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Abstract 

Diffuse correlation spectroscopy (DCS) is an optical technique which, 
by measuring the speckle intensity fluctuations of coherent light 
diffused by a turbid sample, extracts information regarding the 
scatterers’ dynamics. Its main biomedical application is the in vivo non-
invasive measurement of fluctuation of red blood cells, and thus micro-
vascular blood flow (BF).  
 
Since DCS typically uses a continuous-wave (CW) light source, it 
generally lacks depth sensitivity. Also, a knowledge of the sample 
optical properties (scattering and absorption coefficients) is required for 
a correct BF estimation. Time-domain (TD) DCS tackles these 
problems by using a pulsed yet coherent light source. This might 
enable a depth resolved BF measurement, by measuring the speckle 
fluctuations at different time-of-flights. The aim of this thesis is to lay 
the foundations of TD-DCS, both on the theoretical and experimental 
sides. 
 
In the initial part of this work, first I introduce the field of diffuse optics, 
focusing on near infrared spectroscopy (NIRS) and laser speckle 
methods. Also, a comparison with other medical techniques is 
presented. Second, a theoretical model for the interpretation and 
analysis of the data is developed, by suitably modelling the instrument 
response function (IRF) and gate width effects. Third, a novel 
experimental setup is developed and optimized, focusing on the laser 
source and single-photon detectors. 
 
In the second part of this thesis, I present the experimental results. 
Initially, a system characterization is performed, by exploiting tissue 
mimicking phantoms. This helps in defining the figures of merit of the 



 

viii 

system, and in optimizing its components (such as laser source and 
single-photon detectors). 
 
Next, I present an experimental observation of an unexpected effect, a 
temporal fluctuation in the distribution of time-of-flights curve, which will 
be termed temporal speckle. I provide a physical interpretation of the 
phenomena and demonstrate its applicability to the measurement of 
blood flow. 
  
Finally, I move to in vivo experiments on adult volunteers. I focus my 
attention of muscle (cuff occlusion) and brain (forehead) 
measurements, observing interesting physiological phenomena (such 
as vascular pulsatilty). Also, I demonstrate the possibility of performing 
in vivo measurements in a novel spectral range, in particular beyond 
1 𝜇𝜇𝜇𝜇. 
 
Collectively, this work provides a solid theoretical and experimental 
foundation for the further development of the technique, and its 
biomedical/clinical application. 
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Sommario 

La spettroscopia di correlazione diffusa (diffuse correlation 
spectroscopy, DCS) è una tecnica ottica che, misurando le fluttuazioni 
di intensità dello speckle prodotto da luce coerente diffusa da un 
campione torbido, estrae informazioni sulla dinamica dei centri 
diffusori. La sua principale applicazione biomedica è la misurazione in 
vivo non invasiva delle fluttuazioni dei globuli rossi, e quindi del flusso 
sanguigno (blood flow, BF) micro-vascolare. 
 

Poiché la DCS utilizza tipicamente una sorgente di luce in continua 
(continuous wave, CW), generalmente non ha sensibilità alla 
profondità. Inoltre, una conoscenza delle proprietà ottiche del 
campione (coefficienti di scattering e di assorbimento) è necessaria per 
una stima corretta del BF. La DCS nel dominio del tempo (time domain 
DCS, TD-DCS) affronta questi problemi utilizzando una sorgente di 
luce pulsata ma coerente. Questo potrebbe permettere una misura di 
BF risolta in profondità, misurando le fluttuazioni di speckle a diversi 
tempi di volo. Lo scopo di questa tesi è quello di porre le basi della TD-
DCS, sia dal lato teorico che sperimentale. 
 

