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Initial non-invasive in vivo sensing
of the lung using time domain
diffuse optics
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Pranav Lanka*“, Alberto Dalla Mora?, Giulia Maffeis™ & Paola Taroni%?

The in vivo diagnosis and monitoring of pulmonary disorders (caused for example by emphysema,
Covid-19, immature lung tissue in infants) could be effectively supported by the non-invasive sensing
of the lung through light. With this purpose, we investigated the feasibility of probing the lung by
means of time-resolved diffuse optics, leveraging the increased depth (a few centimeters) attained by
photons collected after prolonged propagation time (a few nanoseconds). We present an initial study
that includes measurements performed on 5 healthy volunteers during a breathing protocol, using a
time-resolved broadband diffuse optical spectroscopy system. Those measurements were carried out
across the spectral range of 600-1100 nm at a source-detector distance of 3 cm, and at 820 nm over a
longer distance (7-9 cm). The preliminary analysis of the in vivo data with a simplified homogeneous
model revealed a maximum probing depth of 2.6-3.9 cm, suitable for reaching the lung. Furthermore,
we observed variations in signal associated with respiration, particularly evident at long photon
propagation times. However, challenges stemming from both intra- and inter-subject variability,
along with inconsistencies potentially arising from conflicting scattering and absorption effects on the
collected signal, hindered a clear interpretation. Aspects that require further investigation for a more
comprehensive understanding are outlined.

The lungs can be regarded as a mixture of air and tissue with a water-equivalent density. Accordingly, they can
be visualized non-invasively through the attenuation of x-rays from an external source. In clinical practice, both
conventional chest radiography (CXR) and computed tomography (CT) are widely used to detect pulmonary
abnormalities. Thanks to its inherent tomographic properties, CT is superior to conventional CXR in visual-
izing the fine structure of the lung. Modern CT scanners can detect small solid lesions down to a size of 5 mm
in width. However, neither CXR nor CT provide any direct information as regards the chemical composition of
an abnormal lung density. The same limitation applies to thoracic ultrasound (US), which is increasingly used
by the clinicians to evaluate pleural effusions or subpleural consolidations at bedside.

Assessing the lung composition and density can be useful to diagnose or monitor patients with emphysema,
a pathologic condition characterized by an increased fraction of air per unit of lung volume. In patients with left
heart failure, lung density may increase substantially due to the accumulation of water in the extravascular space
of the lung (pulmonary edema). Also, lung inflammation with fluid accumulation (e.g., caused by infections,
including Covid-19) leads to changes in lung density and composition. Lung density can be equally increased
by an abnormal deposition of collagen in the lung interstitium (fibrosis).

Time Domain Diffuse Optical Spectroscopy (TD-DOS) is a photonic technique that permits to derive infor-
mation on the characteristics of a biological tissue through the absorption (u,) and reduced scattering (i)
coefficients via the study of photon propagation of short (ps) laser pulses within the medium®?. So far, TD-
DOS had been successfully applied to characterize non-invasively the composition of tissues or the function of
organs, like the brain® or the breast?, which are in close proximity to the surface of the body or can be assessed
in transmittance geometry.

From the optical standpoint, the lungs are accessible over a large portion of the anterior and lateral chest wall.
However, the varying thickness of the chest wall (on average 4 cm on the anterior—second rib—and 4.5 cm on
the lateral side—fifth rib according to literature’) and its heterogeneous composition (skin, fat, and muscular
tissue) pose a major challenge when using TD-DOS transcutaneously. In addition, the varying dimensions of the
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alveoli and distal conducting airways over the respiratory cycle may significantly affect the scattering of photons,
making the interpretation of experimental data especially complex®.

