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A B S T R A C T

The multi-channel SiPM technology is a fascinating leverage for time-resolved diffuse optical spectroscopy 
thanks to its remarkable parallelization capability that leads to rapidly measuring absorption and scattering 
properties of a turbid medium at multiple positions across a wide spectral range (600–1000 nm) at high 
throughput.

For clinical applications, where the goal is to characterize the composition of biological tissues (e.g., fat, 
muscle, bone) in vivo non-invasively, these requirements are critical to support diagnosis with quantitative data, 
potentially reducing invasive procedures like biopsies and shortening waiting times for clinical exams.

Therefore, we developed a time domain diffuse optical spectroscopy (TD-DOS) system based on a compact 16- 
channel Silicon PhotoMultiplier (SiPM) array (footprint of 32 x 45 mm2, with single-photon timing resolution of 
65 ps), capable of spectral or spatial parallelization. Spectral parallelization enables swift acquisition of extensive 
spectra, for example during functional tasks, allowing monitoring of task-related tissue changes and minimizing 
exam duration without compromising the informative content. Spatial parallelization facilitates tissue mapping 
or deep-layer investigation by leveraging the relationship between source-detector separation and penetration 
depth that holds when operating in the time domain.

In this work, our system was configured to parallelize wavelengths across the 700–950 nm range (spectral 
resolution Δλ = 16 nm) to match key absorption peaks of hemoglobin and lipids, and the rising edge of water 
(peaking at 975 nm). Performance was evaluated applying the MEDPHOT protocol on phantoms, showing 
excellent linearity (worst R2 = 0. 9973 for absorption and R2 = 0. 9833 for reduced scattering), minimal 
absorption–scattering coupling, and remarkable absorption accuracy (average error of 3 % on absolute values), 
though scattering was overestimated (average error of + 17 %). In vivo trials demonstrated excellent repro
ducibility (CV < 5 % for absorption and < 4.5 % for scattering over 20 repetitions) and effective characterization 
of tissue during scans of the back and calf, correlating well with complementary ultrasound information about 
fat, muscle and bone layering.

This system combines for the first time to our knowledge time domain insights, SiPM robustness, and paral
lelization speed, paving the way for efficient sample characterization in clinical and non-clinical contexts.

1. Introduction

When evaluating the efficiency of devices, speed, robustness and 

cost-effectiveness are important requirements, alongside accuracy, 
repeatability and reliability. With reference to diffuse optical spectros
copy [1,2], this translates into the possibility to perform highly 

☆ This article is part of a special issue entitled: ‘Photonic Materials and Devices’ published in Optics and Laser Technology.
* Corresponding author.

E-mail address: giulia.maffeis@polimi.it (G. Maffeis). 
1 These authors contributed to the work equally.

Contents lists available at ScienceDirect

Optics and Laser Technology

journal homepage: www.elsevier.com/locate/optlastec

https://doi.org/10.1016/j.optlastec.2026.114731
Received 3 March 2025; Received in revised form 9 December 2025; Accepted 9 January 2026  

Optics & Laser Technology 196 (2026) 114731 

Available online 14 January 2026 
0030-3992/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0002-2663-8198
https://orcid.org/0000-0002-2663-8198
mailto:giulia.maffeis@polimi.it
www.sciencedirect.com/science/journal/00303992
https://www.elsevier.com/locate/optlastec
https://doi.org/10.1016/j.optlastec.2026.114731
https://doi.org/10.1016/j.optlastec.2026.114731
http://creativecommons.org/licenses/by/4.0/


informative measurements about the absorption and scattering proper
ties of a turbid medium to describe its composition and microstructure 
quickly, operating at multiple wavelengths in the red and near-infrared 
spectral range (e.g., 600–1100 nm) and at various positions. Results 
should have an adequate signal-to-noise ratio with minimal risk of in
strument damage caused from unwanted light exposure, and acquisition 
should allow for repetition as often as needed, as the examination is 
affordable.

These requirements become especially important in clinical appli
cations, for a seamless integration into the diagnostic workflow. In that 
case, the sample is a biological tissue (e.g., fat, muscle, bone), mea
surements are performed in vivo with no harm to the subject and the goal 
is to help formulate a diagnosis or assist monitoring based on the esti
mate of tissue composition, mainly in terms of water, lipids, collagen, 
oxy- and deoxy-hemoglobin. The ultimate long-term benefit is to 
corroborate diagnosis (e.g., breast lesion classification and therapy 
monitoring [3–6], muscle rehabilitation [7–10], brain activity moni
toring [11–14], lung sensing [15]) with quantitative objective parame
ters elaborated in real-time, thus enabling a reduction in the number of 
invasive exams (e.g., biopsies) and shorter waiting lists.