Nella parte iniziale di questo lavoro, per prima cosa introdurrò il campo 
dell'ottica diffusa, concentrandomi sulla spettroscopia nel vicino 
infrarosso (near infrared spectroscopy, NIRS) e sui metodi basati sul 
laser speckle. Inoltre, verrà presentato un confronto con altre tecniche 
biomediche. In secondo luogo, proporrò un nuovo modello teorico per 
l'interpretazione e l'analisi dei dati sperimentali, modellando 
opportunamente l’effetto della funzione di risposta dello strumento 
(IRF) e gli effetti dell’ampiezza del gate temporale. In terzo luogo, verrà 
descritto il nuovo sistema sperimentale che è stato sviluppato e 
ottimizzato, focalizzandomi sulla sorgente laser e sui rivelatori a 
singolo fotone.  
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Nella seconda parte di questa tesi, presenterò i risultati sperimentali. 
Inizialmente, descriverò la caratterizzazione del sistema, eseguita 
sfruttando “fantocci” che simulano i tessuti. Questo aiuterà a definire le 
figure di merito del sistema e a ottimizzare i suoi componenti (come la 
sorgente laser e i rivelatori a singolo fotone). Poi, presenterò 
un'osservazione sperimentale di un effetto inaspettato, che verrà 
chiamato speckle temporale. Fornirò un'interpretazione statistica del 
fenomeno e dimostrerò un'applicazione biomedica.  
 

Infine, passerò a descrivere gli esperimenti in vivo su volontari adulti. 
Ho focalizzato la mia attenzione sulle misurazioni muscolari 
(occlusione vascolare) e cerebrali (fronte), osservando interessanti 
fenomeni fisiologici (come la pulsatilità vascolare). Inoltre, ho 
dimostrato la possibilità di eseguire misurazioni in vivo in una nuova 
gamma spettrale, in particolare oltre 1 𝜇𝜇𝜇𝜇. 
 

Collettivamente, questo lavoro fornisce una solida base teorica e 
sperimentale per l'ulteriore sviluppo della tecnica, e per la sua 
applicazione biomedica e clinica. 
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: Diffuse optical 
techniques and applications 

In this chapter, I will review the techniques and applications of diffuse 

optics. After a general introduction, I will introduce the two building 
blocks of this thesis work: near infrared spectroscopy (in particular the 
time-domain approach) and diffuse correlation spectroscopy. Then, I 
will introduce the subject of this thesis, namely time-domain diffuse 
correlation spectroscopy. Finally, I will summarize the state-of-the-art 
and the experimental challenges of the technique. 
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1.1. Light propagation in diffusive media 

In thick biological tissues, light propagation is a combination of two 
effects: absorption and scattering. Here I will define the key parameters 
that describe light propagation in this materials, often referred as turbid 
media [1–4]. 
 
Light absorption depends on the relative concentration of the different 
tissue constituents, or chromophores. It can be described by the 
absorption mean free path 𝑙𝑙𝑎𝑎, which is the average distance that a 
photon travels before it is absorbed by the medium. The absorption 
coefficient is defined as 𝜇𝜇𝑎𝑎 = 1/𝑙𝑙𝑎𝑎 (𝑐𝑐𝑚𝑚−1), and can be interpreted as 
the probability of absorption per unit length of propagation.   
 
A second parameter is the scattering mean free path 𝑙𝑙𝑠𝑠, which is the 
average distance that a photon travels before it is scattered (i.e., 
deflected). The scattering coefficient is defined accordingly as           
𝜇𝜇𝑠𝑠 = 1/𝑙𝑙𝑠𝑠 (𝑐𝑐𝑚𝑚−1). The scattering of light is due to the microscopic 
heterogeneities of the sample, on a scale comparable with the 
wavelength of light. This is due to the peculiar structure of biological 
tissues, which presents discontinuities of the local refractive index at 
the sub-cell level. Many biological tissues do not scatter light in an 
isotropic way. The angular properties of light scattering are enclosed in 
the anisotropy coefficient 𝑔𝑔 = < cos(𝜃𝜃) >, where 𝜃𝜃 is the scattering 
angle and <  > denotes an ensemble average. The typical value for 
biological tissues is 0.7-0.9.  
 
The last parameter I will introduce is the transport mean free path 𝑙𝑙𝑠𝑠∗, 
which is defined as the average distance which a photon travels before 
its direction is randomized. Its reciprocal, the reduced scattering 
coefficient, can be computed as 𝜇𝜇𝑠𝑠′ =  𝜇𝜇𝑠𝑠(1 − 𝑔𝑔) (𝑐𝑐𝑚𝑚−1). In specific 
wavelength ranges, light absorption can be significantly lower than 
scattering, mathematically 𝜇𝜇𝑎𝑎 ≪ 𝜇𝜇𝑠𝑠′ . In this regime, the propagation of 
light can be described as diffusive, or equivalently as a random walk. 
 