As of now, optical techniques have been applied mostly for the diagnosis of lung cancer through inva-
sive (bronchoscopy), or minimally invasive (needle biopsy) techniques’. They include diffuse reflectance
spectroscopy®’, endogenous'? or exogenous fluorescence spectroscopy'®'?, optical coherent tomography"?, and
Raman spectroscopy'®. Much effort is also being devoted to model the photon propagation through the lung by
means of simulations'>!, anthropomorphic lung phantoms!”'8, and ex vivo bovine lung tissues'. Conversely,
there have not been many attempts to probe the lung non-invasively by optical transcutaneous means. In a first
clinical study on 3 full-term babies, Gas in Scattering Media Absorption Spectroscopy (GASMAS) was used
for non-invasive monitoring of water vapor in the lungs®. A larger study on 29 newborn infants demonstrated
transcutaneous detection of oxygen in the lungs using GASMAS?!. This approach was further validated also
on a piglet animal model®. Yet, to the best of our knowledge, so far no non-invasive optical approach has been
applied in vivo on the lungs in adults.

In the present study, we investigated the feasibility to sense the lung transcutaneously by simulations—
instructed by in vivo spectroscopy measurements on the thorax—and by performing TD-DOS in healthy vol-
unteers who were examined at suspended full inspiration and suspended full expiration.

Materials and methods

System set-up

Two TD-DOS systems were used for in vivo measurements on volunteers, namely a broadband spectrometer
and a highly sensitive single-wavelength setup.

The broadband spectrometer was a laboratory workstation exploiting supercontinuum generation to auto-
matically perform time domain measurements of the Distribution of Time-of-Flight (DTOF) over a wide spectral
range, from 500 up to 1700 nm encompassing different detectors®. In the actual embodiment, an 80 MHz, 10 ps
pulsed supercontinuum spectrum (SuperK EXTREME, NKT Photonics, Denmark) was sliced using a rotating
Pellin-Broca prism followed by a 50 um-core graded index fiber acting as spectral selection. Light was injected
to and collected from the tissue using 1 mm-core step index fibers coupled to a custom-made Silicon Photo-
multiplier (SiPM) module? connected to a Time-Correlated Single-Photon Counting (TCSPC) board (SPC130,
Becker & Hickl GmbH, Germany). A variable optical attenuator, set on the source path, controlled the photon
counting rate within the 1% single-photon statistics. A complete spectral acquisition from 600 nm to 1100 nm
in steps of 10 nm with 4 s acquisitions required around 5 min.

The single-wavelength setup was optimised for maximal light harvesting. It was based on a prototypal 40
MHz, 25 ps high-power Four-Wave Mixing laser (Fianium Ltd, UK). The tissue was illuminated at 820 nm by
a maximum power of 100 mW expanded to comply with the maximum permissible skin exposure. Re-emitted
light was harvested using a 1 mm-core step index fiber coupled to a hybrid photomultiplier (HPM-100-50, Becker
& Hickl GmbH, Germany), and connected with a TCSPC board (SPC130, Becker & Hickl GmbH, Germany).

Simulations

To simulate the DTOFs in a layered tissue, a time-resolved GPU-accelerated Monte Carlo code? was imple-
mented making use of the microscopic Lambert-Beer approach?: for each detected photon, the path-length
spent in each layer was saved. The simulation was run without absorption, weighting each trajectory afterwards,
depending on the desired absorption in each layer. A total of 10° photons reaching the detector was collected
for each simulation. The simulations were performed on a 10-core Dual Intel Xeon equipped with an Nvidia
GeForce RtX3080Ti GPU board. The simulation time, mainly depending on the scattering and the source-
detector separation, ranges from 5 to 4 min.

In vivo protocol

Five healthy volunteers were recruited for the study, after approval from the institutional Ethical Review Board
of Politecnico di Milano and after signing written informed consent. All experiments were performed in accord-
ance with the Declaration of Helsinki and relevant guidelines and regulations. Demographic data are reported
in Table 1.

