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Addressing the need for
non-invasive lung assessment
with time-resolved diffuse optics
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Rinaldo Cubeddu?, Antonio Pifferi®* and Paola Taroni'3®

'Dipartimento di Fisica, Politecnico di Milano, Milan, Italy, ?Dipartimento di Meccanica, Politecnico di
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Monitoring lungs functions is key for detecting several morbidities and
pathologies. Photons in the 600-1,300 nm range might have the potential to
reach lungs and provide compositional and functional information. Yet, few
optical techniques have been challenged non-invasively so far. In this paper,
we investigate the conditions to probe lungs using Time Domain Diffuse Optical
Spectroscopy (TD-DOS). Counterintuitively, from Monte Carlo simulations we
discovered that a higher absorption coefficient in the chest wall as compared to
lungs increases sensitivity to deeper structures. In vivo measurements on the
thorax of healthy volunteers during a forced breathing protocol, complemented
with information on lung composition and previously evaluated in vivo spectra of
porcine lung, suggest that this condition occurs above 1,100 nm. Multiple
experimental setups were exploited to cover the 600-1,300 nm spectral
range and test different source-detector distances (3-7 cm). Al
measurements exhibit oscillations consistent with the breathing rhythm,
suggesting detection of lung expansion and compression. However, marked
differences for different subjects and a complex dependence of the detected
signal on the photon time-of-flight seem to allure to a non-trivial role of photon
propagation through lungs, related—for instance—to the presence of alveoli and
perhaps also to the overlying heterogeneous tissues. The unceasing
development of time-resolved single-photon detectors with increasing
performances above 1,000 nm, and a better understanding of lung
optics—e.g., anomalous diffusion models—will help unravel the information
from late, deep-travelling photons and lead to a novel photonic tool to probe
the lungs non-invasively.

KEYWORDS

lung, time domain diffuse optics, non-invasive tissue characterization, Monte Carlo
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Introduction

The persistence as the leading cause of cancer death since 1981 and the recent outbreak
of COVID-19 pandemic underscore the broad benefit that a non-invasive, reliable and low-
cost tool for the diagnosis of pulmonary diseases would provide (Dattani et al., 2024).

Currently, lung diseases are primarily detected through function tests, x-ray-based
imaging procedures or biopsy. Spirometry and pulse oximetry measure the breath capacity
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and the oxygen saturation, but the origin (e.g., emphysema, oedema
or lung cancer) of lung-related symptoms is investigated through
Computed Tomography (CT) and chest x-ray imaging (Hollings
and Shaw, 2002; Dong et al., 2021). However, they involve high
doses of radiation exposure and CT is expensive, preventing these
techniques from being performed on a routine basis. Besides, they
cannot provide physiological insight that is essential for efficient
identification and monitoring of the disease. Thus, imaging is often
combined with lung needle biopsy or bronchoscopy, which are
invasive procedures that could lead to complications like pneumonia
or pneumothorax, and require hospitalization (Vetrugno et al,
2024), besides being very distressing for the patient.

As a result, the interest in developing optical techniques for
diagnostic and monitoring applications has rapidly grown, driven by
the attractive potential of non-invasive lung characterization (Zeng,
McWilliams, and Lam, 2004). However, the challenge of accessing the
lungs deep within the thorax often lead to pairing these techniques with
endoscopic imaging and biopsy procedures to overcome their limited
penetration depth or low signal level, thus jeopardizing their non-
invasiveness. For instance, autofluorescence imaging and near-infrared
Raman spectroscopy can be coupled to endoscopy to improve the
localization of early lung cancer (Zaric et al, 2013; He et al, 2013;
Hohert et al., 2020; Chen et al., 2021). Also, a pilot study has proven the
feasibility of an OCT (Optical Coherence Tomography) probe during
bronchoscopy to provide images of bronchial tumors (Michel et al,
2010; Quirk et al,, 2011; Long et al., 2023). Furthermore, if combined to
needle biopsy diffuse reflectance spectroscopy can discriminate between
cancerous and healthy tissue (Costa et al., 2024; Spliethoff et al., 2016).

Two promising techniques that could fully exploit their non-
invasive potential are Gas in Scattering Media Absorption
Spectroscopy (GASMAS) and Time Domain Diffuse Optics
Spectroscopy (TD-DOS). GASMAS proved promising in detecting
oxygen in new-born piglets’ and healthy infants’ lungs (Pacheco et al.,
2020; Svanberg et al., 2016), but is still quite limited in applicability to
adults, and lacks quantitation due to the difficulty of evaluating
photons pathlengths scattered in lungs’ alveolar structure.

Our group has recently proposed TD-DOS as a potential non-
invasive approach to probe the lungs transcutaneously (Pifferi et al.,
2024). TD-DOS has previously yielded significant findings in
characterizing breast (Poplack et al., 2023; Grosenick et al,
2016), brain (Quaresima and Ferrari, 2019; Fantini et al., 2018;
Torricelli et al., 2014), muscle (Hamaoka et al., 2011; Hamaoka and
McCully, 2019; Perrey and Ferrari, 2018) and other tissues (Hoshi
and Yamada, 2016; Langhout et al., 2015; de Koning et al., 2020;
Mimura et al., 2021). Simulations (Mojahed et al., 2022; Liao et al.,
2018; Durkee et al., 2018), tests on tissue phantoms (Pacheco et al.,
2020; Listewnik et al., 2021; Pacheco et al.,, 2021) and on ex vivo
samples (Beek et al., 1997; Lacerenza et al., 2020; Bossi et al., 2024)
were conducted to explore photon migration in lungs. In a first study
on healthy volunteers, we detected changes in TD-DOS signals
strongly related to lungs expansion in a protocol of forced
breathing. Yet, many issues were raised due to scrambled results
due to intersubject variability, leaving an unsettled question on the
real capabilities to reach the lungs transcutaneously.