In Figure 1-1, I show the specific absorption spectrum of the main 
biological tissue’s constituents, so called chromophores. It might be 
noted that each chromophore has a peculiar spectral shape, but all of 
them has a relatively lower absorption in the range between 600 nm 
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and 900 nm. For this reason, that spectral region is often referred as 
physiological window. Due to the relatively low absorption, as 
compared to the (reduced) scattering, light can penetrate deep into 
biological tissues. For this reason, many diffuse optical techniques 
exploited this spectral windows, for probing biological tissues in normal 
or pathological conditions  [5–8]. 

 

Figure 1-1: Specific absorption coefficient (absorption per unitary 
concentration) of the four main tissue chromophores: oxy- and 
deoxy-haemoglobin (O2Hb/HHb, respectively), water and lipide. It 
might be noted that, in the range between 600 nm and 900 nm, 
light absorption is significantly lower compared to the other 
wavelengths. That spectral range is conventionally referred as 
“physiological window”. Figure from Ref. [9]. 

In the next sections I will describe the two diffuse optical techniques 
from which I developed this thesis: near infrared spectroscopy (NIRS) 
and diffuse correlation spectroscopy (DCS). 

1.2. Near infrared spectroscopy 

In this section, I will introduce the principles of Near infrared 
spectroscopy (NIRS), focusing on its biomedical applications. NIRS is 
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a non-invasive technique which aims to measure the tissue 
chromophores concentration, by using near infrared light at different 
wavelengths (𝜆𝜆)  [1,8,10–12].  
 
Jöbsis, in a pioneering work from 1977, showed that it is possible to 
measure the concentration of oxy and deoxy-haemoglobin (O2Hb and 
HHb) in biological tissues  [13]. From this, it is possible to retrieve two 
physiologically important quantities: the total haemoglobin 
concentration, tHb = O2Hb + HHb, and the tissue oxygen saturation, 
StO2 = O2Hb / tHb.  
 
In general, if the tissue is composed of 𝑁𝑁 chromophores, the absorption 
coefficient can be written as: 

𝜇𝜇𝑎𝑎(𝜆𝜆) =  �𝐶𝐶𝑖𝑖 𝜖𝜖𝑖𝑖(𝜆𝜆) 
𝑁𝑁

𝑖𝑖=1

, (1-1) 

In which 𝐶𝐶𝑖𝑖 is the concentration of the i-th chromophore, and 𝜖𝜖𝑖𝑖(𝜆𝜆) is 
the specific absorption. Thus, if the absorption coefficient is measured 
at 𝑀𝑀 different wavelengths (with 𝑀𝑀 ≥ 𝑁𝑁), by inverting Equation (1-1) 
one can extract the concentration of each chromophore. 

Regarding the geometry, the measurements can be performed either 
in reflectance or transmission, depending on the application and the 
sample size. In reflectance, the light source and detector are placed on 
the tissue at few cm distance. In transmission, used for instance for 
optical mammography, the source and detector are on the two sides of 
the sample  [1]. 

The four main approaches to NIRS are: continuous wave  [10], 
frequency-domain  [11], spatial frequency domain  [12], and time-
domain  [8] (see Figure 1-2). 
  

• In the continuous wave (CW) approach, a steady-state light 
source is injected in the tissue, and a detector measures the 
intensity of the diffused photons. In certain cases, light is 
modulated at kHz frequencies to improve the sensitivity. 

• The frequency-domain approach uses a sinusoidally 
modulated (~100 MHz) light source, and the amplitude and 
phase shift of the diffused light is recorded. 
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• Spatial-frequency domain uses spatial modulation of the 
excitation light and measures the corresponding spatial shift. 

• The time-domain (TD) approach exploits a pulsed laser 
(~100 ps duration) for measuring the temporal distribution of 
the re-emitted photons, so-called distribution of time-of-
flights (DTOF).  