For the broadband study, the subjects were lying supine breathing normally and with the probe positioned
on the thorax in the upper-right region using a source-detector distance p = 3 cm. Such a small distance does
not require the use of a flexible probe to adapt to the curvature of the chest. The probe was therefore made of a
small (~ 5 cm long, ~ 2 cm wide, ~ 1 cm thick) black polyvinyl chloride (PVC) plate with two holes permitting
the insertion of both the source and the detection optical fibers at the proper distance. The surface of the PVC
plate in contact with the skin of the subject was covered by a thin (~ 3 mm) layer of black adhesive neoprene
tape, which grants both a reliable contact with the tissue thanks to its softness, and excellent light shielding, thus
preventing the presence of direct light paths between the source and the detector fibers. The probe was hand-
held by the subject, in tight contact with the chest. The absence of any detachment is proven by the absence of
distortions in the DTOFs shapes as the the TD operation allows for reliable monitoring of the probe contact.
Indeed, any slight detachment would result into a highly distorted rising edge of the DTOF acquired at the time
of detachment, since direct light paths would result into photon detections occurring earlier than most of the
photons travelling inside the chest.

For the single-wavelength study, the subject was lying supine, with the probe set in two locations on the tho-
rax, namely on the anterior surface of the right hemithorax between the second (UR) and fifth (DR) intercostal
space along the mid clavicular line. The source-detector distance p was set to the maximum value ensuring a
count-rate around 1 Mcounts/s, resulting in p =7 — 9 cm depending on the subject and location. This large
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distance implies the use of a flexible probe to adapt to the curvature of the chest. The probe was therefore made
of a large (~ 12 cm long, ~ 6 cm wide, ~ 2 cm thick) black neoprene plate with holes permitting the insertion
of both the source and the detection optical fibers at the chosen distance. Similarly to the case of the broadband
study, neoprene grants both a reliable contact with the tissue and excellent light shielding properties. In this case,
the two opposite sides of the probe were connected to two elastic rubber bands fastened to two Velcro stripes at
their ends. The probe was secured to the subject’s thorax by connecting the Velcro stripes on the opposite side of
the torso. Also in this case the absence of detachments was verified in post-processing thanks to the absence of
distortions in the DTOF shapes. The subjects were asked to follow a suspended full inspiration and suspended full
expiration at a given pace to provide two intervals with the lung inflated (IN) or deflated (OUT). Two protocols
were applied on each subject with 5 repetitions of the two phases lasting 10 s each (Prot10) or 10 repetitions
with 5 s for each phase (Prot5). Only for Prot5 the first repetition was performed at normal breathing to get a
reference state. Each protocol was repeated twice in each location, resulting in 8 complete series of acquisitions
per subject. The application of the two protocols enables on the one hand (Prot10) to have a fairly large plateau
to calculate differences in the IN and OUT phase, and on the other hand (Prot5) to verify that observed changes
with respiration were not due to prolonged apnea. Finally, they serve as an indirect proof of reproducibility of
the measurements.

Data analysis

The DTOFs obtained with the spectral measurements were analyzed using a homogeneous solution of the Dif-
fusion Equation under the extrapolated boundary conditions using u, and u} as free fitting parameters. The
Instrument Response Function (IRF) obtained facing the injection and collection fibers was convoluted with the
theoretical model. The fitting range included points with a number of counts >80% and >1% of the peak value on
the leading and falling edge of the DTOF, respectively. Tissue composition was derived from the retrieved absorp-
tion applying the Beer-Lambert law, that is interpreting the overall tissue absorption (at each wavelength) as the
linear combination of the contributions from 5 key tissue absorbers, namely oxy- (Hb0,), and deoxy-hemoglobin
(HDb), water, lipids, and collagen. Reduced scattering spectra were best fitted with an empirical power law?”:

1,2 = a(i/d)™" O]

where /o = 600 nm, the scattering amplitude a provides information on the density of scattering centers, and
the scattering power b on their size.

The DTOFs obtained with the single-wavelength measurements were analyzed using a fit with the homoge-
neous model similarly to the spectral measurements. For better visualization, a folding average over the 5 (10)
repetitions of the protocol was applied. Further, the gated intensity was calculated for different time-windows
of the DTOFs. The relative contrast of the gated reflectance signal R(t) with respect to a reference state Ry(t)
was derived as:

[ R — [T Ro(t)dt!
[T Ro (1)t

C(t) = - )

where ¢’ is the photon arrival time, while t and At are the starting edge and the width of the gated temporal win-
dow. For the in vivo protocols, Ry is assumed to be the average of R over the whole exercise, therefore C represents
the relative change in gated signal with respect to the mean value.