The goal of the present study is to open a new frontier in the non-
invasive investigation of lungs by exploring a new research path to
unleash the potential of TD-DOS. The technique can characterize
biological tissues in terms of composition and microstructure down
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to several centimeters of depth interpreting the propagation of
picosecond light pulses through tissue, especially when a large source-
detector distance p is employed (3-7 cm) (Gandjbakhche, 2001).
Depending on the wavelength range of operation, different tissue
constituents can be quantified. In our work, typically performed on a
broad spectral range, TD-DOS measures yield the concentrations of oxy-
and deoxy-hemoglobin, water, lipids and collagen, as derived from their
peculiar absorption features in the red and near-infrared spectral range
(600-1,300 nm, the so-called “therapeutic window”). On the other side,
tissue microstructure, as determined by organelles, membranes,
mitochondria and fibrils, affect the refractive index of the tissue at
exam, with an impact on photon scattering in that spectral range.

Building on the findings of our previous study, we understood
the importance of assessing the chest and lung absorption spectra in
vivo, of evaluating the chest thickness and of specifying the type of
breathing. These key insights gained from experience guided us in
tailoring the next steps of our research.

As a first step of the present study, Monte Carlo (MC)
simulations were run to identify the most favorable setting for
probing lungs. The thorax was modelled with a simplified
approach as a bilayered medium, where the bulk represents
pulmonary tissue and the upper layer gathers all overlying chest
tissues. Different scenarios of the absorption and scattering
coefficients of both layers were considered (i.e., keeping the
upper layer properties fixed and testing higher, similar and lower
values in the bulk), to understand when TD-DOS measurements
would be most sensitive to the optical properties (and consequently
composition and structure) of the bulk.

Secondly, the chest and lungs absorption spectra were assessed
in vivo over a broad spectral range (600-1,300 nm) to understand
where the optimal conditions previously identified are best met. The
chest spectrum was evaluated through TD-DOS measurements with
a small source-detector distance (2 cm). The lungs spectrum was
derived from previous measurements performed in contact with the
organ in vivo on swine (Spinelli et al., 2011).

Finally, healthy volunteers were measured to sense the lung
transcutaneously. A forced breathing (i.e., hyperpnea) protocol was
used to verify the sensitivity to lung optical properties under
controlled conditions. To better isolate the most impactful factors
on the outcomes, multiple measurement campaigns were conducted
testing different probe positions on the thorax, measurement
protocols and wavelengths. Indeed, multiple experimental setups
were assembled and exploited to cover the whole spectral range of
interest and test different source-detector distances, based on the
available laser power and detector sensitivity.

The results derived from simulations, spectra assessment and in
vivo measurements identify a complex situation that requires further
investigation, but hints at the significant potential of TD-DOS to
probe lungs non-invasively.

Materials and methods
Monte Carlo simulations
MC simulations were run to assess the best experimental

conditions to probe lungs non-invasively, using the open access
platform MCX (Fang and Boas, 2009).
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FIGURE 1

(a) Bilayered thorax model used to run MC simulations and region of photon propagation (banana shape) for different time gates on the DTOF; (b)
Representation of how forced inhalation (orange) and exhalation (purple) affect lung absorption.

As it can be inferred from Figure la, thorax anatomy is very
complex: the presence of skin, subcutaneous adipose tissue, muscles
ribs, pleural membranes and fluid (with possible waveguide effect),
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and the depth and alveolar nature of pulmonary tissue complicates
the description of photon propagation through thorax. As an initial
approach to model it, we assumed the simplest geometry, i.e., a
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TABLE 1 Optical properties of the bulk tested with MC simulations. For the superficial layer: p,; =0.12cm™, pg; =7 cm™. IN stands for inhalation and OUT for

exhalation.
Condition “szl = IJs:I., [Cmil] Hs2 ‘ >IJsll [Cmil]
By > Baseline 0.600 7.0 20.0
IN 0.400 4.7 13.3
ouT 0.900 10.5 30.0
Uap > Moy Baseline 0.200 7.0 20.0
IN 0.130 4.7 13.3
ouT 0.300 10.5 30.0
Uy <P Baseline 0.100 7.0 20.0
IN 0.067 47 13.3
ouT 0.150 10.5 30.0
Uy < g Baseline 0.070 7.0 20.0
IN 0.047 4.7 13.3
ouT 0.105 10.5 30.0

bilayered medium, where the superficial layer collectively represents
the chest wall, while the bulk stands for pulmonary tissue, regarded
as a homogeneous medium, thus not taking into account its alveolar
structure. As regard the lung position, the strength of TD-DOS
consists in coding the depth reached by photons into a “delay”
(Pifferi et al., 2016). Different time gates of the output pulse are
sensitive to different layers of the tissue at exam, with later time gates
corresponding to deeper layers, as depicted in Figure 1a. This occurs
because the longer the permanence of photons in the medium, the
longer their trajectory through it and, consequently, the higher the
probability to be absorbed.

Unlike the superficial layer, the lungs are expected to undergo
relevant variations between inhalation and exhalation phases, as
schematized in Figure 1b. While inhaling, the chest expands and the
diaphragm contracts, thus the volume of lungs increases and, for a
given mass and composition, density and, consequently, absorption
and scattering are expected to reduce. The opposite occurs during
exhalation.

The medium was modelled as a bilayered cylinder with radius of
8 cm. The thickness of the superficial layer (3 cm) was fixed
according to average chest wall values measured by CT (Kang
et al,, 1993). The bulk thickness (5 cm) was chosen to guarantee
a semi-infinite description of the medium. The source-detector
distance (5 cm) was chosen based on the maximum penetration
depth of photons, as a function of the superficial layer thickness, to
ensure the bulk is reached (Martelli et al., 2023). The cylindrical
symmetry was exploited by locating a single pencil source on its axis,
and multiple microscopic circular detectors (9 mm?® area each)
distributed continuously with a contact point between first
neighbors (as in a pearl necklace) to obtain a macroscopic single
collective ring detector with an average radius of 5 cm. The ring
detector is coaxial and coplanar to the source, to enable a reflectance
measurement mode (Figure 1a). The output Distribution of Times
Of Flight (DTOF) was computed as the sum of 30 repetitions, in
order to increase the signal-to-noise ratio. The number of launched
photons per simulation was 10°, the anisotropy factor 0.89 (Sarid
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and Abookasis, 2022), the refractive index 1.45 (Sarid and
Abookasis, 2022; Khan et al., 2021) for both layers, and the time
span of the DTOF 8 ns, with a time bin of 8 ps.

