
1050 1.8 0.8 1.8 1.25 2.14 2.52 1.99 2.35  

Fig. 2. Schematic representation of the SOLUS probe (shown in Fig. 1, right). In 
each optode, the big window represents the detector, the small window rep
resents the array of sources and each single filled square a single source at a 
certain wavelength. The schematic is used to depict the current status of the 
first (left) and second (right) SOLUS probes: green color highlights active op
tical elements. 
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• Acquisition on the sample: real measurement performed with the 
active area defined at the previous step.  

• Instrument Response Function (IRF): acquisition (after proper light 
trimming as well) in order to evaluate the setup non-idealities, 
enabling to decouple the effects of the instrument from the sample 
features on pulses. 

During an optical acquisition, sources emit sequentially, while 
detection takes place simultaneously over the available sensors. Any 
acquisition including light injection is always followed by an identical 
acquisition (with the same active area per each gate) without shining 
lasers to estimate the background noise, thus permitting to remove it 
from the former measurement. 

Fig. 3 shows how temperature keeps quite stable throughout the 
measurement, never exceeding 32 ◦C, thanks to the cooling system 
(29.81 ◦C ± 0.99 ◦C on average over detectors temporal mean values). 
Similar results are obtained for the other wavelengths. 

2.6.2. IRF for optical acquisitions 
In diffuse optical measurements the acquisition of the IRF is essential 

for an accurate reconstruction of the tissue optical properties. 
Ideally, the IRF should be acquired by placing face-to-face sources 

and detectors to remove any intermediate medium and distance. 
However, this strategy is not feasible for the SOLUS probe. In this 

case, the solution adopted was the use of a tailored 3D printed “IRF box” 
(black PLA filament, 3DiTALY, shown in Fig. 4) [33]. The probe is 
placed into a housing, whose back end is provided with a mask that 
reproduces the probe optodes arrangement. The housing is attached to a 
2.5-cm-deep box. Therefore, performing a standard optical measure
ment, light goes through the source windows of the housing, propagates 
into the box diffusely reflecting on its floor and walls, and travels back to 
the probe, by crossing the detector windows. This implies that light 
propagates in air along certain optical paths, that delay the output 
pulses, depending on the source-detector distance and the depth of the 
box. Such delays must be evaluated and properly compensated for an 
accurate convolution with the theoretical model. 

Different approaches exist to estimate such delays. The current 

strategy consists in computing them based on geometrical consider
ations: the time required to travel along the shortest path from source to 
detector with a single reflection on the box floor. 

It is important to underline that, although the IRF box method 
seemed the best alternative, it still might introduce errors since it pre
vents the knowledge of the exact optical paths travelled by photons 
inside the box, which is fundamental for high accuracy. The method 
explained above allows only an approximate estimation of delays, thus 
the IRF may significantly influence the quality of the final results. 

2.6.3. Multimodal acquisition 
Multimodal measurements imply the involvement of the US trans

ducer and, consequently, of the ultrasonographic system. The four kinds 
of acquisitions (B-mode, CD, SWE, DOT) are performed sequentially. 

In vivo measurements are carried out setting the sound speed to 1480 
m/s (value optimized for breast tissue), while it needs to be reduced to 
1020 m/s to properly distinguish structures on the Ecoflex silicone 
phantoms fabricated for the SOLUS characterization (Section 5.1). 

As for a regular US examination, the contact between the probe and 
the patient’s skin or phantom surface needs to be mediated by a gel to 
minimize the effects of material mismatch. Different brands were 
considered and, after systematic optical tests, the choice fell on the 
Parker Laboratories Polysonic Ultrasound Lotion (Parker Laboratories, 
INC., USA): it is white, sufficiently diffusive to avoid light short circuits 
between source and detector, and at the same time has moderate vis
cosity to prevent signal distortion [34]. 

2.6.4. Measurement protocol 
The SOLUS examination consists in evaluating B-mode US, CD, SWE 

and DOT on 4 different positions while the subject lies supine lifting the 
arm ipsilateral to measured breast. Initially, the radiologist localizes the 
lesion with a standard (commercial) US probe. Then, he/she places the 
SOLUS probe aligned with the direction of the maximum lesion diameter 
(position 1) and starts the examination, acquiring a B-mode image, a 
Color Doppler image and a shear wave elastography with the US 
transducer available in the SOLUS probe (same as the one of the com
mercial probe). Finally DOT measurements are performed through the 
optodes. The sequence is then repeated along the orthogonal axis at the 
lesion location (position 2), in the healthy breast tissue far from the 
lesion (ipsi-control measurement, position 3), and in the mirror location 
of the contralateral breast (contra-control measurement, position 4). 
Control measurements are required to assess the contrast between the 
healthy and the lesion tissues, whereas the evaluation of structures from 
different perspectives is a diffused radiological approach to improve 
accuracy in diagnosis. 

At the end of each series of acquisitions on the lesion (positions 1 and 
2), the operator marks the lesion contours on the B-mode images dis
played on the touch screen of the SOLUS system. This is the segmenta
tion procedure required for US-guided DOT (Section 3.2). The full 
protocol is repeated by 3 radiologists in order to assess operator 
independence. 

Once US and optical data are collected and the segmentation has 
been accomplished, an online (i.e., real-time, in about 5 min) US-guided 
DOT reconstruction is performed to obtain a preliminary tissue 
composition and microstructure assessment and check the adequacy of 
the measurement, directly with the PC mounted on the system. How
ever, in-depth data analysis for diagnostic purposes is carried out offline, 
after the measurement, with another PC (Intel® Xeon® CPU E5-2650 v3 
@ 2.30 GHz). The entire SOLUS examination usually requires one hour. 

The measurement routine for the phantom characterization has been 
designed to mimic the SOLUS clinical protocol. In fact, two measure
ments on the heterogeneity and two measurements on the homogeneous 
background along orthogonal axes are taken. Here, B-mode images are 
used only as morphological prior for DOT, while CD and SWE are 
neglected. 

Fig. 3. Temperature throughout acquisitions at 1050 nm, separately for each 
detector. “S” stands for source and “D” for detector. The following number 
identifies the optode. 

Fig. 4. Top (left) and front (right) view of the SOLUS IRF box.  
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3. Methods for optical data analysis 

After proper pre-processing, a tomographic model for media embed
ding a heterogeneity is applied to the SOLUS optical data. In the following, 
we illustrate the main details of each stage. Also, a homogeneous model is 
used to fit measurements acquired on media devoid of a heterogeneity. 