Equation 2 was used also to calculate the relative contrast for the Monte Carlo simulations. In that case, we
assumed the unperturbed state as R.

Results and discussion

Diffuse optical spectroscopy of the human chest

As a first step to estimate the optical properties of the tissues overlaying the lung, we measured the absorption
and reduced scattering spectra on the chest region of healthy volunteers using an intermediate source-detector
distance p = 3 cm. Fig. 1 displays the absorption (panel (a)) and reduced scattering spectra (panel (b)) of 5
subjects (see Table 1 for demographics) obtained assuming a homogeneous model. The clear absorption peak
around 975 nm, ascribed to water, is typically observed in muscle tissue, and it becomes dominant, hiding the
lipid peak at 930 nm, when moving from subject #5 to #1. Differences in the region <800 nm are mostly due to
blood content, which again contributes stronger to the absorption of muscle tissue. Overall, around 800 nm,
where we performed large-p measurements (o = 7 — 9 cm), iy = 0.1 — 0.2cm™'and He=7-9 cm™ L. Table 1
reports the average tissue composition obtained from the Beer-Lambert law assuming 5 absorbers (Hb, HbO-,
water, lipids, and collagen) and the empirical power law dependence for the scattering spectrum. The mean tis-
sue composition of different subjects confirms the attributions on fat or muscle predominance made from the
visual analysis of the absorption spectra.

To get a first guess on the maximum detectable photon travelling time, which determines the maximum
explored depth in the medium?®?, in Fig. 2 we show the DTOFs measured on the chest of the same 5 subjects
using quite a large p =7 — 9 cm. We worked at a single wavelength (820 nm), selecting the maximum acceptable
p value, that is the one which leads the max count rate acceptable for correct operation of the instrumenta-
tion (1 Mcounts/s, due to saturation thresholds of the electronics and to the requirements for single-photon
regime). Increasing p beyond that limit would simply decrease the number of collected photons at any times?.
As expected, the temporal profile is quite broad and extends to late times, with early photons arriving not earlier
than 1 ns after the pulse injection time (f = 0 ns). The maximum photon arrival time, or better the maximum ¢
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Figure 1. Absorption (a) and reduced scattering (b) spectra on the chest of 5 healthy volunteers using a source-
detector distance p = 3 cm and a homogeneous model.

#1 32 21.8 1.5 25.1 0.34 0.43 0.21 11.1 0.63 |0.32 11.7
#2 65 23.1 3.0 15.5 0.29 0.63 0.11 9.0 0.78 |0.14 7.3
#3 52 19.1 6.9 26.4 0.49 0.67 0.14 10.5 0.75 |0.34 11.6
#4 34 24.1 0.8 11.4 0.12 0.69 0.04 10.0 0.59 |0.15 8.2
#5 49 25.8 1.3 15.8 0.14 0.85 0.04 9.0 0.61 |0.09 53

Table 1. Subjects’ demographics, mean tissue composition and scattering parameters obtained at p = 3 cm,
and optical properties at 820 nm obtained with longer source-detector distance (p = 7 — 9 cm).
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Figure 2. Distributions of photon times of flight (DTOFs) for the 5 volunteers on the chest in reflectance
geometry using the largest source-detector distance (o = 7 — 9 cm) yielding a full count-rate collection statistics
of ~ 1 Mcounts/s. The maximum photon travelling time is up to 4 — 8 ns depending on the subject. The instant

t = 0 corresponds to the peak position of the IRE.
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when the DTOF stands out of the noise, ranges from 4 ns for subject #1 up to 8 ns for subject #5. These values
can provide a first hint to interpret the simulations presented below, and to guess the maximum investigation
depth of the measurements. The absorption and scattering properties derived using a homogeneous model for
this large p at 820 nm are also reported in Table 1.