Absorption (y4,) and reduced scattering values ([4;) were
attributed to each layer (i.e., superficial and bulk) and breathing
phase (i.e., inhalation and exhalation), as illustrated in Table 1. In
particular, the optical properties of the superficial layer (u,, =
012 ecm™ and p,; = 7 cm™') derive from average values
measured through in vivo experiments on healthy subjects at
short source-detector distance (2 cm), as discussed in the next
section (Campaign A). The absorption values of lungs were
selected to cover four possible cases: much higher (u,, > u,,),
moderately higher (u_, >u,,), moderately lower (u, <y, ), and
much lower (4, <, ) than the superficial layer one. For the
superficial layer, the values used in the simulations were selected
based on preliminary in vivo measurements. For the lung the values
were chosen in the range typical for biological tissues and (for the
absorption coefficient) based on lung composition as reported in the
literature. Regarding scattering properties, two values were
investigated: equal to (u,’ =y ') and higher than the superficial
layer (u,' > p,"). Inhalation and exhalation were described as a
reduction (-33%) and increase (+50%) in absorption and/or
respectively, with respect
corresponding to regular non-deep breathing (i.e.,, eupnea)
(Barret et al., 2012).

reduced scattering, to baseline,

Experimental setups

Three different time-resolved diffuse optical setups were

employed, according to the specific goal of each
measurement campaign.

Setup A (Figure 2a) was used to measure the absorption and
reduced scattering spectra of the superficial layer of the thorax in
vivo from 600 to 1,100 nm. It includes a supercontinuum pulsed

laser (SuperK Extreme, NKT Photonics A/S, Denmark) operating
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FIGURE 2

Schemes of the setups for in vivo measurements: (a) Setup (a) to
assess the superficial layer spectra (Campaign A, 600-1,100 nm); (b)
Setup (b) for large source-detector distance measurements
(Campaign B, 1,080 nm); (c) Setup (c) for broadband
measurements (Campaign C, 700-1,000 nm for SiPM and
1,100-1,300 for PMT).

at 40 MHz. Single wavelengths are selected using a rotating
Pellin-Broca prism. Light is attenuated through a variable
Neutral Density filter for signal optimization and is conveyed
to and collected from the subject through optical fibers (100 pm
core for injection and 1 mm core for collection). The interfiber
distance is fixed to 2 cm with a custom-made probe. The average
power injected into the tissue is around 2 mW all through the
600-1,100 nm range. The detector is a fiber-based custom-made
single-photon detector module based on a SiPM (S13362-
1350DG, Hamamatsu Photonics K.K., Japan) with an active
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area equal to 1.3 x 1.3 mm® (Martinenghi et al., 2016). The
output DTOF is reconstructed with a Time-Correlated Single
Photon Counting (TCSPC) board (SPC-130, Becker & Hickl
GmbH, Germany). The width of temporal channels is set
to 3.05 ps.

Setup B (Figure 2b) was exploited to perform large source-
detector distance measurements in vivo. The source is an actively
mode-locked Titanium:Sapphire laser, that, optimally attenuated,
reaches a power of about 10 mW at the distal end of the injection
fiber. To comply with safety limits, the power density was reduced
below the Maximum Permissible Exposure, by broadening the
beam. The repetition rate is 100 MHz and the light wavelength was
tuned to 1,080 nm (longest available wavelength of stable lasing).
Two probe-hosted SiPMs with front-end electronics were put
directly in contact with the subject’s skin to maximize the light
harvesting capability. A 1.3 mm-side SiPM (S13360-1350CS,
Hamamatsu Photonics K.K., Japan, (Avanzi et al, 2023)) is
located at 5.5 cm from the source and a 3 mm-side one
(S13360-3075CS) at 7 cm. These detectors require an
amplification stage (gain: 200, model: VT120A, Ortec/Ametek
Inc., United States of America) before the TCSPC processing
(MultiHarp 150 16P, PicoQuant GmbH, Germany), that has a
time bin of 5 ps.

Finally, Setup C (Figure 2c) was employed to carry out
broadband measurements in vivo. It resembles Setup A (even in
injected power), except for the laser model (SuperK Fianium FIR20,
NKT Photonics A/S, Denmark) and the detection chain. SiPMs
alone cannot cover efficiently the whole 600-1,300 nm spectrum,
then a photomultiplier tube (PMT) module (H10330A-45,
Hamamatsu Photonics K.K., Japan) was added, with optimal
operating range spanning from 950 to 1,400 nm. Also, in this
case the SiPM is 3 mm-side and directly in contact with the
subject skin, to improve the light harvesting capability. Both
collection devices were placed at 3 cm from the source. The
SiPM was used at 700, 800 and 1,000 nm, and the PMT at 1,100,
1,140, 1,260, 1,300 nm.

In vivo measurements

Three
corresponding to the 3 setups just described.

measurement ~ campaigns  were  accomplished,

Campaign A aimed at assessing the optical properties of the
thoracic superficial layer, from 600 to 1,100 (10 nm step) nm at p =
2 cm. Campaign B and Campaign C aimed to probe lungs at large
source-detector distance (5.5 cm at 1,080 nm) and over a broad
spectral range (700-1,300 nm in steps of 10 nm, at 3 cm source-
detector distance), respectively.

The measurements were approved by the Ethical Committee of
Politecnico di Milano, and they were conducted in compliance with
the Declaration of Helsinki. All subjects signed a written

informed consent.

Measurement protocol

In Campaign A, the full spectrum was acquired while the subject
was at rest, without performing any task. Two positions of the
injection/collection fibers were probed: parallel and orthogonal to
ribs. The acquisition of a single spectrum took about 90 s,

frontiersin.org


https://www.frontiersin.org/journals/photonics
https://www.frontiersin.org
https://doi.org/10.3389/fphot.2025.1559430

Maffeis et al.