In this direction, we developed and preliminarily validated a time 
domain diffuse optical spectroscopy system based on a 16-channel Sil
icon PhotoMultiplier (SiPM) array. This device leverages its paralleli
zation capabilities for various applications. In the context of clinical use, 
it can parallelize acquisition spectrally, to obtain fast extensive spectra 
for example during the monitoring of a functional task without inter
lacing the spectrum acquisition and the task evolution, or to minimize 
the exam duration for a fast tissue assessment. It can also parallelize 
acquisition spatially, to generate maps of tissue properties, or to inves
tigate in depth multi-layered structures at different source-detector 
distances, given the correlation between penetration depth and 
injection-collection separation [16]. Previously, the device demon
strated potential for fluorescence lifetime sensing in biological appli
cations [17]. In this work, we focus on the spectral parallelization over 
the 700–950 nm range to perform scanning measurements in a clinical 
environment. We present the system and the results of its performance 
evaluation on tissue phantoms. Then, we validate it in vivo performing 
scans along the back and around the calf, heterogeneous regions where 
muscle, fat and bones layers are present.

Systems already exist that achieve separately: 

• robustness and high-throughput exploiting SiPMs for detection 
[18–20];

• high informative content through a time-resolved approach [21];
• parallelization with 16-channel detection [6,22–29];
• fast acquisition to monitor functional task by means of spectral 

parallelization [30–36].

Furthermore, combinations of these features already exist, specif
ically systems (even if rare) based on time-resolved approach, 16-chan
nel detection and spectral parallelization [30–34]. However, those 
systems use bulky (i.e., neither scalable nor miniaturized) Photo
Multipliers Tubes for detection, characterized by limited throughput and 
high sensitivity to stray light, less suitable for operation in clinical set
tings. To our knowledge, the system we propose is the first ever com
bination of time-resolved approach, spectral parallelization, 16-channel 
detection, and use of SiPMs for detection.

2. Setup Description and calibration

2.1. 16-channel SiPM array

The core element of the parallel system is the 16-channel array de
tector. It comprises independent detection channels, each featuring a 
front-end circuit designed to handle both biasing and signal read-out 
tasks. The biasing functionality provides the required voltage, sup
presses high-frequency noise, and isolates the power supply from the 
circuit. The read-out section, implemented as a high-pass filter, facili
tates rapid signal recovery to ground with minimal amplitude loss, 
enabling quick detection of consecutive events with just a 3.6 ns dead 
time between 2 consecutive events on the same detector. This enables us 
to operate in single-photon regime as required by TD-DOS.

The design emphasizes compactness (each single channel is 4 × 22.5 
mm2) and directs light dispersion along a single axis, in a linear 
configuration (the overall footprint of the printed circuit board hosting 
the array is 32 x 45 mm2). Each channel integrates a 1.3 × 1.3 mm2 

active-area Silicon Photomultiplier (SiPM, model S13360-1350PE, 
Hamamatsu, Japan), which operates at a bias voltage of 57.3 V. The 

Fig. 1. Experimental setup scheme. F stands for filter, L for lens, TCSPC for Time-Correlated Single-Photon Counting.
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SiPM exhibits a dark count rate of almost 144 kcps and achieves a single- 
photon timing resolution of 65 ps. To align with the input requirements 
of commercial timing electronics, the array is complemented by a 
custom low-noise 16-channel amplification stage.