Simulations

As an initial step to answer the question of whether it is possible to reach the lung, we estimated the maximum
depth reached by photons in a homogeneous diffusive medium in reflectance geometry. To that purpose, we
adopted the approach proposed in Ref.?’, deriving the mean value of the maximum depth z,,,x of all possible
photon trajectories in a semi-infinite medium (see Material and Methods for details). Fig. 3 displays the result-
ing Zmax as a function of photon travelling time ¢ for the y/ derived for each subject at 820 nm with p = 3 cm
(Fig. 1), which reasonably represents the mean scattering properties in the superficial chest layers that need to
be traversed to reach the lung. For a homogeneous medium, once fixed ., the mean depth is rigorously inde-
pendent of both 1, and p, which affect the number of collected photons but do not alter the depth distribution
of photon trajectories for a given . Calculating the maximum photon arrival time ¢, yielding >10,000 counts/s
for a late gate (shot noise = 1%), we obtain t,,,x & 3.2 — 5.7 ns, which leads to z;.x = 2.6 — 3.9 cm for the 5
subjects, as represented in Fig. 3.

As a second step, for a more realistic scenario, we assumed a two-layer medium composed of the lung (bot-
tom layer) and all the overlaying tissues (top layer). Using a Monte Carlo code, we simulated a 10% reduction in
lung absorption to mimic the reduction in lung density due to inhalation in our measurements and a pathologic
condition in future diagnostic measures®. Fig. 4 shows the relative contrast C between the perturbed and unper-
turbed states plotted as a function of the photon arrival time ¢ for different depths of the lung layer zj,,,,; (rows,
based on the values of the previous step) and for different choices of 11} in the lung (columns), while assuming
@, =7 cm™' for the upper layer, corresponding to an average value of the scattering properties obtained as a
function of wavelength on the 5 subjects (Fig. 1). Relative contrast C ~ 2 — 3% is achieved down to zj,ng =3
cm for ¢ = 4 ns, and even down to 2, & 4 cm for ¢ = 8 ns. In the literature there is not yet a sound knowledge
of the lung scattering properties, and we opted to span a wide range of lung scattering properties. Quite surpris-
ingly, the lung scattering does not significantly affect C. This result relaxes the threat that an extremely high x|
in the lung could completely prevent lung sensing. Yet this agrees with the previous argument that the photon
travelling depth is mostly influenced by the upper layer. In a bilayered medium, the scattering of the upper layer
could thus be an additional variable to investigate (for example through short source-detector distance measure-
ments) and to take into account, although we observed limited inter-subject variability (see Fig. 1 and Table 1).

In vivo breathing protocol
As an in vivo trial of the actual chances to sense the lung, we performed in vivo measurements at 820 nm on
the 5 subjects following the breathing protocol described previously. The aim of this protocol was to produce a
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Figure 3. Mean value of the maximum depth of photon trajectories (z,4x) as a function of photon arrival time
derived for the u} properties of the 5 subjects. The straight lines indicate the maximum ¢ yielding a count-

rate >10,000 counts/s over a late gate for data in Fig. 2, and the corresponding value of z,,,4x. The green curve
(subject #3) is hidden by the red one (subject #4)), as they are very close due to the markedly similar scattering
coefficients at 820 nm.
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Figure 4. Monte Carlo simulations of the relative contrast C as a function of photon arrival time ¢ for an
absorption reduction of 10% in the lung absorption for different values of 11} assumed homogeneous (columns)
and of the lung depth (rows). The source-detector distance is 6 cm.

decrease in both 1, and p, of the lung during the inhalation phase, due to the reduction of lung density, and
check the sensitivity of the optical measurement to such changes.