TABLE 2 Details of the subjects that participated in Campaign A, B and C.

Subject ID Age Sex Campaign
#2 27 M B, C

#3 29 M B, C

#4 27 M B, C

#5 58 M B, C

#6 37 M B

#7 26 M B

#8 26 M A, B

#9 26 M B

#10 30 F A

#11 26 F A

#12 25 M A

#13 29 M A

#14 61 F A

using an integration time of 1 s/wavelength, including

processing time.

In Campaign B and C, the hypothesis of photon propagation
through lungs was tested with a rhythmed, deep breathing protocol,
where a positive response is indicated by variations in optical
parameters synchronous with breathing. The rhythm consists in
a series of 5 deep inhalation-exhalation cycles of 20 s each, preceded
and followed by 20 s of normal breathing, for a total of
140 acquisitions of 1 s each. The subject was asked to transit
from one phase to the next as quickly as possible and to hold
breath at each stage, so as to grant stable measurement conditions.
The protocol was repeated in series at separate wavelengths (B:
1,080 nm, C: 700, 800, 1,000, 1,100, 1,140, 1,260, 1,300 nm). In
particular, two versions of the protocol were applied sharing the
same time pattern:

1. Thoracic breathing: inhalation and exhalation manifest
especially at the upper part of the chest;

2. Diaphragmatic breathing: inhalation and exhalation manifest
especially at stomach level and lower.

The probe was always held by an operator, to mimic the
configuration of a standard ultrasound exam in the radiology
unit, orthogonally to the ribs, to comply with the probe size
when using long source-detector distances. In all campaigns, the
probe was placed on the right part of the chest, to avoid potential
interference of the heartbeat and of the heart tissue itself. In
Campaigns B and C, the source side of the probe was placed
between the nipple and the sternum, at the nipple height; the
detector side extended longitudinally towards the clavicle, thus
crossing ribs.

Study population

The work presented here is the result of investigations
performed over months. Critical or unclear aspects that emerged
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test by test led to the design of the following measurement campaign
in terms of experimental setup and protocol. Due to this spread over
time, a systematic and rigorous in vivo assessment on a fixed cohort
proved not feasible. Study population of each campaign depended
on the current availability of subjects.

Table 2 lists the features of all the healthy volunteers that
participated in the study. The column “Campaign” reports in
which measurement sessions they participated. The overall
average age was 33 * 12 years. Campaign A involved 6 subjects,
Campaign B 8, and Campaign C 4. Subject #1 was excluded as it was
used as a mock session for defining the protocol.

Data analysis

Four types of analysis methods were applied.

In Campaign A, the absorption and reduced scattering
coefficients  over  the  experimental  spectral  range
(600-1,100 nm, “experimental range”) were derived from the
analytical solution of the diffusion equation for a homogeneous
semi-infinite medium, with extrapolated boundary conditions
(Martelli et al., 2009). The theorical curve is convolved with the
Instrument Response Function (IRF) and best-fitted to the
measured DTOF (Pirovano et al., 2020).

Still in Campaign A, the extension of the spectrum up to
1,300 nm (“fitting range”) exploited the Lambert-Beer law and an
empirical approximation to Mie theory (Martelli et al., 2009), which
allow one to relate absorption with constituent concentrations and
reduced scattering with amplitude (a) and slope (b) parameters,
respectively. As detailed in the “Results” section, a two-step
procedure allows one to 1) compute concentrations (scattering
parameters) from the absorption (reduced scattering) coefficients
in the 600-1,100 nm experimental range using Lambert-Beer law
(Mie theory), 2) derive absorption (reduced scattering) coefficients
in the 600-1,300 nm fitting range starting from the concentrations
(scattering parameters) using the same law, but inversely. In other
words, in step 1 ¢, (1) is an input and the concentrations the output,
while in step 2 the situation is reversed. The extension of the
spectrum assessment from “experimental” to “fitting” range
through this hybrid approach is based on the knowledge of the
extinction coefficients from 600 to 1,300 nm and the confidence in a
reliable quantification of constituents concentrations already across
the experimental range, since the relevant absorption peaks are
encompassed. The constituents of interest are oxy- and deoxy-
hemoglobin, water, lipids, collagen and a “background”
parameter. While all constituents are characterized by peculiar
absorption features, the background is associated to a flat
spectrum and acts as an idle component to take into account the
contribution of other not specified chromophores (e.g., myoglobin)
and limits of the theoretical model (Serra et al., 2024).

In MC simulations and in Campaigns B and C, gated contrasts

C(t) were computed to evaluate sensitivity to the bulk:

_ IEWR(T)dT - _[TNRO ()dr

C(t
® _[ZWRO (r)dt

(1)

where t: time, At: gate width, R: perturbed (IN or OUT) reflectance,
Ry: (average) reference reflectance. The calculation of the gated

frontiersin.org


https://www.frontiersin.org/journals/photonics
https://www.frontiersin.org
https://doi.org/10.3389/fphot.2025.1559430

Maffeis et al.

contrast consists in dividing the DTOF (not normalized for
simulations and in Campaign B, normalized in Campaign C)
into multiple time windows and summing the photons contained
in each of them. The gates width is 0.4 ns for MC simulations
(Figure 1) and 1 ns for in vivo measurements, based on different
Signal-to-Noise Ratios. The starting time of the first gate coincides
with the peak of the IRF. Then, gate by gate, the contrast is computed
as the difference between the intensity of the current acquisition
(either inhalation or exhalation) and the reference intensity
normalized to the reference intensity. The reference intensity
the “average” DTOF for MC
(Figure 1la), or a DTOF averaged over the 10 (inhalations) +10
(exhalations) acquisitions of the current breathing cycle for in vivo

derives from simulations

measurements.