3.1. DTOF pre-processing 

Prior to DOT reconstruction, curves undergo a series of pre- 
processing algorithms to compensate for, in this order:  

• Counts loss: the TDC cannot accept any new photon when busy 
converting previous data. Such photon loss can be compensated a 
posteriori for an efficient matching of the acquired pulse slices.  

• Differential non-linearity: the time bins width of the TDC are not 
perfectly uniform, thus distorting the resulting DTOF. They can be re- 
equalized a posteriori, granting a fair estimation of optical 
properties.  

• Noise contribution: the noise DTOF is always subtracted from the 
corresponding sample DTOF to remove the contribution of both dark 
counts and stray light.  

• Saturation recognition: an algorithm based on empirical findings is 
applied and saturated curves are discarded. This happens almost 
systematically for the shortest source-detector distance (0.67 cm), 
where injection and collection occur in the same optode and light 
intensity attains indeed the highest value. However, as a rule of 
thumb, in reflectance geometry, the depth reached by photons is half 
of the source-detector distance. Then, its exclusion affects only the 
assessment of a very superficial layer of the medium. 

After these steps, the resulting DTOFs can undergo an extra pre- 
processing step involving wide dynamic range DTOF reconstruction in 
case of fast-gated acquisitions [32] or be directly analyzed using the 
models described in the next Sections, for a free-running approach 
employing first gate curves. 

However, in this paper we will present only preliminary results, 
focusing on the system basic performance. Therefore, we discuss out
comes based on the use of the first gate DTOFs (equivalent to a free 
running acquisition). The study of reconstructed gated curves is part of 
future work. 

3.2. 3D extrapolation from US-based lesion segmentation 

Since B-mode images are bidimensional, the extrapolation to obtain 
a 3D mask is essential to match the volumetric distribution of DOT. In 
brief, the extrusion of the binary mask into the third dimension can be 
performed by applying a snake-based method [35], starting from 
user-defined control points (i.e., lesion segmentation). A cubic spline 
interpolation approximates the border of the lesion, then an extrapola
tion method based on the distance transform is responsible for the 
generation of the 3D volume [16]. 

3.3. Heterogeneous model for DOT 

The DTOFs resulting from the pre-processing stage are analyzed 
applying the Born Approximation for time-resolved reflectance mea
surements on a semi-infinite medium, embedding a perturbation. 

The analytical curves (64 source-detector distances for 8 wavelengths, 
each one distributed over 128 time bins, ranging from 74.9 to 89.4 ps 
each, depending on the detector in the second probe) are convolved with 
the corresponding IRF to take into account the setup non-idealities. An 
acquisition on the perturbation is always coupled with an acquisition on a 
homogeneous portion of the medium to estimate contrasts. The locali
zation of the perturbation is guided by the morphological constraint 
provided by the 3D extrapolation of the US segmentation. The enforce
ment of the US prior is related to the regularization parameter τ in the 
tomographic approach. The stronger the regularization, the stronger the 
smoothing effect (decreasing noise). However, this happens at the ex
penses of accuracy, which reduces as τ increases [36]. The final tomog
raphy encloses 29 × 30 × 31 cubic voxels, each with a 2-mm side. 

These procedures are encoded in the software for DOT summarized 
in the next Section. The description is limited to a condensed presen
tation of the model, defining the main quantities involved. It does not 
make explicit otherwise significant conditions and requirements for the 
sake of brevity [16,17]. 

3.4. The tomographic approach 

DOT seeks to reconstruct the 3D spatial distribution of the probed 
tissue optical properties voxel by voxel from the collected DTOFs. In the 
case of a spectrally constrained approach [37], aimed at retrieving the 
constituents’ concentrations (Ck,0) and the scattering parameters (a0,b0), 
this can be described by the following linearized inverse problem: 

δΦa

(

r→d, t, λ
)

= Ja

(

r→s, r→, r→d, t,Ck,0, a0, b0

)

δμa( r→, λ),
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)

= JD
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)
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(1) 

All involved parameters are defined and described below, from Eqs. 
(2) to (7). The number of output variables reduces from 7 (i.e., oxy- and 
deoxy-hemoglobin, water, lipid, collagen, a—amplitude - and b—slope - 
scattering parameters) to 2 when a standard fit, addressed to quantify μa 

and μ′
s =

1
3D (D is the diffusion coefficient), is applied. In this case, Eq. (3), 

that incorporates the Lambert-Beer law (relating absorption coefficients 
and constituents’ concentrations) and the Mie empirical model (relating 
scattering coefficients and amplitude and slope parameters), must not be 
replaced. 

The DOT inverse problem is intrinsically ill-posed, and, together with 
the linearization due to the Born approximation, an additional possible 
strategy to improve robustness is the exploitation of structural priors 
(encoded in τR ([δCk( r→); δa( r→),δb( r→)])) deriving from US images. The 
resulting problem is:   

[δCk( r→); δa( r→), δb( r→)] = argmin
δCk ,δa,δb

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

∑

i

⎛

⎜
⎜
⎝

ϕi(t) − JS

(

r→s, r→, r→d, t,Ck,0, a0, b0, λ
) [

δCk

(

r→s, r→, r→d, t
)

; δa
(

r→s, r→, r→d, t
)

, δb
(

r→s, r→, r→d, t
)]

σi

⎞

⎟
⎟
⎠

2

+ τR
([

δCk

(

r→s, r→, r→d, t
)

; δa
(

r→s, r→, r→d, t
)

, δb
(

r→s, r→, r→d, t
)])

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

,

(2)   
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Here a list of the quantities involved in Eq. (1):  

• λ: wavelength,  
• t: time,  
• r→: position of the voxel,  
• r→s: position of the source,  
• r→d: position of the detector,  
• μa,0 and D0: background absorption and diffusion coefficients,  
• δμa( r→s, r→, r→d, t) and δD( r→s, r→, r→d,t): space-dependent variations in 

absorption and diffusion coefficients due to the heterogeneity, 

δμa( r→, λ) =
∑

k

∫

k
(λ)δCk( r→),

δD( r→, λ) =

[

−
1

3a2
0

(
λ0

λ

)− b0
]

δa( r→) +

[

−
1

3a0

(
λ0

λ

)− b0

ln
(

λ0

λ

)]

δb( r→).