Fig. 5 reports the evolution of u, (red, left axis) and u/ (blue, right axis), as obtained using a homogeneous fit
over the time of the task for the 5 subjects (columns) and 2 positions on the chest, namely an up-right location
(UR, top row) and a down-right location (DR, bottom row). The protocol in use was Prot10 and the folding aver-
age was applied over the exercise time. In general, there is a task-related change in the fitted optical properties.
Yet, the results are somehow contradictory with large inter- and intra-subject differences. In some cases, (e.g.,
#5-DR), both u, and ,ué, decrease with inhalation as expected from the reduction in lung density, but in other
cases the behavior is just the opposite (e.g., #3-UR), or even a parameter increases while the other decreases
(e.g. #1-DR). Also intra-subject differences among the two positions are observed (e.g., #1). The task-related
alteration is observed also in the not-refolded time evolution (Fig. 6), yet again with quite different patterns.
According to our own experience in TD-DOS, a homogeneous fit of a large-p measurement typically enhances
the optical properties of the deeper (few cm depth) layer®'. This is particularly true for 1, while information on
WL, comes from the superficial layer’'.

The other protocol (Prot5) shows substantially similar results (see Supplementary Fig. S1 and Fig. S2 for the
refolded and not-folded representation, respectively). As a different view on the same data, we analysed the rela-
tive contrast C in photon counts for different time gates over the IN and OUT phases, respectively. Fig. 7 displays
C(t) for 5 different gates, with f ranging from 0.5 to 4.5 ns and At = 0.5 ns as a function of the refolded time for
the 5 subjects (columns) and the 2 positions (rows). The figure shows data from protocol Prot10 with folding
average. In all 10 plots, apart from #5-UR and possibly #4-DR, we observe a reduction in C for late gates, that
is a reduction in signal intensity when the lung tissue gets denser (OUT phase). Fig. 8 shows the corresponding
not-folded results. The other protocol (Prot5) shows substantially similar results (see Supplementary Fig. S3 and
Fig. $4 for the refolded and not-folded visualization of Prot5, respectively).

To better visualize the signal perturbation as a function of the photon arrival time ¢ we calculated the average
contrast between the plateau state of the inspiration and expiration phases (breath hold). Fig. 9 shows the mean
value of C(t) during the IN phase (blue line), the OUT phase (green line) and the IN-OUT difference (orange
line) as a function of the gate time t. Columns refer to the subjects, while rows to the position. As expected, the
IN-OUT line is positive for late gates for most subjects. Yet, following simulations in Fig. 4, C(t) should increase
monotonically with ¢ due to the increase in mean probed depth and therefore in lung contribution. The situation
depicted in Fig. 9 is more complex. There seem to be two opposing factors causing the IN-OUT curve to cross
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Figure 5. In vivo time evolution of the absorption (red) and reduced scattering (blue) coeflicients at 820 nm
during the inhalation protocol Prot10 for the 5 volunteers (columns, numbers) and 2 locations (rows, letters)
over the lung. Att = 0's, the subject is asked to inhale, while at t = 10 s the subject starts to exhale. Values refer
to the folding average.
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Figure 6. Non-refolded in vivo time evolution of the absorption (red) and reduced scattering (blue) coefficients
at 820 nm during the inhalation protocol Prot10 for the 5 volunteers (columns, numbers) and 2 locations (rows,
letters) over the lung. Att =0 s, the subject is asked to inhale (IN), while at t = 10 s the subject starts to exhale.
The processed is repeated 5 times.

the null contrast at a given t and then to diverge for larger ¢ values. In most cases, C is higher in the OUT than
in the IN phase, yet with strong inter- and intra-subject variability and complex evolution for increasing photon
propagation time. Similar results are obtained for the Prot5 protocol (see Supplementary Fig. S5).

All these in vivo results seem to point out that we are likely reaching the lung, but competing factors make
the interpretation of the breathing protocol not straightforward. In the following, we analyze five issues to be
considered.