Finally, the fourth analysis method, applied exclusively to the
results of Campaign B, involves calculating the variation in the
absorption coefficient Ay, between a late gate 7; and an early gate
7, normalized to a reference intensity I defined as below (Contini
et al., 2007):

I(1) _ I (7g)
Iy (1) 1o (7g)

Ap, (1) = —VLTL In (2)

where I = ﬁmt R(7)dt, Iy = JTN Ry (7)dT, 7 is an early gate, 77 is

late gate and v is the speed of light in tissue.

Results

Monte Carlo simulations for a
bilayered medium

The first stage of our research to characterize lungs non-
invasively through TD-DOS consists in modelling the thorax
anatomy and breathing mechanism in optical terms. This is
useful to define the forward problem for MC simulations and
test different possible scenarios (e.g., distribution of optical
properties) to identify which is the one that conveys most
effective information about lungs tissue. Such action is
propaedeutic for the choice of the experimental setting and,
consequently, of the system that best meets the identified optimal
conditions, mainly in terms of operating wavelength and detected
signal level at large source-detector distances, as well as for
interpreting the results of the diffuse optical measurements.

Figure 3a (u," =7 cm™) and Figure 3b (4, =20 cm™) in depict
the gated contrast evolution along the optical pulse time (also
referred to as “microtime” in the following, in contrast to the
“macrotime” of the breathing functional exercise of in vivo
measurements), gate by gate (400 ps width), for the 4 cases
(columns) and the 2 breathing phases (rows). It can be observed
that C (¢) increases with time, which means later gates are associated
with higher contrasts, as expected. As an indicative estimate, C(t))
20% for t) 4 ns, as a rule of thumb for a reliable contrast assessment,
minimizing the risk of confusion with noise and fluctuations. Also,
the contrast for a variation in absorption (blue curve) is maximum
when u, <p, and p, <p,. On the contrary, it seems rather
insensitive to variations in reduced scattering, both in relative

(orange curve in graphs) and in absolute (7 cm™ vs. 20 cm™)
g grap
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terms. Therefore, a higher absorption in the upper layer increases
sensitivity of TD-DOS to lungs, as will be further tackled in the
Discussion.

In vivo spectra of the thorax

After identifying the most favorable combination of optical
properties to probe lungs (u,, <y, ), we aimed at verifying at
which wavelengths such condition is met. To achieve this,
maintaining the bilayered modelling of the thorax, it is key to
estimate the absorption and reduced scattering spectra of both
superficial layer and lungs across a broad spectral range
(600-1,300 nm). The wavelength selection will influence the
setup chosen to perform in vivo measurements.

Campaign A: superficial layer spectra

As anticipated, short source-detector distance measurements
(2 cm) were conducted to assess the average optical properties of
the superficial layer. The average thickness of the chest is about
3 cm. Thus, we believe that a source-detector distance of 2 cm is
adequate to probe the superficial layer, granting a reliable estimate
of both absorption and reduced scattering. At shorter distances,
reduced scattering often suffers from artifacts. An estimate over
wavelengths and subjects was chosen to set the corresponding
values for Monte Carlo simulations in the previous section.
Acquisitions were carried out on 6 healthy subjects (Campaign
A in “In vivo measurements” section), from 600 to 1,100 nm, with
the time-resolved system labelled as “Setup A” in section
“Experimental setups”.

Two positions on the chest were probed: parallel and orthogonal
to ribs (Figure 4a). The corresponding absorption and reduced
scattering coefficients were retrieved with a homogeneous
solution of the diffusion equation, thus averaging over the optical
properties of the heterogeneous tissues that we collectively identify
as “superficial” layer. As can be inferred from Figure 4, ribs do affect
the spectral line shapes. While the profiles remain substantially
(Figure 4b)
(Figure 4c) spectra are respectively lower and higher in absolute

unchanged, absorption and reduced scattering
values in orthogonal position (orange curve) than in parallel
position (blue curve) along the whole spectral range.

As a final remark, we underline that in the previous section we
ran multiple sets of MC simulations and the one we described

' was

represents the worst-case scenario, where Uy = 0.12 cm”
retrospectively chosen at the lower end of the measured range in
Figure 4b. Considering that in vivo measurements are most sensitive
to lung tissue when u,, > u,, the lower u,, the weaker the
sensitivity. Being the true average value of y,, generally higher
than 0.12 cm™, the quantification of gated contrasts should be more

effective in real measurements.

Lung spectra

For the sake of robustness, the in vivo absorption
spectrum of the lung was obtained in two different ways.
The former relies on literature information on the nutritional
values to quantify lung main constituents. The latter refers
to past measurements performed on an anesthetized pig
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Gated contrasts obtained from MC simulations for different combinations of absorption properties (columns) and breathing phases (rows, where
“IN" stands for inhalation and “OUT" for exhalation): (a) p,, =7 cm™; (b) i, = 20 cm™. Blue curves correspond to changes in absorption only, orange
curves to changes in reduced scattering only, yellow for combined changes in absorption and reduced scattering.

(Spinelli et al., 2011), directly in contact with the

organ (Figure 5¢).

In most conditions tissue constituents contribute linearly to the
overall absorption of tissue, as discussed hereafter, while they
contribute to tissue scattering in a more complex way. Then,
only an experimental estimate of the reduced scattering
properties was obtained.

The literature-based absorption spectrum of the lung

(Figure 5b) was derived by applying the Lambert-Beer law

with known extinction coefficients and constituents’
concentrations. The absorption properties of pure
Frontiers in Photonics 08

constituents (e.g., deoxy-hemoglobin, water, lipids,
collagen, as available in the literature, are illustrated in
The (Table 3, “Literature
composition”) come from tabulated values for bovine lungs
(water, lipids, collagen (Camilli and Marletta, 2019)), and
estimates for the average blood volume in human lungs
(about 0.45 L (Hall, 2011)). Indeed, considering that the
molecular weight of hemoglobin is 64,500 g/mol and its
average concentration per liter of blood is 150 g/L, its molar

OXY,

Figure 5a. concentrations

concentration is about 1,000 yM, 80% of which is oxygenated
and 20% deoxygenated (Barret et al., 2012).
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chest obtained with the two probe positions.