(3)    

• Ja and JD: absorption and scattering sensitivity matrices, also known 
as Jacobians,  

• ϵk: extinction coefficient of the kth constituent,  
• Ck,0, a0, b0: background concentrations of the k breast constituents 

and scattering parameters,  
• [δCk( r→s, r→, r→d, t); δa( r→s, r→, r→d, t), δb( r→s, r→, r→d, t)]: corresponding 

variations in each voxel due to the heterogeneity, With reference to 
Eq. (2):  

• ϕi(t) = (Φpert(t) − Φbkg(t))i: fluence variation measured at the points 
corresponding to the SOLUS optodes due to the heterogeneity, 
normalized in area, for each source-detector couple i;  

• JS: Jacobian matrix for each source-detector distance i (ri), deriving 
from the linearization of the spectral model due to the Born 
approximation, as expressed in Eqs. (4)–(6); 

JS
(
ri, r→, t,Ck,0, a0, b0, λ

)
= Ja

(
ri, r→, t,Ck,0, a0, b0

)∑

k
ϵk(λ)δCk( r→)

+ JD,a
(
ri, r→, t,Ck,0, a0, b0, λ

)
δa( r→)

+ JD,b
(
ri, r→, t,Ck,0, a0, b0, λ

)
δb( r→), (4)      

• σ2
i =

ϕi(t)∑Ntw
k=1

∫ Tk+1
Tk

ϕi,NN(t)
: standard deviation of self-normalized signal 

with Poisson distribution; Tk refers to a specific time bin, Ntw is the 
total number of time bins, ϕi,NN(t) is the original, not normalized 
signal;  

• R ([δCk( r→); δa( r→), δb( r→)]): regularization expression that plays the 
role of a penalty term;  

• τ: regularization parameter. 

The heart of US-guided DOT is the regularization, that exploits 
geometrical constraints to improve the reconstruction and smooth 
image artefacts: 

R ([δCk( r→); δa( r→), δb( r→)])=‖ K( r→)∇δCk,0( r→)‖2+ ‖ K( r→)∇δa0( r→)‖2

+ ‖ K( r→)∇δb0( r→) ‖2.

(7) 

This is done by integrating the 3D extrapolation of the lesion seg
mentation (encoding its position, shape and size), contained in the 
quantity K( r→). In homogeneous regions, the regularization is intense 
and has a smoothing effect, whereas in the presence of edges the regu
larization is softer, so as to preserve structures. 

This procedure leads to 3D images for chromophore concentrations 
and scattering parameters that correctly localize the lesion and modu
late the contrast between lesion and healthy tissue composition. 

The reconstruction procedure requires about 5 min with the first 
SOLUS probe and 12 min with the second, using a PC with the following 
processor: Intel® Xeon® CPU E5-2650 v3 @ 2.30 GHz. The DOT pro
cedure for a complete set of optical paths (i.e., a fully operative probe) 
would require about 20 min. 

3.5. Homogeneous analytical model 

The analytical solution to the diffusion equation for a homogeneous 
semi-infinite medium, obtained using the extrapolated boundary con
dition in reflectance geometry is [38]: 

R(ρ, t) = e

[

−
ρ2

4Dνt

]

e− μaνt

2(4πDν)
3
2t5

2

[

zr− e

[

− zr− 2
4Dνt

]

− zr+e

[

−
zr+2
4Dνt

]
]

(8)  

with 
{

zr− = − zs
zr+ = 2ze + zs

(9)  

and ρ is the source-detector distance, zs the depth of a Dirac delta source 
q0( r→, t) = δ3( r→− r→s)δ(t) placed at r→s = (0, 0, zs) and ze the extrapo
lated distance. 

4. Ultrasound characterization 

Despite being based on the commercial Superlinear™ L18_5 probe, 
previously validated by Hologic SuperSonic Imaging and Vermon S.A., 

the addition of optical components in the SOLUS probe required the 
application of technical and safety tests to comply respectively with the 
declared specifications and the clinical use. 

The technical test passed correctly: all ultrasound elements are 
functional and exhibit a central frequency at 7 MHz with 128 % of 
relative bandwidth and an excellent sensitivity. 

As regard the clinical use, according to IEC 60601-2-37 standard 
[39], electrical, acoustical and thermal safety criteria were evaluated, 
involving all the imaging modes considered in the SOLUS project. The 
HiPot test (1500 V) and 260 VAC test ensured that the probe is safe of 
electrical shocks, with a leakage current of only 12 µA. Furthermore, the 
acoustic output and surface probe temperature are compliant with the 

JD,a

(

r→s, r→, r→d, t,Ck,0, a0, b0, λ
)

= JD

(

r→s, r→, r→d, t,Ck,0, a0, b0

)[

−
1

3a2
0

(
λ0

λ

)− b0
]

, (5)  

JD,b

(

r→s, r→, r→d, t,Ck,0, a0, b0, λ
)

= JD

(

r→s, r→, r→d, t,Ck,0, a0, b0

)[

−
1

3a0

(
λ0

λ

)− b0

ln
(

λ0

λ

)]

. (6)   
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standards limits. Therefore, the US transducer does not represent any 
risk for the patient or the operator. 

5. Optical characterization on phantoms 

The characterization on phantoms aims at testing the SOLUS probe 
under controlled conditions, prior to the in vivo assessment. The char
acterization focus is the optical performance, while the use of B-mode 
images is limited to the heterogeneity localization, when present. 

In the following, the preliminary results of the characterization will 

be illustrated, after a description of the phantoms design and of the 
measurement scheme. 

5.1. Phantom design 

5.1.1. SOLUS phantom kit 
Custom-made bi-modal phantoms with tissue-mimicking optical and 

ultrasound properties were fabricated specifically for the SOLUS system 
[40]. The goal was to reproduce the geometry of a breast embedding a 
lesion, that can be studied in reflectance geometry (as the clinical pro
tocol foresees patients to be in supine position). 

The chosen materials for heterogeneous phantoms are Ecoflex (00- 
30, Smooth-On, Inc. PA, USA) and Sylgard (S184, Dow Corning Corp. 
CA, USA), two kinds of silicone that manifest an echogenic contrast (i.e., 
Sylgard appears darker than Ecoflex at US). 

A phantom kit (Fig. 5) is composed of:  

• a bulk (12 × 10 × 4 cm3) with two cylindrical cavities (1 cm3 and 6 
cm3);  

• two movable cylindrical heterogeneities (here called also 
inclusions); 

Fig. 5. A SOLUS phantom kit.  

Table 3 
Conventionally true values for absorption coefficients (cm− 1) of phantoms (Ecoflex) and inclusions (Sylgard) at the eight wavelengths. The first 2 columns report the 
label properties.   