2.2. Experimental setup

The parallel system (Fig. 1) exploits a supercontinuum pulsed laser 
(SuperK Extreme, NKT Photonics, Denmark) to generate white light, 
operating at 40 MHz. To select wavelengths within the therapeutic 
window (600–1000 nm), the laser output is passed through a spectral 
splitter (SpectraK Split, NKT Photonics, Denmark) that isolates the near 
infrared band. A beam expander is used to avoid damage to the 
following band-pass filter, that further removes components longer than 
1000 nm (FESH1000, Thorlabs, USA). A variable optical attenuator 
(variable neutral density filter) modulates light intensity and a lens 
couples light into the launch fiber (step index, 1 mm core diameter, NA 
= 0.39). The launch and collection fibers are arranged 2 cm apart in a 
hand-held probe. The collection fiber (step index, 500 µm core diameter, 
NA = 0.22) delivers light from the sample to a pair of lenses (25 and 50 
mm focal length) that help matching the numeric aperture of the fiber 
with that of the spectrometer. The spectrometer (Kymera 193i, Oxford 
Instruments, Andor, UK) is configured to operate from 700 to about 950 
nm and the dispersed light is collected by the 16-channel array detector. 
The amplified SiPM array output signals are sent to a 16-channel high- 
throughput time-to-digital converter (MultiHarp 160 N, PicoQuant, 
Germany − MH) for the Distributions of Times-Of-Flight (DTOF) 
reconstruction, with a time resolution of 5 ps on 5000 time bins.

2.3. Spectral calibration

The width and position of the spectral range depend on the diffrac
tion grating of the spectrometer. For this work, we decided to use a 
diffraction grating with 600 grooves/mm and a central wavelength of 
825 nm, thus spanning from 700 to 950 nm to match peculiar absorption 
features of lipids, water and hemoglobin in the therapeutic window 
[37].

The spectral resolution of the parallel system is determined by the 
detection chain. We expect each channel (i.e., each SiPM of the array) to 
encompass a band of about Δλ = 950 nm− 700 nm

16 channels = 16 nm. To determine 
the barycenter wavelength (i.e., the leading wavelength) of each chan
nel, acquisitions injecting single wavelengths with fine step increments 

are required. Therefore, measurements at 1 nm-steps at fixed attenua
tion were carried out with a hybrid setup that combined the collection 
chain of the parallel system and the injection chain of a well- 
characterized time-resolved system, based on a supercontinuum 
source and on a rotating prism for sequential wavelength selection [38], 
which has a spectral bandwidth of approximately 4 nm in the range of 
interest.

SiPMs exhibit significant dark noise, which was duly accounted for 
during data analysis. Noise subtraction (estimated as average noise level 
in the DTOF as it is impossible to remove individual dark noise events) 
was applied prior to any data processing.

For each channel, the DTOFs were summed over the time dimension 
to obtain a CW (Continuous Wave) intensity value for each wavelength. 
The result is depicted in Fig. 2a.

Then, the barycenter channel was computed for each wavelength, 
leading to the plot in Figs. 2b, and a linear regression yielded the values 
reported in Table 1.

On one side, the linear regression grants an equally spaced separa
tion between spectral bands. On the other side, it allows one to decouple 
the barycenter computation from the signal intensity. In other words, 
this method is robust even changing the attenuation via the neutral 
density filter. It is good laboratory practice to repeat the spectral cali
bration at every measurement campaign. While the calibration dis
cussed here above was used for the MEDPHOT protocol (see next 
section), a new one was applied to the in vivo measurements. The out
comes were very similar (minimum–maximum deviation in wavelength 
of 0–5 nm, compatible with the spectral resolution of the pulsed laser), 
but the use of a dedicated calibration warrants best performance.

It is worth mentioning that alternative configurations are also 
possible.

Using the same diffraction grating (thus maintaining a 250 nm span), 
the central wavelength can be shifted as desired. For instance, setting it 
to 725 nm would cover the 600–850 nm range, which is particularly 
suitable for hemodynamic studies.

Fig. 2. A) signal intensity vs wavelength. cw stands for “continuous wave”; b) wavelength vs barycenter position, assessed in terms of detector number.

Table 1 
Barycenter wavelength for each channel (#1 to #16), expressed in nm.

#1 #2 #3 #4 #5 #6 #7 #8

949 933 917 901 885 869 853 837
#9 #10 #11 #12 #13 #14 #15 #16

820 804 788 772 756 740 724 708
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Alternatively, one can keep the same central wavelength (around 
825 nm) and replace the diffraction grating to modify the spectral span: 
using a grating with a lower groove density broadens the range (at the 
cost of a worst spectral resolution), while a higher groove density nar
rows it (but improves the spectral resolution). Thus, a proper choice of 
the grating could allow either the inclusion of additional absorption 
peaks (e.g., water at 975 nm, collagen at 1060 nm) or focusing on a 
specific one.