The experimental absorption spectrum was measured in the
600-1,000 nm range (dashed curve). The complete range up to
1,300 nm was estimated applying a two-step procedure. The first
step consists in quantifying constituent concentrations using the
Lambert-Beer law based on the absorption data in the available
spectral range (Table 3, “In vivo measurement on pigs”). The second
step requires again to exploit the Lambert-Beer law, this time with
t, (600nm <A <1300nm) as unknown parameter (solid curve).
The same was done with reduced scattering, but using an
empirical approximation to Mie theory instead of the
Lambert-Beer law.

Figure 5 depicts the absorption (panels b and ¢) and reduced
scattering (Figure 5d) spectra of both the lung (orange curve) and
the superficial layer (blue curve), to facilitate their comparison. The
superficial layer composition (the same for Figures 5b, c) results
from an average of the estimations obtained for parallel and
orthogonal probe positions, as described previously. The spectral
extension was obtained exploiting the same hybrid method as
applied for lung.

The spectrum based on literature composition (Figure 5b)
reflects the significantly higher amount of blood (Table 3) in the
absorption tail of Hb at short wavelengths and in the broad
absorption band of HbO, at 800-1,000 nm. Instead, the spectrum
measured in vivo (Figure 5¢) reveals the higher water content in
the more marked absorption peaks around 975 and 1,200 nm.
This notwithstanding, the two absorption spectra exhibit a
certain degree of similarity, and in both cases the optimal
condition “u,, <u,,” identified with MC simulation is fulfilled
for a wavelength A such that 1,150 nm < 1 < 1,250 nm.
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Breathing exercise

As assessed through simulations, with reference to a
bilayered geometry, the output pulses yield more information
about the lung (i.e., bulk) when it is less absorbing than the
superficial layer. Then, measurements on the thorax led us to
identify that this takes place for 1,150 nm < A < 1,250 nm.
Besides, photon propagation through lungs increases as the
thus enhancing the
informative content. However, the time-resolved systems

source-detector  distance  grows,
available to evaluate whether it is possible to investigate
lungs in vivo non-invasively under the conditions just
described can provide either a high power (thus permitting
us to use a large source-detector distance, Setup B) or a broad
spectral (Setup C). Thus,

campaigns were conducted to characterize the thorax in both

range multiple measurement
settings. In all cases, acquisitions were performed orthogonally
to ribs to comply with the probe size when using long source-
detector distances. Furthermore, a breathing protocol was
exploited to verify the actual propagation of photons through
lungs, assuming that the superficial layer remains unchanged.
Variations in the measured parameters synchronous to the
breathing rhythm are considered as

proof of having
successfully reached the lung.

Campaign B: measurements at 1,080 nm with large

source-detector distances (p = 5.5 and 7 cm)
Campaign B focuses on large source-detector distance

measurements. The use of an actively mode-locked Titanium:
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Sapphire laser, combined with large-area Silicon PhotoMultipliers
(SiPMs in Setup B), allowed us to reach p= 55-7 cm. The
wavelength of 1,080 nm was selected because it is the longest
available for the laser and the closest to the crossing point
between superficial layer and lung absorption spectra, so the
nearest to the condition y,, <y, . Various breathing exercises
were tested (thoracic and diaphragmatic) to investigate the
dependence of the detected signal on probe position and
breathing type.

Figure 6 shows the results obtained for 3 exemplary subjects and
3 measurement configurations: thoracic breathing at p = 5.5 and
7 cm, diaphragmatic breathing at p = 7 cm. In the graphs of Figures
6b, ¢, the horizontal axis tracks the macrotime of the task, paced by
the sequence of breathing phases: solid vertical lines indicate the
start of forced inhalation, while dashed lines mark the beginning of
forced exhalation, spanning a total of 5 cycles. Before and after those
cycles, the subjects breathed normally to establish a baseline.
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Figure 6b depicts the gated contrasts relative to gate 1 (first after
the IRF peak) and 3 (on its tail) computed using Equation 1 and
shown in Figure 6a. A periodic pattern matching the rhythm of the
inhalation-exhalation cycle is consistently observed. However, the
smoothness, amplitude and sign of these oscillations vary among
individuals, as shown for subjects #2, #3 and #8, who were selected to
represent the full range of different behaviors. Also, “gate 3”
(orange) has higher contrasts compared to “gate 1” curves (blue),
especially at 5.5 cm. Finally, thoracic breathing probed at 7 cm,
despite the reduced difference between gates, globally reveals greater
contrasts (up to 20%) with respect to the same exercise detected at
5.5 cm (up to 10%). On the contrary, diaphragmatic breathing is
associated to smaller (up to 5% on average) and generally less “ideal”
(square-wave-like) variations compared to thoracic respiration.

Figure 6c¢ illustrates the corresponding variations in absorption.
With reference to Equation 2, where the gates at exam are still gate 1
(early) and 3 (late), the resulting Au, reflects the oscillations in the
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TABLE 3 Constituent concentrations used to calculate the absorption spectra of superficial layer and lung tissue up to 1,300 nm.

Superficial layer Lung
Parameter
In vivo measurementon volunteers Literature composition In vivo measurementon pigs
Air [%] 0 70 -
Hb [uM] 5.87 200 13
HbO, [uM] 22.11 800 93
Water [mg/cm’] 2,143.44 250 540
Lipids [mg/cm’] 703.25 10 0
Collagen [mg/cm’] 15.11 40 0
a [cm™] 12.54 - 13.3
b [-] 0.94 - 0.79
Background [cm™] 0.07 - 0

graphs of Figure 6a, with opposite sign, as expected. Indeed, positive  diagnosis of pulmonary diseases and/or monitoring of pulmonary
C(t) means higher detected counts with respect to a reference  conditions.

condition, yielding to lower absolute absorption, that means First, the thorax and the breathing mechanism were modeled to
negative Ay,,. define a forward problem for MC simulations. Gated contrasts were

used to evaluate which condition enables better sensitivity to the
Campaign C: Measurements at several bulk (lung), with reference to a bilayered medium. The bilayered
wavelengths over a broad range (700—1,300 nm)  geometry is undoubtedly an oversimplification of the actual thorax
with p = 3 cm. anatomy, but it serves as an initial step to address the feasibility of