The CW approach is the simplest but cannot easily disentangle the 
effect of scattering from absorption, since it measures the overall 
attenuation which is a combination of the two parameters. Thus, unless 
a multi-distance approach with calibrated detectors is used [14], it can 
measure only relative (absorption) changes. The frequency-domain, 
spatial frequency-domain, and time-domain approaches, on the other 
hand, can retrieve simultaneously the absorption and reduced 
scattering coefficient of the sample.  

In the next section, I will focus on the time-domain approach, which has 
been used extensively in this thesis work. 

 

Figure 1-2: Three different approaches to NIRS: 1) Continuous wave, 2) 
Frequency-domain, 3) Time-domain. Spatial frequency domain (not shown) 
modulates the light source over the spatial, instead of the temporal, dimension. 
Adapted from Ref. [1]. 

1.2.1. Time-domain NIRS 

In this section I will discuss more in detail time-domain near infrared 
spectroscopy (TD-NIRS)  [8,15–17]. As introduced in the previous 
section, in TD-NIRS a short (~100 𝑝𝑝𝑝𝑝) laser pulse in injected in the 
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tissue. Then, the diffused photons are collected, either in reflectance 
or transmittance geometry, by means of an optical fiber and a single-
photon photodetector, and the photon time-of-flight distribution (DTOF) 
is recorded, see Figure 1-3. The absorption and scattering events 
modify the temporal shape of the injected pulse in different ways. In 
particular, the scattering broadens and delays the pulse, while the 
absorption affects the DTOF tail at later times. Thus, using the TD 
approach, it is possible to disentangle absorption from scattering, 
retrieving 𝜇𝜇𝑎𝑎 and 𝜇𝜇s′  simultaneously. 

 

Figure 1-3: Principle of TD-NIRS. A short (few hundred 
picoseconds) laser pulse is injected in the sample, and 
the distribution of time-of-flights (DTOF) of the diffused 
photons is recorded. The DTOF carries useful 
information regarding the sample optical properties. 

Now I will discuss the second property of TD-NIRS: the depth 
discrimination. In reflectance geometry, the diffusive properties of the 
tissues enable to detect photons which reach depths up to few 
centimetres. Since light diffusion is essentially a random walk, the 
depth penetration of each photon is a random quantity. However, for 
longer time-of-flights, the diffused photons statistically visited deeper 
regions of the tissue. This physical property has been demonstrated 
both theoretically and experimentally  [8,15,18,19]. In Figure 1-4, the 
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photon visiting probability, so called sensitivity maps, are shown for 
different time-of-flights and source-detector separations (𝜌𝜌). 

 

Figure 1-4: Comparison of the sensitivity maps for three different time-of-
flights (t = 0.5 ns, 1 ns and 1.5 ns: top, middle, and lower plots). Light is 
injected and collected on the top surface of the medium, in reflectance 
geometry. The source-detector (SD) separation (𝜌𝜌) is 0 mm and 30 mm 
for the left and right plots, respectively. While the penetration depth 
increases with the time-of-flight, it does not depend significantly on the 
SD separation. Figure adapted from Ref. [15].   

As opposite to the CW approach, where the depth discrimination can 
be obtained only by changing 𝜌𝜌, in the time-domain approach it is 
possible to retrieve depth discrimination by selecting (i.e., gating) the 
photons based on their time-of-flight. This “time/depth” relationship was 
showed to be independent on the source-detector (SD) separation, as 
can be seen from Figure 1-4.  

In this section, I discussed the general principle of NIRS, then focusing 
on the time-domain approach, which will be one of the building blocks 
of this thesis work. In the next sections, I will introduce the second 
building block: diffuse correlation spectroscopy (DCS). Then, I will 
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discuss what are the possible synergies between the two techniques, 
and the main challenges of the resulting technique, time-domain DCS. 

1.3. Dynamic scattering techniques 

In this section, I will introduce the principal methods that have been 
developed for particle motion measurements with laser light. First, I will 
introduce the concept of laser speckle, which is fundamental for the 
following, then I will present the main techniques. 