μ′
s [cm− 1] µa [cm− 1] Wavelength [nm]  

640 675 830 905 930 970 1020 1050 

SYLGARD 6 0.08 0.086 0.085 0.085 0.230 0.089 0.088 0.146 0.095 
12 0.04 0.042 0.040 0.038 0.165 0.040 0.039 0.089 0.045 

0.08 0.086 0.083 0.081 0.212 0.084 0.083 0.135 0.087 
0.16 0.133 0.130 0.128 0.262 0.130 0.128 0.183 0.135 
0.32 0.259 0.254 0.254 0.393 0.256 0.255 0.306 0.259 
0.48 0.388 0.382 0.381 0.526 0.381 0.381 0.436 0.387 

18 0.08 0.095 0.091 0.086 0.208 0.086 0.084 0.134 0.089 
ECOFLEX 6 0.08 0.092 0.086 0.086 0.244 0.090 0.093 0.155 0.099 

12 0.04 0.053 0.049 0.046 0.188 0.049 0.048 0.104 0.051 
0.08 0.097 0.091 0.089 0.236 0.090 0.092 0.149 0.096 
0.16 0.190 0.177 0.171 0.324 0.175 0.178 0.233 0.178 

18 0.08 0.096 0.089 0.086 0.222 0.086 0.089 0.142 0.091  

Table 4 
Conventionally true values for reduced scattering coefficients (cm− 1) of phantoms (Ecoflex) and inclusions (Sylgard) at the 8 wavelengths. The first 2 columns report 
the label properties.   

μ′
s [cm− 1] µa [cm− 1] Wavelength [nm]  

640 675 830 905 930 970 1020 1050 

SYLGARD 6 0.08 6.03 5.74 4.21 3.86 3.48 3.18 2.99 2.77 
12 0.04 11.90 11.17 8.38 7.11 6.94 6.44 5.86 5.65 

0.08 12.07 11.28 8.42 7.29 7.02 6.55 6.01 5.69 
0.16 11.82 11.07 8.35 7.33 7.00 6.45 6.08 5.72 
0.32 12.84 12.09 9.19 8.26 7.73 7.24 6.67 6.34 
0.48 11.96 11.32 8.70 7.87 7.32 6.89 6.43 6.16 

18 0.08 20.02 18.77 13.95 11.73 11.53 10.66 9.68 9.27  
6 0.08 7.00 6.49 4.63 4.12 3.78 3.42 3.22 2.88 

ECOFLEX 12 0.04 14.34 13.47 9.93 8.32 8.12 7.44 6.78 6.33 
0.08 12.71 11.71 8.53 7.35 6.93 6.36 5.89 5.50 
0.16 12.12 11.28 8.29 7.30 6.85 6.41 5.91 5.48  

18 0.08 19.94 18.75 13.77 11.51 11.31 10.46 9.56 9.06  

Table 5 
Conventionally true values for absorption and reduced scattering coefficients of MEDPHOT homogeneous phantoms (resin) at the eight wavelengths. Values in cm− 1.   

[cm− 1] Wavelength [nm]  
640 675 830 905 930 970 1020 1050 

µa 0.05 (B2) 0.061 0.056 0.048 0.102 0.077 0.088 0.109 0.102 
0.15 (B4) 0.176 0.165 0.138 0.178 0.152 0.158 0.176 0.168 
0.25 (B6) 0.292 0.274 0.228 0.254 0.227 0.228 0.244 0.233 
0.35 (B8) 0.407 0.383 0.318 0.329 0.302 0.298 0.311 0.298 

µ’s 10 (All) 8.51 7.63 5.28 4.52 4.30 3.99 3.65 3.46  
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• a top layer (0.5 × 12 × 10 cm3). 

All the elements of a kit are characterized by the same well-defined 
optical properties (μa and μ′

s) and are made of Ecoflex, except for the 
inclusions. In fact, two kinds of inclusion exist: Ecoflex inclusions are 
used to match the bulk properties and reproduce an optical and US 
homogeneous medium, whereas Sylgard inclusions mimic the effect of a 
heterogeneity (breast lesion). 

Five phantom kits of different reduced scattering and absorption 
properties (6 cm− 1–0.08 cm− 1, 12 cm− 1–0.04 cm− 1, 12 cm− 1–0.08 
cm− 1, 12 cm− 1–0.16 cm− 1, 18 cm− 1–0.08 cm− 1) and seven Sylgard in
clusions, combining five absorption (0.04, 0.08, 0.16, 0.32, 0.48 cm− 1) 
and three reduced scattering coefficients (6, 12, 18 cm− 1) have been 
fabricated. Each element is shortly referred to as the rounded optical 
properties at about 690 nm. We will refer to these values as “label 
properties”. 

The optical properties of phantoms and inclusions at the SOLUS 
wavelengths (Tables 3 and 4) were measured with a state-of-the-art 
Diffuse Optical Spectroscopy system in optimal operating conditions 
[41], and here are considered as the conventionally true values for the 
estimation of errors. 

5.1.2. MEDPHOT phantom kit 
We also evaluated the linearity of the system to different bulk ab

sorption coefficients using homogenous phantoms. This is useful for the 
assessment of the average breast parenchyma composition. For this 
purpose, we used a set of well-characterized phantoms in resin, part of 
the MEDPHOT kit [42]. The B series, corresponding to a nominal μ′

s = 10 
cm− 1, can be considered comparable to the μ′

s = 12 cm− 1 SOLUS 
phantoms. The advantage is the availability of absorption levels up to 
0.35 cm− 1 rather than 0.16 cm− 1 (B2, B4, B6, B8, as shown in Table 5). 

Resin is not suitable for US investigation, but in this case the absence 
of an inclusion makes this detail irrelevant. 

5.2. Dataset 

The characterization on phantoms summarized in Table 6 and re
ported in the following was performed with the second SOLUS probe. 

The investigated parameters are the system sensitivity to:  

• the inclusion absorption coefficient (μa, incl),  

• the inclusion reduced scattering coefficient (μ′
s, incl),  

• the bulk absorption coefficient (μa, bulk),  
• the bulk reduced scattering coefficient (μ′

s, bulk),  
• the inclusion size (1 or 6 cm3). 

As regards heterogeneous phantoms, the quality of the reconstruc
tion of the inclusion volume and position (i.e., localization test) in the 
optical images is measured by considering the shift of the estimated 
coordinates and dimensions derived from the optical reconstruction 
performed with US prior with respect to the real ones. 

Then, accuracy and linearity tests are employed on the analyzed 
data, obtained applying the heterogenous model described in Section 
3.3 for Ecoflex phantoms and the homogenous one in Section 3.5 for 
resin phantoms. 

