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ABSTRACT 

Time-resolved measurements over a broad spectral range and at multiple source-detector distances show that gated 

contrasts vary synchronously with breathing. This result hints at the potential of time domain diffuse optics to probe lungs 

non-invasively. 
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1. INTRODUCTION  

Nowadays, the origin and the onset of lung diseases are mainly investigated through Computed Tomography (CT), Chest 

X-Ray (CXR) and Biopsy (B). However, these techniques cannot provide any physiological insight (CT, CXR) or they 

cannot be performed on a routine basis given their expensiveness (CT) and invasiveness (CT, CXR, B).  

This work delves into the design of a strategy to probe adult human lungs in vivo through Time Domain Diffuse Optical 

Spectroscopy (TD-DOS) [1], based on its capability to characterize non-invasively biological tissues down to a depth of a 

few centimeters, especially when a large source-detector distance is used. This is particularly important in the case of the 

lungs, given the stratified structure of the chest, where they occupy the deepest position after skin, lipids, pectoral muscle, 

ribs and pleural membranes. 

Simulations and measurements on phantoms were conducted to test different scenarios in terms of wavelength and 

geometry to sense the optical properties of the lungs. Then, a breathing protocol was employed on healthy subjects to 

ascertain whether re-emitted pulses have effectively propagated through pulmonary tissue. More experimental setups were 

used to cover a broad spectral range (600–1300 nm) and test different source-detector distances. In this work, we will focus 

on large source-detector distance measurements performed in vivo. 

These initial results lay the groundwork for further research on how to best exploit the potential of TD-DOS to probe the 

lungs non-invasively. 

2. MATERIALS AND METHODS 

Experimental setup 

In the following, we will focus on a setup involving an actively mode-locked Titanium Sapphire laser tuned at 1080 nm, 

able to offer an average power of up to 100 mW [2], to be properly expanded and attenuated to comply with safety limits. 

Such power grants the possibility to perform measurements at large source-detector distances. A 1.3 mm-side Silicon 

Photomultiplier detector is placed at 5.5 cm from the source, directly in contact with the subject’s skin. A time correlated 

single photon counting board is employed to reconstruct the output pulses. 

Measurement protocol 

In vivo measurements (after written informed consent) are performed in reflectance mode on the chest of 8 healthy adult 

volunteers in lying position. In particular, the probe is positioned orthogonally to ribs, on the upper right side of the chest, 

between the nipple and the sternum, to minimize possible effects of the heartbeat. The subject is asked to perform a thoracic 

(not diaphragmatic) breathing at a fixed cadence, inhaling or exhaling as fast as possible to reduce transients, and holding 

breath at each phase for 10 seconds, to sample the tissue at exam in stable conditions. The procedure is repeated 5 times 

and it is preceded and followed by 20 seconds of baseline acquisition (i.e., standard breathing).  
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Data analysis 

Data are analyzed taking advantage of the strength of time domain measurements: different time gates on the reflected 

signal (𝑅) have experienced different depths of the tissue. In particular, the later the gate, the deeper the probed tissue. 

Two possible initial methods of analysis derive gated contrasts (𝐶) using Eq. 1, and the variation in absorption (Δ𝜇𝑎) with 

respect to a reference gate, using Eq. 2. 

𝐶(𝜏, 𝑡) =
𝐼(𝜏,𝑡)−𝐼0(𝜏,𝑡)

𝐼0(𝜏,𝑡)
 (1) 

Δ𝜇𝑎(𝜏, 𝑡) = −
1

𝑣𝜏𝐿
 ln⁡ [1 +

𝐼(𝜏𝐿,𝑡)

𝐼0 (𝜏𝐿,𝑡)
−

𝐼 (𝜏𝐸,𝑡)

𝐼0 (𝜏𝐸,𝑡)
]       (2) 

𝜏 refers to the microtime of the pulse (of the order of some nanoseconds), 𝑡 the macrotime of the task (of the order of tens 

of seconds), 𝐼(𝜏, 𝑡) = ∫ 𝑅(𝜏′)𝑑𝜏′
𝜏+Δ𝜏

𝜏
 denotes the intensity in a gate of width Δ𝜏 (i.e., 1 ns), 𝐼0(𝜏, 𝑡) the corresponding 

intensity averaging 𝑅 on inhaling and exhaling acquisitions of the current repetition, 𝜏𝐿 is a late gate (e.g., the third, on the 

trailing edge of the pulse), 𝜏𝐸 an early gate (e.g., the first, including the rising edge of the pulse), 𝑣 is the speed of light. 

3. RESULTS AND DISCUSSION 

TD-DOS systems employ picosecond pulsed lasers, that most of times maximize only one between extension of the spectral 

range or power, for technological constraints. We conducted measurements under various conditions, such as different 

wavelengths and source-detector distances, using multiple setups. These experiments generally show a correlation with 

breathing, although not always consistent. These tests are crucial for determining the optimal experimental settings for 

probing the lung. However, we now focus on an example that emphasizes source-detector distance and then briefly describe 

results for broad spectral range measurements. 

Figure 1 reports the results of Eq. 1 and 2, acquisition by acquisition during the task, with reference to gate 1 and 3. We 

observe a variation in contrast synchronous with the breathing rhythm. This can be considered a piece of evidence that 

photons have effectively propagated through the lung. Also, contrasts are higher for the later gate, which is associated with 

photons that have travelled in the lung longer. Contrast is positive during inhalation and negative during exhalation. While 

inhaling, the density of lungs decreases because of their expansion, so photons’ travel through pulmonary tissue is shorter, 

thus inducing a higher output intensity and consequent lower absorption value. The opposite occurs during exhalation. 

Finally, variations in absorption are indeed consistent with the corresponding contrasts: the higher the signal, the lower the 

absorption. 

 

Figure 1. Left, example of Instrument Response Function (IRF) and measurement pulses at 1080 nm, highlighting the first 

(blue) and third (red) time gates. Right, example case of the time evolution of the gated contrasts (top) and variation in 

absorption (bottom)during the breathing task. Solid vertical lines denote the beginning of inhalation phase, dotted ones of 

exhalation, green shade represents baseline. 
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Figure 2. Example of broad spectral range measurements at 700 nm and 1300 nm. Dots correspond to gated contrasts along 

pulse microtime during inhalation (blue) and exhalation (orange). 

Figure 2 depicts the results for broadband measurements along the pulse microtime. As already mentioned, gated contrasts 

should increase with delay, which is observable for 1300 nm and not for 700 nm. Also, at 1300 nm the amplitude and the 

sign of the signal comparing inhalation and exhalation phases is more compliant with expectations. This could hint at a 

better sensitivity of higher wavelengths to deeper chest layers, while the measurements at shorter wavelengths, like 700 

nm, might be affected by confounding effects, like blood circulation in superficial layers. 

4. CONCLUSION 

Measurements performed on different subjects, in various experimental conditions (wavelength, source-detector 

separation, position on the chest) always show a correlation between the detected signal and the breathing task. However, 

very diverse situations are observed. Criticalities might arise from the complex anatomy of the thorax and the alveolar 

nature of lung tissue, that make the description of photon propagation difficult. Therefore, simulations, measurements on 

phantoms and assessments on more subjects over a broad range of wavelengths (600 – 1300 nm) and at multiple source-

detector distances (3 – 7 cm) with different breathing protocols are being performed to achieve a full interpretation and 

help identify the best conditions to probe the lung transcutaneously in an efficient manner.  
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