The first factor is the interplay of 1, and ), in the lung during inhalation. Both should decrease due to the
lower tissue density. Yet, a linear dependence of the absorption on tissue density (and constituent concentra-
tions) is expected, while the scattering reduction is not necessarily linear with tissue density due to the contribu-
tion of air-filled alveoli acting as independent scattering centers®’. Furthermore, complex phenomena such as
anomalous diffusion due to the air gaps might play a role®. As a very simple case, still based on the hypothesis
of linear behavior of both absorption and scattering, in Fig. 10 we plot the Monte Carlo simulation of the con-
trast C(¢) assuming an identical reduction by 20% of 11, and p}, in the lung. A reduction only in absorption (red
line) yields a linear increase of C vs t. A reduction only in scattering (blue line) yields a linear decrease of C vs ¢
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Figure 7. In vivo time evolution of the relative contrast for different time gates (see legend) at 820 nm during
the breathing protocol Prot10 for the 5 volunteers (columns, numbers) and 2 locations (rows, letters) over the
lung. Att = 0's, the subject is asked to inhale, while at t = 10 s the subject starts to exhale. Values refer to the

folding average.
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Figure 8. Non-refolded in vivo time evolution of the relative contrast for different time gates (see legend) at 820
nm during the breathing protocol Prot10 for the 5 volunteers (columns) and 2 locations (rows) over the lung. At
t = 0s, the subject is asked to inhale (IN), while at t = 10 s the subject starts to exhale. The process is repeated 5
times.

of a comparable amount. The combined effect of both parameters (green line) dramatically reduces the overall
contrast.

A second factor resides in the lung scattering, which could be extremely high, thus hampering lung explo-
ration. There is still poor knowledge on the lung optical properties, particularly in vivo. Some ex vivo studies
report values for 11/ up to 20 cm™! at 800 nm (calculated using Eq. 1 and tabulated a and b values)*, but such
a high value could be due to the room temperature adopted in measurements leading to overestimation of
with respect to the in vivo conditions. In any case, simulations presented in Fig. 4 indicate that the scattering of
the lower layer (lung) is not so critical in determining the sensitivity to lung properties beyond a given photon
travelling time over a large range of lung  values.
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Figure 9. Dependence of the relative contrast C vs photon propagation time during the plateau of the inhale
(IN) or exhale (OUT) phases, together with the difference (IN-OUT) for the 5 volunteers (columns, numbers)
and 2 locations (rows, letters) for Prot10. In most cases, C (i.e. the collected signal) increases from the OUT to
the IN phase, yet with strong inter- and intra-subject variability and complex evolution for increasing photon

propagation time.
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Figure 10. Monte Carlo simulation of the relative contrast as a function of the photon arrival time () assuming
an increase in lung air content leading to a 20% reduction only in x, (ABS) in u (SCA) or rather the combined
reduction of both (ABS+SCA).

A third factor to be considered is the pleura, which is the two-foil membrane enveloping lungs and chest wall,
separated by a lubrication fluid, which permits smooth sliding and expansion of the lung during the inhalation
act. From the optical point of view, the pleura could cause a light-guiding effect, creating contamination from
more superficial photons even at large time values, thus hiding deep photon signals. Similarly, in the brain the
cerebrospinal fluid (CSF) was questioned to cause light-guiding effects and artefacts in functional Near-Infrared
Spectroscopy (fNIRS). This issue was long discussed in the initial phases of fNIRS with opposite conclusions,
but the question was then settled by strong evidence of cortex-related activation in many studies and agreement

Scientific Reports |  (2024) 14:6343 | https://doi.org/10.1038/s41598-024-56862-0 nature portfolio



www.nature.com/scientificreports/

with fMRI scans*. The pleura thickness - extrapolated from animal data - should be in the 30 — 40 wm range’®,
so definitely lower than the CSF layer.

A fourth aspect is the inadequacy of the simple analysis tools used in this study to describe the complex chest
structure. The homogeneous fit proposed in Fig. 5 is a clear oversimplification of the actual geometry. Yet, in
previous works, confirmed with phantom experiments, we demonstrated that 11, spectra obtained for reasonable
large ¢ values using a homogeneous fit tend to adhere to the lower (few cm deep) layer®!. The photon pathlength
in the upper layer quickly reaches a stable plateau after a given ¢ while the pathlength in the lower layer linearly
increases with t above the same threshold. Thus, the fit on 1, is mainly affected by the lower layer properties
being related to the temporal slope on the tail of the DTOE Still, this simple argument does not hold true for u,
and in our case the variation in both 1, and u, might not be properly captured by this simple model.