The accuracy in the estimate of μa and μs
′ is evaluated by comparing 

the measured values (ymeasured) and the corresponding conventionally 
true values (yctv), as defined by Eq. (10): 

Error =
ymeasured − yctv

yctv
× 100 % (10) 

The linearity assesses the system capability to linearly track changes 
in the measured optical properties of the inclusion and of the bulk. The 
R2 squared coefficient [43] and the angular coefficient of the corre
sponding linear regression are used to estimate the quality of the results. 
In both cases, the ideal result is 1, implying a perfectly linear behavior 
along the diagonal. 

The optical assessment of Ecoflex phantoms will be discussed 
considering different inclusion sizes and regularization parameters τ: 
0.01 and 0.1. The values reported derive from the average over the 
pixels enclosed in the volumetric reconstruction of the inclusion or the 
complementary volume for the bulk. The availability of two acquisitions 
on the inclusion and two on the bulk gives rise to four possible inclusion- 
bulk couples. The plotted values are obtained by averaging over these 
four combinations. On the contrary, in the case of homogeneous resin 
phantoms, values derive from the average over all the available curves 

Table 6 
List of measurements performed for the characterization on phantoms.  

ID Inclusion 
size [cm3] 

μ′
s, bulk 

[cm− 1] 

μa, bulk 

[cm− 1] 
μ′

s, incl 

[cm− 1] 

μa, incl 

[cm− 1] 
Material 

1 6 12 0.08 12 0.04 Silicone 
2 6 12 0.08 12 0.08 Silicone 
3 6 12 0.08 12 0.16 Silicone 
4 6 12 0.08 12 0.32 Silicone 
5 6 12 0.08 12 0.48 Silicone 
6 1 12 0.08 12 0.04 Silicone 
7 1 12 0.08 12 0.08 Silicone 
8 1 12 0.08 12 0.16 Silicone 
9 1 12 0.08 12 0.32 Silicone 
10 1 12 0.08 12 0.48 Silicone 
11 6 12 0.08 6 0.08 Silicone 
12 6 12 0.08 18 0.08 Silicone 
13 1 12 0.08 6 0.08 Silicone 
14 1 12 0.08 18 0.08 Silicone 
15 6 6 0.08 12 0.08 Silicone 
16 6 18 0.08 12 0.08 Silicone 
17 6 12 0.04 12 0.08 Silicone 
18 6 12 0.16 12 0.08 Silicone 
19 – 10 0.05 – – Resin 
20 – 10 0.15 – – Resin 
21 – 10 0.25 – – Resin 
22 – 10 0.35 – – Resin  

Fig. 6. Example of B-mode US image of a 6 cm3 Sylgard inclusion in a Eco
flex phantom. 

Fig. 7. 3D extrapolation from 2D segmentation of the big (6 cm3) phan
tom inclusion. 

G. Maffeis et al.                                                                                                                                                                                                                                 



Optics and Lasers in Engineering 176 (2024) 108075

9

of the four views, separately for each wavelength, and there is no use for 
the τ parameter. 

5.3. Results 

In the following, the results for the localization test and the outcomes 
for the accuracy and linearity tests are presented. Considerations about 
scattering always refer to the reduced scattering coefficient. 

5.3.1. Inclusion localization 
Fig. 6 reports the B-mode image (xz plane) of a SOLUS Ecoflex 

phantom, embedding a Sylgard inclusion covered by the 0.5 cm Ecoflex 

top layer. The inclusion is cylindrical, with the circular section parallel 
to the top xy plane. 

The operator segments the inclusion on this bidimensional image, 
thus marking a rectangle profile. The resulting 3D extrapolation using 
the procedure described at Section 3.2 is depicted in Figs. 7 and 9 for the 
big and small inclusion, respectively. Figs. 8 and 10 illustrate the cor
responding projections on the three orthogonal planes, summing over
lapping pixels. The red profile marks the real position and shape of the 
inclusion. The central graph corresponds to the segmentation plane: 
indeed, it reproduces in both cases a rectangle, well contained in the 
expected borders. The other graphs show how the algorithm approxi
mates the unknown dimensions rounding edges, which is correct for the 

Fig. 8. Projections on the three orthogonal planes of the 3D inclusion reconstruction (big inclusion), summing overlapping pixels. The red profile marks the real 
position and shape. xz is the segmentation plane, while yz and xy the extrusion planes, where we expect less accuracy in localizing the inclusion. 

Fig. 9. 3D extrapolation from 2D segmentation of the small (1 cm3) phan
tom inclusion. 

Fig. 10. Projections on the three orthogonal planes of the 3D inclusion reconstruction (small inclusion), summing overlapping pixels. The red profile marks the real 
position and shape. xz is the segmentation plane, while yz and xy the extrusion planes, where we expect less accuracy in localizing the inclusion. 

Fig. 11. DTOFs that intersect the big inclusion for different absorption co
efficients. The inclusion depth is 0.5 cm from the top surface, the acquisition 
time 10 ms and the source-detector distance 2.83 cm. 
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xy plane (third plot), while it is less accurate for the yz plane (first plot). 
The optimal localization of the inclusion is a clear consequence of the 

use of the US prior, with a maximum error of one pixel (2 mm) for the 
position and two pixels (4 mm) for the size along the extrusion direction. 

5.3.2. Accuracy 
In the following, the results of the accuracy test on heterogeneous 

phantoms are reported, combining three parameters:  

• medium (five inclusions and three bulks),  
• optical properties (absorption or scattering coefficient),  
• regularization parameter (τ = 0.01 and 0.1). 

Data derive from the application of the analysis methods on the 
DTOFs generated during measurements. Fig. 11 depicts some examples 
of raw DTOFs at 640 nm associated to a source-detector distance equal 
to 2.83 cm, crossing the inclusion centre, with 10 ms as acquisition time. 

Fig. 12. Estimate of absorption coefficient of the inclusion in Ecoflex phantoms (obtained with τ = 0.01).  

Fig. 13. Estimate of absorption coefficient of the inclusion in Ecoflex phantoms (obtained with τ = 0.1).  
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Colorful curves refer to different absorption coefficients for the inclu
sion, while the black dotted curve represents the bulk DTOF, as a 
reference (measurements from 1 to 5 in Table 6). Clear differences are 
observed on the trailing edge, as expected for different absorption values 
of the inclusion in TD: the higher the inclusion absorption, the lower the 
signal. Also, the lower the intensity, the higher the noise. Noise could be 
minimized by increasing the acquisition time. However, the time was 
tuned to ensure a complete DOT measurement in about one minute for 
the in vivo protocol. 