Campaign C consisted in performing measurements over a  the approach, even though not its accuracy. Contrast values reflect
broad spectral range (700-1,300 nm). The available variations of the inspiratory and expiratory reserve volumes with
supercontinuum laser combined with the photomultiplier tube  respect to baseline (tidal) condition, typically asymmetrical, with a
(PMT) sensitivity allowed 3 c¢cm as maximum source-detector  conservative approach (Barret et al., 2012). High contrasts, with a
distance common to all subjects (<5.5-7 cm as in Campaign B). synergistic contribution of absorption and reduced scattering, mean

Based on the results of the previous measurement session, this  that results are easier to measure and interpret, thus identifying the
campaign focused on thoracic breathing only, with the probe in the ~ most favorable measurement setting. Such condition arises when the
same position as in Campaign B. The outcomes at 700, 800 and  bulk (lung) is less absorbing than the superficial layer (chest wall),
1,000 nm derive from measurements with the SiPM, the ones at  with no particular impact from scattering. A reduction in absorption
1,100, 1,140, 1,260, 1,300 nm with the PMT (Figure 7a). Graphs in  indeed enhances longer propagation through the lungs, so that re-
Figure 7b show the gated contrasts along the gated time, similar to  emitted photons encode higher information about them (Pifferi
Figure 3. The ideal divergent behavior (higher gated contrasts for et al., 2001). Also, simulations highlight the strength of the time
later times), with positive values for inhalation and negative for =~ domain approach, indicating higher contrasts (>20%) for longer
exhalation, is not obtained applying Equation 1. Actually, the  times of flight (>4 ns), i.e., a longer trajectory. Given a fixed source-
opposite behavior is observed. The expected scenario takes place  detector distance, this translates into a deeper propagation of
only provided that contrasts are computed with a slightly different ~ photons and then a longer experience through lung tissue.
approach. Different from the previous case, DTOFs are normalized Secondly, the absorption spectra of superficial layer and lungs in
to their peak. Only then, gating is implemented and the formula for ~ vivo were estimated from 600 to 1,300 nm. A hybrid approach
C(t) is applied. The effect of this normalization is that now R(7)  (experiments and calculations) was employed to cover the whole
does not represent the photon number per each time bin, and ranges ~ spectrum. Concerning the superficial layer, an effort was made to
from 0 to 1. This implies that the resulting contrasts depend on the  identify the effect of bones on the average properties of the chest:
shape, but not on the amplitude of the pulses. This behavior is still ~ contribution of ribs acts as an offset, yielding to globally lower
under investigation and underscores that we have yet to identify the ~ absorption and higher reduced scattering for measurements
optimal parameter to represent the informative content already  orthogonal rather than parallel to them in accordance with
present in the optical data. previous assessment of bones in vivo (Sekar et al, 2016). The

similarity of the spectral line shapes in the two positions makes

) ) the choice of probe placement non decisive, provided that it remains
Discussion fixed during the whole measurement. Even if easier to implement,
the spectra resulting from ex vivo measurements on lung samples are

The goal of this work is to investigate the possibility to probe the  not suitable for the purposes of this research, being the vital
lungs through TD-DOS, paving the way for the non-invasive  parameters (e.g, blood oxygenation) fundamental for the
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(a) Most relevant experimental parameters (left), probe positioning (middle) and gates temporal position (right) on a DTOF (black) and IRF (red); (b)
Gated contrasts computed with Equation 1 for early gate (blue) and late gate (orange) for different subjects (columns), and different measurement
configurations (rows) over the task macrotime; and (c) corresponding absorption changes (cm™) computed with Equation 2. In (b, c) vertical gray lines
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(a) Most relevant experimental parameters (left), an example of DTOF (black) acquired with the SiPM (middle) and with the PMT (right) with the
corresponding IRF (red); (b) Gated contrasts during inspiration (IN, blue) and expiration (OUT, orange) for different subjects (columns) and wavelengths

(rows) over the pulse time.

assessment of pulmonary diseases (Mosca et al., 2020). Hence, for
the sake of robustness, besides literature values on lung composition,
results from measurements performed in contact with the lung of
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living swine were used. Focusing on absorption, which plays the
major role in gated contrasts as emerged from Monte Carlo
simulations, the two versions obtained are similar, except for a
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more  pronounced  contribution of water (peaks at
975 and >1,100 nm) and weaker contribution of oxy-hemoglobin
in the experimental spectrum (the absolute values from 600 to
1,100 nm are significantly lower). The spectral differences reflect
differences in composition estimated with the two methods. Water
value derives from nutritional tabulated data, which indeed could
refer to ex vivo and possibly dehydrated specimens, and blood
estimations derive from considering a pure component, not
dispersed in a heterogeneous tissue. This stresses once more the
importance of the in vivo assessment in real conditions. In any case,
both spectra agree that lungs have lower absorption compared to the
superficial layer at 1,150 nm <A< 1,250 nm, emphasizing the
significance of measurements at long wavelengths to improve
sensitivity to lung tissue.

Finally, after laying the foundation for the implementation and
comprehension of in vivo measurements, subjects were recruited to
test TD-DOS in lung probing. The probability of reaching the lungs
is maximized for 1,150 <A< 1,250 nm and high source-detector
distance. However, the coexistence of the two conditions in a setup
was challenging, due to technological constraints. This is the reason
why two TD-DOS systems were assembled. Setup B points at large-
source detector measurements (5.5-7 cm at 1,080 nm), thanks to a
system developed in-house including a powerful Titanium Sapphire
laser and large-area SiPMs (Campaign B). Setup C points at
broadband measurements (600-1,300 nm), where p is limited to
3 cm primarily due to the limited power available from the
supercontinuum source and the use of the PMT rather than the
cutting-edge 9 mm?* SiPM at contact to achieve long wavelengths
(Campaign C). Simple methods, drawing directly from raw data
instead of more sophisticated analytical models (Kienle et al., 1998),
were preferred to process in vivo measurements in order to facilitate
the interpretation of the results. Indeed, if gated contrasts and Ay,
manifest variations coherent with the functional task of forced
breathing, then it is reasonable to hypothesise that photons
traveled through pulmonary tissue.