Both grating and central wavelength can also be adjusted simulta
neously to tailor the spectral range width and position to a specific 
application. In all cases, setup constraints and application requirements 
must be considered. For example, SiPM efficiency remains adequate 
between 300 and 1100 nm (at most) and TD-DOS is usually interested to 
the 600–1100 nm window.

3. Performance evaluation

3.1. MEDPHOT protocol on phantoms

The MEDPHOT protocol is a standardized procedure for the perfor
mance assessment of diffuse optics instruments [39]. Linearity and ac
curacy are the two most informative tests of the protocol, since they 
describe the ability to track variations in the optical properties of the 
sample and quantify them correctly, which is key for correct diagnosis in 
clinical settings. The samples are homogeneous epoxy resin phantoms, 
labelled with a letter to identify the “conventionally true” reduced 
scattering (A: μ'

s = 5 cm− 1, B: μ'
s = 10 cm− 1, C: μ'

s = 15 cm− 1, D:, μ'
s =

20 cm− 1, at 800 nm) and a number for the absorption coefficient (1: 
μa = 0.05 cm− 1, 2: μa = 0.1 cm− 1, 3: μa = 0.15 cm− 1, 4: μa =

0.2 cm− 1, 5: μa = 0.25 cm− 1, 6: μa = 0.3 cm− 1, 7: μa = 0.35 cm− 1, 8: 
μa = 0.4 cm− 1, at 800 nm). Then, optical properties assume specific 
values according to the wavelength around the conventionally true 
value. Fig. 3 represents a subset of the possible combinations.

Fig. 3. Results for the linearity test of the MEDPHOT protocol (panels a-d) and absorption (e) and reduced scattering (f) spectra of resin phantoms. Panels a, b and e 
are referred to the “B” series of phantoms, while panels c, d and f to the “4” series. Labels on the top refer to the measurement wavelengths (nm) for data shown in 
panels a-d, while labels on the right identify the phantoms corresponding to spectra shown in panels e-f.

Fig. 4. Absorption (a) and reduced scattering (b) spectra (average and standard deviation) from static in vivo acquisitions on the forearm.

E. Avanzi et al.                                                                                                                                                                                                                                  Optics and Laser Technology 196 (2026) 114731 

4 



Ten repetitions of 1 s each were acquired at a source-detector dis
tance of 2 cm. To extract the optical properties, DTOFs were fitted after 
noise subtraction using the analytical model for photon transport in a 
turbid semi-infinite medium under the diffusion approximation. The 
theoretical curve was convolved with the IRF to take into account the 
non-idealities of the system [40].

The system shows excellent linearity and negligible coupling be
tween absorption and scattering (Fig. 3). In fact, the worst linear co
efficients in Fig. 3a and Fig. 3d are R2 = 0.9973 at 708 nm for absorption 
and R2 = 0.9833 at 820 nm for scattering. The worst angular coefficients 
in absolute value for the ideally horizontal lines in Fig. 3b and Fig. 3c are 
5.15 at 788 nm and < 0.01 at 804 nm, respectively. As an example, this 
implies that a 1-cm− 1 effective increase in absorption could result in an 
unintended increase of 5.15 cm− 1 in the measured scattering. Rescaled 
to our application, this corresponds to an undesired variation of 0.23 
cm− 1 in scattering for a 0.05 cm− 1 change in absorption.

Comparing these results with the performance of the other 30 sys
tems assessed under the same conditions (as summarized in Table 4 of 
Ref. [41]), the parallel system falls within the first quartile for the 
linearity in absorption (1.46 % − Fig. 3a), the second quartile for the 
linearity in scattering (3.7 % − Fig. 3d), the first quartile for the cross
talk on absorption (0.9 % − Fig. 3c) and the second quartile for the 
crosstalk on scattering (4.5 % − Fig. 3b). This is compliant with better 
performances in absorption rather than scattering previously discussed. 
The four mentioned panels shown in Fig. 4 illustrate a single series; 
however, the figure of merit was evaluated using all series, as described 
in Ref. [41].

To measure accuracy, a comparison between the parallel system and 
the values provided by a well-characterized time-resolved spectroscopy 
system [38] is shown in Fig. 3e and Fig. 3f. The comparison highlights 
an excellent match for absorption (average relative error on absolute 
value of 3 %), while scattering values tend to be overestimated (average 
of + 17 %). The retrieval of microstructure information is prone to errors 
because it is linked to scattering, but the absorption measurement is 
accurate and ensures a reliable tissue composition assessment, which is a 
critical factor for diagnostic applications. These results compare well 
with the performance of other photon migration instruments [41].