5.3.2.1. Optical properties of the inclusion. In Figs. 12 and 13 (for τ =
0.01 and 0.1, respectively), each plot refers to a wavelength and the 
horizontal axis reports the conventionally true values. Hence, each point 
of the curves represents an inclusion. In each plot there are three curves: 
in orange the results for the small inclusion, in blue for the big inclusion, 
in black the conventionally true values. 

In Fig. 12, at τ = 0.01, we notice that, on the one hand, the values for 
the small and the big inclusions are quite different from each other (on 
average over inclusions and wavelengths, their percentage difference is 
70 %, normalized to the big inclusion values). On the other hand, while 
reconstructions are good for μa ≤ 0.16 cm− 1, especially for the big in
clusion (the median error is 15 %), the system strongly underestimates 
high absorption values (50 % as median relative error), as we can see 
from the last two points in each plot. 

As the τ grows (Fig. 13), the results for the two inclusion sizes 
become more consistent (on average, their percentage difference is 24 % 
for τ = 0.1, normalized to the big inclusion values), but, at the same 
time, underestimation is overall more and more marked, as shown in 
Table 7, considering the competition between smoothing effect and 
accuracy already mentioned in Section 3.4. 

Let us now consider the estimate of the scattering properties of the 
inclusion (three values available). Observing Fig. 14, we can confirm 
that at the lower regularization value the orange and the blue curves are 
quite different (on average, the difference normalized to the big inclu
sion is 41 %). Also, the estimated values do not follow the increase in the 
nominal value and seem to be determined by to the bulk optical prop
erties (nominally μ′

s = 12 cm− 1, the same of the inclusion represented by 
the second point in each plot), irrespective of the change in μ′

s of the 
inclusion. A similar behavior is observed at a higher τ (Fig. 15), even 
though the smoothing effect determines a general improvement in ac
curacy, as confirmed in Table 8.. 

5.3.2.2. Bulk optical properties. We report only the results for the big 
inclusion at a single regularization parameter, because inclusion volume 
and regularization do not significantly affect the background estimation. 

The accuracy for the absorption coefficient (Fig. 16, τ = 0.01) is quite 
good in all cases: the ratio between nominal and measured values is on 
average 0.88 ± 0.22 over bulks and wavelengths, with a rather impor
tant underestimation (up to − 49 %) at 640 and 905 nm. 

Finally, as regards scattering, the system better tracks changes in the 
bulk μ′

s with respect to the inclusion one, even though the estimation of 
values higher than 15 cm− 1 is not good, with errors up to − 44 % at 640 
nm (Fig. 17). 

5.3.3. Linearity 

5.3.3.1. Optical properties of the inclusion. Measuring linearity in terms 
of R2 coefficient with reference to the previous figures, at the lowest 
regularization parameter the big inclusion returns more reliable values 
(on average over wavelengths R2 = 0.697 ± 0.352) with respect to the 

Table 7 
Relative errors on the inclusion absorption coefficient computed using Eq. (10), 
over wavelengths and inclusions. μa ≤ 0.16 cm− 1 includes three inclusions and 
μa ≤ 0.48 cm− 1 all the inclusions. Percentages are all positive because average 
and median values are computed using the absolute values of relative errors.    

Big inclusion Small inclusion 
τ Error μa ≤ 0.16 

cm− 1 
μa ≤ 0.48 
cm− 1 

μa ≤ 0.16 
cm− 1 

μa ≤ 0.48 
cm− 1 

0.01 Average 26 % 35 % 88 % 76 % 
Median 15 % 27 % 57 % 57 % 

0.1 Average 29 % 40 % 41 % 47 % 
Median 29 % 43 % 36 % 50 %  

Fig. 14. Estimate of reduced scattering coefficient of the inclusion in Ecoflex phantoms (obtained with τ = 0.01).  
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small one (R2 = 0.382 ± 0.311), as for the accuracy test (τ = 0.01). 
Generally, the first three points of each curve (Fig. 12) are in agreement 
with expected values (for the big inclusion, on average R2 = 0.865 ±
0.158 and the angular coefficient is m = 0.744 ± 0.307), while we 
denote a significant underestimation for absorption values higher than 
0.16 cm− 1, causing a reduction in R2, except for the wavelengths 905 
and 1020 nm, which show a good linearity up to the most absorbing 
inclusion (0.48 cm− 1). This could depend on the available laser power 
(Table 2), that is on average higher at those two wavelengths. 

As always, a higher τ makes the results for the big and the small 
inclusions more similar to each other, at the expenses of an even higher 
underestimation. 

As already emerged from the accuracy test, results about scattering 
are not satisfying: in Figs. 14 and 15 no appreciable slope can be 
observed (average value over inclusions, wavelengths and τ equal to m =
0.076 ± 0.476) and the trend is dominated by the background μ′

s 
regardless of the regularization. 

5.3.3.2. Bulk optical properties. On the contrary, the results on the es
timate of bulk optical properties are good for all the considered com
binations. Linearity is optimal for the estimate of the absorption (R2 

ranging from 0.97 to 0.99), and good also for scattering (R2 ranging 
from 0.77 to 0.98). 

Finally, we tested absorption linearity over a broader range of ab
sorption values (0.35 cm− 1 instead of 0.16 cm− 1) using homogenous 

resin phantoms. This is useful to corroborate the quality of the bulk 
assessment already performed using Ecoflex phantoms over a more 
limited range of absorption properties. 

Fig. 18 shows that, when considering the average over all the 
available source-detector distances, the probe measures absorption in
crements up to about 0.25 cm− 1. With homogeneous phantoms (using a 
homogeneous analysis model), R2 ranges from 0.85 to 0.95, while the 
angular coefficient from 0.50 to 0.72, mostly affected by the highest 
absorbing phantom. 

The bulk assessment through a homogenous model may be too rough 
an approximation in the case of an inclusion-embedding medium. 
However, this exercise can provide information of interest for spectro
scopic applications other than breast cancer diagnosis, such as hemo
dynamics monitoring of brain activation and non-destructive 
characterizations of fruits quality. 

6. Example of in vivo measurement 

Finally, the outcome of a typical SOLUS in vivo measurement is 
presented to better illustrate the system operation. The measurement is 
carried out after the subject signed a written informed consent, under 
authorization of the Ethical Committee of IRCCS San Raffaele (Milan, 
Italy). The measurement followed the protocol described in Section 
2.6.4 and aimed at retrieving the lesion and the surrounding healthy 
tissue composition. Based on our previous diffuse optical studies, a 
breast lesion usually manifests as an inhomogeneity due to fibrous tissue 
(i.e., high concentration of water, collagen and hemoglobin) in a more 
adipose background [44]. These properties are generally more marked 
in the case of malignant tumors rather than benign nodules, especially as 
regards collagen, which is a recognized risk factor for breast cancer, and 
blood, due to the angiogenesis notoriously linked to cancer progression. 
Also, malignant lesions are usually characterized by stiff tissue, as 
assessed by SWE [45] and irregular borders and they are 
taller-than-wide oriented [46]. 