The outcomes of both Campaigns B and C consistently exhibit
variations in gated contrasts at the same pace of forced respiration.
This could be considered proof of effective lung probing. However,
such oscillations manifest significant inter- and intra-subject
variability in terms of amplitude and sign, even if positive
contrasts are expected during inhalation and negative contrasts
during exhalation (as discussed in section “Monte Carlo
simulations for a bilayered medium”). Also, in general late gates
are expected to correspond to higher contrasts, assuming a longer
propagation through lungs. Again, this is not always the case.

The observed behaviors could be ascribed to physiological or
technological causes. The most intriguing hypothesis is the presence
of the alveoli as a distribution of voids in the lungs with different
volumes depending on the respiration phase. In our simplified
bilayered model, we assumed the “homogenization” hypothesis
that implies the optical properties to be calculated as mean
values over the two regions (alveoli and tissue), and therefore
both y, and p, to change linearly with lung density. This
assumption was confirmed at the microscale for the complex
anisotropic structure of bones using Monte Carlo simulations
(Margallo-Balbas et al., 2010). Yet, in the presence of voids, more
complex phenomena might take place, like the “Levy flight”
(Barthelemy, Bertolotti, and Wiersma, 2008) with stretches of
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straight flight in the alveoli, and more advanced modelling
related to anomalous diffusion may be needed to describe photon
propagation (Pattelli et al., 2016; Tommasi et al., 2024).

Furthermore, the breathing exercise may include other factors
along with the change in tissue density. For example, blood volume
in lungs is about 450 mL, but it might halve when chest pressure
increases, for instance during forced exhalation, or double due to a
forced inhalation (Davies and Moores, 2010; Hall, 2011). The
concurrent changes in density and blood volume are antagonistic
and the net outcome might not always be consistent with what
expected if blood changes are neglected. The lack of a univocal trend
might require a more complex analysis method. The need or not for
DTOF normalization in computing C(t) might reflect this aspect.
The situation is made even more complex by the fact that, in the
spectral range considered, blood absorption is stronger at shorter
wavelengths. Thus, the consequences of changes in blood volume are
expected to be wavelength dependent, and actually, upon increasing
wavelength, the trend of contrast with gate delay (Figure 6) becomes
more consistent with our simple model that does not include the
effect of blood.

The third and fourth causes have technological origin. SiPMs
grant high active area, but at the same time they are affected by a
diffusion tail in the temporal response that might weaken the
informative content of late gates (Martinenghi et al., 2015). On
the other hand, PMT's limited sensitivity imposes a constraint on the
source-detector distance, hindering the probing of the deep
lung tissue.

Finally, according to the absorption spectra assessed in Figure 5,
1,200 nm seems to be the optimal wavelength to sense lungs.
However, at 1,200 nm lipids attain a relevant absorption peak,
that greatly attenuates the signal. Indeed, Setup B could not
perform measurements at 1,200 nm and the closest wavelengths
on the 2 sides of the peak (1,140 and 1,260 nm) with sufficient signal
level were selected as alternatives.

Therefore, despite the promising results, Setup B and C may not
be the optimal solutions to probe lungs efficiently, but other pulsed
lasers (with high power) and detectors (with high sensitivity) should
be considered, for instance OPO lasers (Optical Parametric
Oscillators) and InGaAs tiled wide area sensors (Linga et al,
2009), respectively. Such setups could enhance contrasts thanks
to the higher signal that allows for higher source-detector distance,
broader temporal distribution of detected photons and, therefore,
late-time gating. Indeed, in MC simulations C (t))20% was achieved
for about t) 4 ns, but DTOFs acquired with Setup B and C never
effectively reached that time point.

Conclusion

In this paper, we explored the conditions for probing lungs
using TD-DOS. We reached three key novel findings, namely,:
(i) sensitivity to lungs is increased whenever the absorption
coefficient is higher in the chest wall as compared to the lungs;
(ii) we reconstructed a judicious-informed estimate for the
absorption spectra of the chest wall and the lungs in the
600-1,300 nm range, indicating that the condition above is
reached for 1,150 nm < A < 1,250 nm; (iii) we performed
the first TD-DOS measurements on the thorax of healthy
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volunteers during forced respiration in the 1,000-1,300 nm
range, clearly observing oscillations consistent with the
breathing rhythm, even though with diverse intra- and inter-
subject trends.

The heterogeneity of in vivo data can at least in part be explained by
the alveolar structure of lungs, blood fluctuations, setup constraints,
even though further investigation is needed for full interpretation of all
results. MC simulations and tests on custom-made phantoms (i.e.,
samples that reproduce the geometry and the optical properties of the
targeted body part) will help improve our understanding about the
effects of the complex lung anatomy and breathing mechanism on
optical properties, so as to optimize our strategy to study lungs through
TD-DOS. The complex propagation of light in the lung structures
should be tackled, representing a potentially interesting field of
application for the modelling of random media with strong
microheterogeneities. Further, recent advancements in time-resolved
single-photon detectors in the region above 1,000 nm-e.g,, InGaAs
Solid State Photomultipliers (Linga et al, 2009) or large-area Ge
diodes—could extend by few ns the distribution of detectable photon
time-of-flights above 1,100 nm, resulting in longer pathlength and
sensitivity to lung tissues. We are currently working in this direction.

We aim at effectively probing the lung and defining the best
conditions for that purpose. Only once such conditions are met,
we can estimate lung composition in terms of water, lipids,
The
proportions of tissue constituents will then be challenged to

collagen, and hemoglobin concentrations. relative

distinguish  pathologic conditions such as emphysema
(increased water content), fibrosis (elevated collagen levels),
pneumothorax (reduction in all constituents), COVID-19

(decreased oxygen saturation).
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