A fifth concern is related to the changes in optical properties in the lung during the inhalation phase and the
conversion of Hb to HbO,. Still, the adopted wavelength (820 nm) is close to the isosbestic point for the absorp-
tion of Hb and HbO;, and consequently the overall absorption should depend weakly on the oxygenation status.
Also, in the long breath holding protocol (Prot10) the observed changes are quite rapid and possibly related to
the inhalation act, and do not show a continuous increase with laboratory time as expected for a progressive
uptake of O».

Conclusion

We have presented the first study on the transdermal optical accessibility of the lung using time domain diffuse
optics based on Monte Carlo simulations and in vivo measurements on 5 healthy volunteers. In vivo broadband
absorption and reduced scattering spectra in the 600-1100 nm range at p = 3 cm, analyzed using a homogene-
ous model, allowed the estimate of the range of optical properties of superficial tissues to be traversed to reach
the lung. In particular, around 800 nm we obtained 11, =~ 0.1 — 0.2cm™!and 1/ ~ 7 — 9 cm™.. Even at larger p
(7 — 9 cm), the measured optical properties at 820 nm fall in a similar range. The same large p in vivo measure-
ments showed that a photon travelling time up to t,,,4x &~ 3.2 — 5.7 ns with at least 10,000 counts/s (shot noise =
1%) in a late gate could be reached for different subjects.

Also, two-layer Monte Carlo simulations with different choices of lung i} in a wide range of values (3 — 48
cm™!) showed a relative contrast C & 2 — 3% for a 10% reduction in lung u/, down to a depth of 3 (4) cm for t =
4 (8) ns, which should be enough to probe the lungs. The in vivo measurements on a paced breathing protocol
showed clear task-related changes in time domain signals. Yet, the analysis of DTOFs using a homogeneous model
showed contradictory results, not in agreement with the expected decrease in both j¢, and p/, during inhalation.
Conversely, the plot of the relative contrast C for the photon counts in temporal gates displayed a more consistent
trend with a general increase in reflectance signal during the inhalation phase, as expected from diffuse optics
models. Still, the contrast is not always increasing upon increasing photon arrival times, as foreseen by a two-
layered model, likely due to the opposing effects of absorption and scattering.

In conclusion, we have not yet a sound evidence that we detected lung-related properties in vivo. Yet, we have
provided some important pieces of information to guide further work: we estimated the optical properties of the
chest wall, simulation scenarios were presented to help interpreting and guiding measures, and we designed and
tested a potentially powerful protocol for in vivo validation. The next steps of our work will be devoted to: (1)
the correlation between acquisitions and lungs’ movement and volume through a breath sensor; (2) the research
and selection of the optimal wavelengths to enhance sensitivity to lungs’ composition with respect to the one
of the overlying layer; (3) multi-position and multi-distance measurements to verify the effect of superficial
heterogeneity; (4) the use of US images to better locate the probe and correlate measurement results with the
anatomy of the investigated tissue; (5) the availability of open data to share experimental results. Furthermore,
it would be interesting to compare results obtained with time domain measurements with what is achieved with
a continuous-wave multi-distance approach.

Technology is advancing at a fast pace in TD-DOS, both in terms of reduction in cost-size and improvement
in performances. In particular, the increase in area of new SiPMs detectors® as well as their gating capabilities®®
mean that larger photon travelling times and consequently penetration depths will be reached in the near future.
What is not available yet is a clear understanding of the physics and physiology of chest diffuse optics and further
studies are needed to get additional insight and in vivo validation.

Data availability
The datasets generated and analysed during the current study are available from the corresponding author on
reasonable request.
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