As a case example, Fig. 19 depicts a 2.2 cm carcinoma using the 
techniques available on the SOLUS system. 

Fig. 19A reports a B-mode image: the lesion borders are quite 

Fig. 15. Estimate of reduced scattering coefficient of the inclusion in Ecoflex phantoms (obtained with τ = 0.1).  

Table 8 
Relative errors on the inclusion scattering coefficient computed using Eq. (10), 
over wavelengths and inclusions. Percentages are all positive because average 
and median values are computed using the absolute values of relative errors.  

τ Error Big inclusion Small inclusion 

0.01 Average 85 % 69 % 
Median 56 % 47 % 

0.1 Average 56 % 41 % 
Median 30 % 36 %  
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irregular and it is taller-than-wide oriented. The operator segments the 
lesion (red contour) to provide a priori geometrical constraints to DOT, 
thus improving localization and quantification. 

Panel B represents vascularization, obtained by CD, and shows a 
significant blood vessel that feeds the lesion. 

SWE is illustrated in panel C, that demonstrates the very high stiff
ness of the lesion, quantitatively assessed as shown by the color bar on 
the right. 

Figs. 20 and 21 represent an example of 3D optical reconstruction. In 

Fig. 20, panel A shows the volumetric morphological prior extracted 
from the bidimensional lesion segmentation. Panels B, C and D report 
one section along the yz, xz and xy planes respectively of the collagen 
map. First, we can observe that the lesion is well detected since DOT 
recognizes a contrast in composition between the lesion volume 
(demarcated by the black contour) and the outside healthy tissue. This is 
a clear consequence of the use of the morphological prior, as already 
described in Section 5.3. Yellow stands for high concentration, while 
blue means low concentration. Therefore, the lesion has a higher 

Fig. 16. Estimate of absorption coefficient of the bulk in Ecoflex phantoms (obtained with τ = 0.01).  

Fig. 17. Estimate of reduced scattering coefficient of the bulk in Ecoflex phantoms (obtained with τ = 0.01).  
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collagen concentration with respect to the surrounding healthy tissue, as 
expected. Also the other constituents contrasts are consistent with 
physiology parameters: the carcinoma is a fibrous agglomerate (i.e., 
higher water, collagen and hemoglobin content) in a lipidic background 
(Fig. 21). Contrasts directions are then correct and a systematic quan
titative assessment will be proposed as soon as the clinical trial will be 
finished. 

7. Discussion and conclusion 

The optode represents the first ever miniaturization of time-resolved 
diffuse optics. This technological advancement was key to allow the 
implementation of a multimodal hand-held probe able to perform US- 
guided DOT for breast cancer diagnosis in TD. 

Zhu’s group has pioneered US-guided DOT applied to breast cancer 
applications, in frequency domain [47]. They investigated techniques 
for US-guided DOT reconstruction, deep-learning-based imaging [48], 
data optimization [49] and multimodal diagnosis [50]. 

This paper presents the strengths and the criticalities of the SOLUS 
system, to perform US-guided DOT in TD. Unlike continuous wave, both 
TD and frequency domain approaches offer the possibility to indepen
dently estimate absorption and scattering coefficients with a single 
source-detector pair [51,52]. However, time-resolved measurements are 

more informative since the delay of detected photons encodes the 
average depth investigated by such photons. Therefore, contributions 
coming from different depths in the medium can also be disentangled by 
considering different parts of the DTOF. For this reason, the TD 
approach is acknowledged as the one providing the largest information 
content. However, this occurs at the expense of a more complicated 
experimental setup. Also in light of this, the fabrication of the optode 
was a remarkable achievement. 

We described in detail the technological implementation and per
formance of time-resolved US-guided DOT, and presented the charac
terization of the SOLUS hand-held probe focusing on optical data. 

The study on heterogeneous and homogeneous tissue-mimicking 
phantoms helped assess the optical system performance: the lesion is 
efficiently located thanks to the use of the morphological prior. Besides, 
the reconstruction of the absorption coefficient of the bulk is good up to 
0.25 cm-1 (relative error of 16 % on average over wavelengths and 
phantoms) and it reduces to 0.16 cm-1 for inclusions (on average, rela
tive error of 26 %, R2 = 0.865 ± 0.158 and m = 0.744 ± 0.307 for 
sufficiently big inhomogeneities and low regularization). 

As regards scattering, the values for the bulk are measured quite 
consistently up to 15 cm-1 (relative error on average of 17 %), while the 
probe showed very low sensitivity to a localized perturbation. However, 
composition is a more crucial factor rather than microstructure for the 

Fig. 18. Results for the linearity test on resin homogeneous phantoms averaging over all source-detector distances (absorption coefficients).  

Fig. 19. B-mode (A) relative lesion segmentation, CD (B), SWE (C) images of a malignant lesion.  
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discrimination of breast lesions. Then, a faint contrast in scattering be
tween the lesion and the breast parenchyma may not be a significant 
hindrance. 

In general, all errors go in the direction of underestimation, due to a 
combination of system performance, linear Born approximation, and 
effect of regularization. 

To comprehensively test the coverage granted by these indicative 
limits (0.25 cm-1 for the bulk absorption and 15 cm-1 for the bulk scat
tering) across the absorption and scattering coefficient ranges of interest 
for the breast, we turn to an available historical dataset of in vivo 
measurements involving 218 patients [53]. This is useful to identify the 
most critical kinds of breast tissues and consequently estimate the extent 
of population that can be measured reliably with the SOLUS probe. This 
dataset was obtained using a time-resolved instrument developed by the 

research group at Politecnico di Milano to investigate breast tissue 
through diffuse optics. It includes bidimensional scans of the com
pressed breast in transmission mode in 4 projections (cranio-caudal 
right and left, oblique right and left) at 7 wavelengths: 635, 685, 785, 
905, 930, 975, 1060 nm. Absorption coefficients were extracted via a 
homogenous approach to the diffusion equation for a slab geometry and 
then averaged over the scanned area (thus mixing healthy and possibly 
lesion tissue, but excluding marked inhomogeneities) and the pro
jections for each patient. 