3.2. In vivo reproducibility upon repositioning

The in vivo assessment began with static tests to verify the repro
ducibility in repositioning the probe. If the coefficient of variation (CV, i. 
e., the ratio between standard deviation and mean) is sufficiently small 
over 20 repetitions on the same location, then we are confident enough 
that variations in optical properties detected by the system are due to 
actual variations in tissue composition and not to experimental errors.

Measurements (20 repetitions of 1 s each) were taken at the midpoint 
of the forearm anterior part, where ulna is covered by a layer of fat and 
muscle, as hinted by the growth in absorption in Fig. 4a for wavelengths 
longer than 800 nm. The reduced scattering coefficient Fig. 4b slowly 
decreases from 700 to 950 nm, though the trend is not perfectly smooth, 
deviating from the clean exponential trend predicted by Mie theory. This 
is consistent with observations made on the homogeneous phantoms. 
The corresponding CVs are respectively lower than 5 % and 4.5 %, 
demonstrating a reliable tissue characterization.

4. Application for scanning in vivo measurements

4.1. In vivo protocol for scanning measurements

The system was devised to perform quick multi-wavelength acqui
sitions for a timely assessment of tissue composition. Three heteroge
neous body parts were chosen, featuring varying thicknesses of fat and 
muscle layers, occasionally interrupted by bone: 1) the back, horizon
tally from left hip to right hip in the lumbar region crossing the spine, 2) 

the back in the lumbar region on the left side scanning vertically 
downwards, 3) the left calf, scanning clockwise from 6 to 3 o’ clock 
across the tibia.

The parallelization of wavelength acquisition allows for swift mov
ing measurements, with an operator holding the probe, similar to clin
ical ultrasound (US) imaging procedures. A linear grid of 21 points (from 
0 to 20), in 1 cm steps, was drawn on the skin to guide the operator 
during scans. The only exception was a 1.5 cm spacing for subject 2 on 
the calf to accommodate its size. The source-detector axis of the probe 
was oriented perpendicular to the grid. Measurements were conducted 
in two modes: at discrete steps, with the probe held still at each position 
for a duration dictated by a metronome (5 acquisition repetitions of 1 s 
per position), and continuously, with the probe moving smoothly across 
the grid points, synchronized with the metronome timing. Probe sliding 
on the skin was favoured by the use of optically-tested ultrasound gel 
[42]. In both modalities, each point consists of 1 s of acquisition and 
about 1 s of dead time due to data transfer and processing. The duration 
of each scan was of about 8 min (21 positions x 5 repetitions x 2 s + 5 
min probe positioning) for the discrete mode and about 40 s for the 
continuous mode. For discrete measurements, light attenuation was 
tuned at each position to optimize signal-to-noise ratio (17–20 Mcps 
over the 16 channels of the TCSPC board), while during continuous 
scans it was kept constant (15–25 Mcps over the 16 channels of the 
TCSPC board). The discrete measurement is used as optical ground truth 
with minimized motion artefacts. For all measurements, the subject was 
seated, with the leg resting on a stool at the same height as the seat only 
during the calf measurement.

Optical measurements were followed by B-mode US imaging (E2 
Exp., Sonoscape Medical Corp., China) to assess the muscle and fat 
thicknesses and identify bone position. This information is used as 
ground truth to interpret and validate optical data.

Three subjects were measured, whose demographics is reported in 
Table 2. All measurements were approved by the Ethical Committee of 
Politecnico di Milano and performed after written informed consent.

Results were derived by replacing the Lambert-Beer law and an 
empirical approximation to Mie theory [40] into the solution of the 
diffusion equation for a homogeneous semi-infinite medium, with 
extrapolated boundary conditions [43]. Composition was assessed in 
terms of lipids, water, hemoglobin concentrations and oxygen saturation 
(estimated from oxy- and deoxyhemoglobin content). Microstructure 
was assessed in terms of scattering parameters: the scattering amplitude 
a is linked to the size of scattering centers and the scattering power b to 
their density, as envisioned by the Mie theory [44].