Our purpose is to confront the SOLUS performance with a real sce
nario, i.e. to set the SOLUS efficiency limits with respect to a statistically 
significant in vivo dataset, hereby given by the historical study. The 
histograms in Figs. 22 and 23 report mean values vs. number of patients 
for absorption and scattering, respectively, drawing from the historical 

Fig. 20. Morphological prior extracted from lesion segmentation (A) used to guide DOT. Section (mm2) of the 3D reconstructions of collagen concentration (mg/ 
cm3): yz plane (B), xz plane (C) and xy plane (D). 

Fig. 21. yz (mm2) section of water (A, mg/cm3), collagen (B, mg/cm3), lipids (C, mg/cm3) and total hemoglobin (D, μM) concentrations.  
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dataset. The red vertical lines correspond to the efficiency limits 
resulting from the SOLUS performance assessment. Table 9 estimates the 
percentages of population below this limit (i.e., those for which a SOLUS 
optical characterization of the bulk would be fair). Focusing on ab
sorption, 975 nm (on the peak of water and close to 970 nm, available in 
SOLUS) appears as the most critical wavelength, while the others are 

satisfactorily within the SOLUS efficient range. This suggests that the 
estimate of water could be less reliable in the case of strongly dense 
(high water content) breasts. In particular, the 975 nm distribution 
appears as a right-skewed distribution with a broader extent, up to 0.4 
cm− 1. 

Hence, an extension of the efficiency range through more effective 

Fig. 22. Histograms representing mean absorption values vs. number of patients. Data derived from the historical dataset [53]. Red vertical line corresponds to the 
efficiency limit resulting from the SOLUS performance assessment. 

Fig. 23. Histograms representing mean reduced scattering values vs. number of patients. Data derived from the historical dataset [53]. Red vertical line corresponds 
to the efficiency limit resulting from the SOLUS performance assessment. 
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data analysis methods could introduce a significant improvement in the 
bulk assessment. The same might occur for the lesion characterization. 

Indeed, concerning the inclusion, the linear Born Approximation on 
one side grants an easy implementation and quick execution from a 
computational point of view, suitable for a real-time assessment in 
clinical settings (thus initially leading to this choice). On the other side, 
the linear approach intrinsically introduces a significant underestima
tion of the reconstructed optical properties in the case of big perturba
tions. Higher-order methods such as [54–56] could improve accuracy 
and consequently specificity and sensitivity in breast cancer diagnosis. 
Other than analytical methods, numerical and machine learning ap
proaches could reach the same goal. These different approaches are 
under evaluation to identify the best choice allowing accurate results in 
real operation conditions. 

The use of the historical dataset as a reference for the SOLUS in
strument can provide useful information, but it should not be inter
preted strictly, due the difficulty in comparing results among different 
photon migration instruments (as shown by the BITMAP exercise [57]), 
and to the mismatch of measurement conditions (reflectance vs. trans
mittance, homogeneous model vs. heterogeneous model, not identical 
wavelengths). Furthermore, the historical dataset consists of average 
values that mix healthy and possibly unhealthy tissue, thus preventing 
the computation of background vs. lesion ratios, which would be of 
utmost interest for the perturbation problem object of SOLUS analysis. 
However, marked inhomogeneities within a breast were excluded from 
calculations made to estimate the average properties of that breast. 
Thus, the distributions shown in Figs. 22 and 23 are expected to be close 
to the average properties of healthy tissue. 

This estimate suggests that the SOLUS approach could be effective 
for a large part of breast tissues. A full performance assessment for lesion 
characterization is extremely complex, depending on the optical prop
erties of both lesion and healthy tissue, but also on lesion size and depth. 
We will be able to confirm our estimate on the capability to characterize 
healthy tissue and we will investigate lesion characterization when real 
patient data become available at the end of the SOLUS clinical trial. 

Regarding the quantification of tissue composition, to our knowl
edge, no phantoms are available to mimic tissue composition in terms of 
all 5 constituents considered in our study, that are water, lipid, collagen 
and blood parameters, and no other technique is available to measure 
bulk (deep) tissue composition non-invasively for a comparative in vivo 
assessment. With in vivo measurements, we can check whether our es
timates correlate with tissue physiology or pathology. That does not 
provide a quantification of the accuracy, but rather tells us how effective 
we are at our diagnostic aim. The clinical validation will tell us how 
effective the instrument is to discriminate lesions. 

In conclusion, we presented the performance assessment of the 
prototype of a multimodal hand-held probe for tomographic imaging, 
whose break-through element is the “optode”, a stand-alone module for 
time-resolved spectroscopy. 

The results reported here are the starting point for the research of 
more efficient strategies for data analysis. For example, as an initial step, 

we have only considered data collected in the first detector hardware 
gate, similar to a free running acquisition. The use of gated curves is 
expected to enhance sensitivity to absorption and deep layers. Tests on 
phantoms are planned to verify the efficiency of the gating algorithm 
and the improvement in accuracy and linearity. Also, non-linear models 
or artificial intelligence approaches could highlight contrasts, not only 
as alternative means to retrieve the optical properties, but also as a 
posteriori correction based on the phantom assessment results. 
Furthermore, outcomes could benefit from the application of a spectral 
fit, intended to retrieve directly the constituents’ concentrations rather 
than the optical properties. In fact, the reduction of the number of fitting 
variables has already proved effective in providing more robust results, 
especially when a limited number of wavelengths is available. 

Future work will help define a more robust optical assessment to 
highlight the informative content of the SOLUS dataset for a thorough 
multimodal evaluation of breast lesions. In parallel, the clinical valida
tion of the instrument is providing real data that will help optimize the 
analysis approaches and procedures. 

Finally, although this study was centered on breast cancer imaging 
utilizing an 8-optode probe, it is important to note that the individual 
optode opens up exciting possibilities for wearable applications of 
diffuse optics, including monitoring of hemodynamics and tracking of 
brain activation, as previously explored [58], as well as non-destructive 
quality assessment for industrial-level fruit inspection. These diverse 
fields represent promising avenues for future exploration. 
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Table 9 
Indicative percentages of population for which the SOLUS probe would be 
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whose averaged optical values stay below the limits (reported in parenthesis) for 
an efficient optical characterization of the bulk through SOLUS). Data derived 
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λ [nm] Bulk absorption (0.25 cm− 1) Bulk scattering (15 cm− 1) 

635 99 % 77 % 
685 100 % 84 % 
785 100 % 95 % 
905 100 % 97 % 
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975 85 % 98 % 
1060 100 % 99 %  
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