4.2. Results and discussion for tissue characterization

The following figures depict the results of in vivo scanning mea
surements. Fig. 5, Fig. 7 and Fig. 9 depict the optical results. Fig. 6, Fig. 8
and Fig. 10 depict the corresponding US images. The aim of US images is 
to show the stratified structure of the back and the calf, which consist of 
skin, fat, muscle and bone. The yellow lines indicate the fat thickness, 
which is the intermediate layer between the skin and the muscle/bone. 
The goal is to identify correlations between optical data and tissue 
structured imaged by US and show that the thicker the fat, the lower the 
contribution of muscle and bone in the tissue composition assessment.

Fig. 6 represents the spatial evolution across the back, passing 
through the spine. All curves regarding composition are symmetrical, 
with the central position as either the maximum or minimum. In 

Table 2 
Demographics of recruited subjects. BMI stands for body mass index.

Age (y) Sex BMI (kg/m2) Sport (hours/week)

Subject 1 30 F 21.2 1–2
Subject 2 26 M 24.1 6–7
Subject 3 27 F 21.5 1–2
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general, as shown by the US images in Fig. 6, on the hips the superficial 
adipose tissue in thicker and leads to a higher lipid content assessed 
optically, while, when approaching the spine, muscle (with high water 
and blood content) is closer to the surface and better probed by the 
optical measurements. The bone is a discontinuity point for the muscle 
layer (but not for the adipose one), with diverse effects. In fact, discrete 
and continuous acquisitions always yield consistent results, except for 
water and hemoglobin in subject 2 at the midpoint, where a sudden 
trend inversion is exhibited by the discrete mode. Subject 2 is a male 
with significantly thicker muscle layer than the two female subjects (in 
agreement with his higher water and blood content) and the different 
tissue structure might explain the results, where the spine clearly sep
arates the left and right muscles (Fig. 6, position 10). Finally, it is worth 
mentioning that in all subjects oxygen saturation has an opposite 
behavior with respect to total hemoglobin, suggesting that oxyhemo
globin varies less significantly than deoxy-hemoglobin with position.

Fig. 7 illustrates the vertical distribution of lipids, water, 

hemoglobin, blood oxygen saturation and scattering parameters along 
the lumbar region of the back. As expected, in this situation there is no 
significant contribution from bones and a progressive increase is 
observed in fat tissue at the expense of muscle when approaching the 
hips. This trend is more marked in females than in males, not only in 
relative values but also in absolute ones, in agreement with what shown 
by the US images in Fig. 8 and what reported in general in the literature 
when sexes are compared [45]. Similar to what discussed about the 
previous measurements, here again the scattering parameters show no 
clear changes with position. The scattering slope seems to decrease with 
position in subject 1, but this is not confirmed in the other subjects.

Finally, Fig. 9 presents the results for circular scans around the calf. 
This is the most difficult measurement to perform given the surface 
curvature, which probably explains the less effective overlap between 
discrete and continuous acquisitions, and in particular the shift observed 
between the two acquisition modalities for subject 2. This notwith
standing, all measurements exhibit peaks and/or dips in correspondence 

Fig. 5. Spatial variation of tissue composition for horizontal in vivo measurements across the back. Columns correspond to different subjects and rows to constituent 
concentrations and scattering parameters. Error bars represent the standard deviation over 5 repetitions of discrete acquisitions.
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Fig. 6. US images of the 3 subjects (columns) at 5 symmetrical positions (rows) across the back with respect to the spine (position 10). Yellow lines show the 
thickness of the adipose layer.
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Fig. 7. Spatial variation of tissue composition for vertical in vivo measurements along the back. Columns correspond to different subjects and rows to constituent 
concentrations and scattering parameters. Error bars represent the standard deviation over 5 repetitions of discrete acquisitions.

Fig. 8. US images of the 3 subjects (columns) at 3 positions (rows) along the back. Yellow lines show the thickness of the adipose layer.
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Fig. 9. Spatial variation of tissue composition for circular in vivo measurements around the calf. Columns correspond to different subjects and rows to constituent 
concentrations and scattering parameters. Error bars represent the standard deviation over 3 repetitions of discrete acquisitions.
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of the tibia (positions 15, 14 and 13 respectively for subject 1, 2 and 3 in 
Fig. 10) consistently aligned among all constituents and scattering pa
rameters. Contrary to what observed on the back (Fig. 5), now for all 
subjects (not only subject 2) bone is in contact with dermis, with no 
intermediate muscle layer. This causes an increase in lipids and oxygen 
saturation, concurrent with a reduction in water and hemoglobin. While 
absorption trends seem to be more affected by the intermediate layer, 
scattering reflects the proximity of bone, with an increase in slope in 
correspondence of spine and tibia.

5. Conclusions

In this work we introduced a parallel time domain diffuse optical 
spectroscopy system based on a compact 16-channel SiPM array. The 
overall footprint of the array board is 32 x 45 mm2 and the single-photon 
timing resolution is 65 ps. The system was configured to parallelize the 
spectral acquisition over the 700–950 nm range, with spectral step Δλ =

16 nm, thus matching significant absorption peaks of hemoglobin, lipids 
and the rising edge of water, that are characterizing components of 
muscle, adipose and bone tissue.

We applied the MEDPHOT protocol and observed excellent linearity 
(R2 = 0.9973 for absorption and R2 = 0.9833 for scattering as worst 
values), a negligible absorption–scattering coupling (an undesired de
viation of 0.23 cm− 1 in scattering for a 0.05 cm− 1 change in absorption 
and negligible effect of scattering changes on estimated absorption), and 
a remarkable absorption accuracy (average error in absolute values of 3 
%). Scattering tends to be overestimated (average error of + 17 %). The 
system demonstrated excellent reproducibility over 20 in vivo reposi
tioning trials on the forearm, achieving a coefficient of variation (CV) <
5 % for absorption and < 4.5 % for scattering. Finally, scans were per
formed longitudinally and transversely along the back and around the 
calf of healthy volunteers to assess the system sensitivity to variations in 
tissue composition (lipids, water and hemoglobin) and microstructure 
(scattering parameters), including adipose tissue, muscle, and bone. The 
observed trends correlate well with complementary information from 

US imaging. The system effectively characterized tissue through smooth, 
continuous scans covering 20 cm in just 40 s.

At setup level, the main factors impacting on the quality of the 
experimental measurements are the limited spectral resolution (16 nm) 
and the use of a single attenuator to modulate light intensity over all the 
16 channels. In other words, the accuracy of optical properties and 
constituent concentrations may improve (even if current values are 
already promising) by adding channels over the 700–950 nm range (thus 
reducing the band Δλ of the single channel) and by means of power 
equalization (thus enabling a better control of the signal-to-noise ratio).

At measurement level, the main factors that impact on the scan 
quality are unwanted motion artifacts, different compression, vibra
tions, not perfectly straight scans. Misalignment between expected and 
actual probe position should also be considered. Now synchronization 
(to scan 20 cm in 40 s) is visually guided by the grid. Comparison be
tween “discrete” and “continuous” measurements suggests that this 
method is efficient, but may be improved.

Future work will be devoted to test the effectiveness of the system 
during functional tasks (e.g., breathing monitoring, brain activity 
tracking), thus exploiting at maximum the time advantage granted by 
the spectral parallelization with respect to a sequential approach. Also, 
we will deepen the re-arrangement of the 16 channels to obtain maps of 
the tissue that can be exploited for diagnostic applications not only 
through diffuse optics but also, e.g., through autofluorescence imaging. 
Furthermore, research about SiPMs technology is rapid and unceasing, 
leveraging their cost-effectiveness, robustness and high responsivity. So, 
the use of larger area sensors up to 100 mm2 [16] could grant higher 
dynamic range for broad source-detector distances, enhancing the 
investigation of deep tissue layers. Finally, so far we have maximized 
throughput within the single-photon statistics to focus on instrument 
validation. However, given the extremely short dead time of both the 
TCSPC board (650 ps) and the SiPM detectors (~4 ns), we plan to fully 
exploit the system capabilities by operating at count rates exceeding the 
single-photon statistics and applying appropriate algorithms to correct 
for the resulting pile-up effect [46]. This approach removes the need for 

Fig. 10. US images of the 3 subjects (columns) at 4 positions (rows) around the calf. Yellow lines show the thickness of the adipose layer. The displayed positions are 
not the same for all subjects to adjust to tibia location (position 15, 14, 13) according to calf dimension.
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equalizing the signal across channels and will allow us to either increase 
the count rate, leading to an overall improvement in the signal-to-noise 
ratio, or, alternatively, to maintain the same signal-to-noise ratio while 
reducing the integration time, enabling the system to track fast dy
namics more effectively.
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