1.3.1. Laser speckle 

Even if light propagation in turbid media seems a random process, light 
scattering is actually deterministic. In fact, every scattering event is due 
to the microscopic inhomogeneities of the sample’s refractive index, 
which are very difficult to model, but create reproducible effects. An 
important example of this is laser speckle [20]. When light propagates 
through a random medium, and then is projected to a screen, every 
photon accumulates a phase shift given by its actual path length. For 
this reason, after several scattering events, their phase becomes 
uncorrelated and uniformly distributed. Thus, we can interpret the field 
of each photon as a random (complex) phasor. When many 
independent phasors are added, due to the central limit theorem the 
total field follows a zero-mean gaussian distribution on the complex 
plane, which corresponds to a Rayleigh (i.e., negative exponential) 
intensity distribution [21], see Figure 1-5.  
 

 

Figure 1-5: Image of a laser speckle pattern on a screen.  
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Physically, we can interpret laser speckle as an interference effect 
between all the photons that reach the detection screen. Thus, in order 
to measure it, a temporally coherent light source is needed. For 
obtaining a speckle pattern, the coherence length of the light source 
needs to be comparable with the average path length difference. Or 
equivalently, the source bandwidth should be smaller than the spectral 
dispersion of the medium  [22,23]. 

1.3.2. Laser speckle contrast and Laser Doppler Flowmetry 

Now I will discuss the two main methods that have been developed for 
measuring particles motion. The two main methods are i) laser speckle 
contrast  [24–26] and ii) laser doppler flowmetry  [27,28].  

If we suppose that all the particles of the medium are fixed, the resulting 
speckle pattern will be constant over time, due to the deterministic 
nature of light scattering. However, if the particles move, the photons 
will undergo slight phase shifts which will modify the resulting speckle 
pattern. Thus, monitoring the speckle pattern over time it is possible to 
infer information about the particles speed. If we imagine using a 
camera with a fixed integration time, we will see that the particle motion 
will smear the speckle pattern, thus reducing its contrast for integration 
times slower than motion itself. Thus, the contrast of the resulting 
speckle pattern carries useful information regarding the dynamics of 
the medium. This is the principle of the technique referred laser speckle 
contrast imaging/analysis (LSCI/LSCA)  [24,25,29–33].  

Instead of looking at the temporal effects of the dynamic scattering, it 
is possible also to look at the spectral effects. In particular, when light 
is scattered by a dynamic object, the photons will undergo slight 
frequency shifts due to the Doppler effect. This Doppler shifts will 
accumulate when the photons undergo multiple dynamic scattering. 
Thus, the spectrum of the detected light will be broadened by the 
motion of the scatterers. If the light source is sufficiently narrow band, 
the spectral changes can be measured quantitatively. This is the 
principle of the technique named laser doppler flowmetry 
(LDF)  [27,34–37]. 

Let me note that laser speckle contrast and laser doppler flowmetry, 
even though technically different, are based on two similar physical 
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concepts. The first focuses on the temporal dispersion due to dynamic 
scattering, the second on the corresponding spectral dispersion. 
Mathematically, their correspondence is assured by the Wiener–
Khinchin theorem  [28,38–42]. 

1.3.3. Diffuse Correlation Spectroscopy 

As we have seen in the previous section, laser speckle carries useful 
information regarding dynamic scattering. Laser speckle contrast 
(LSC) is a relatively simple, possibly wide-field, technique. However, 
since LSC samples the speckle (temporal) fluctuations with a single 
integration time, it has limited accuracy  [31]. In fact, one needs to 
assume the type of particle motion (e.g. Brownian/directional) and 
scattering regime (e.g. single/multiple events) for a quantitative 
analysis [24,25].  

A different approach is given by Diffusing wave spectroscopy (DWS), 
often called Diffuse correlation spectroscopy (DCS) in the biomedical 
field  [1,43–51]. In DCS, the diffused light intensity is measured with 
𝜇𝜇𝜇𝜇 − 𝑛𝑛𝑛𝑛 resolution, by means of a single-photon detector. Then, the 
autocorrelation function is computed on a wide span of lag times       
(𝜏𝜏 = 1 𝜇𝜇𝜇𝜇 ÷ 1 𝑠𝑠), see Figure 1-6. 

 

 

Figure 1-6: Principle of diffuse correlation spectroscopy (DCS). When 
photons undergo dynamic scattering events, the diffused light intensity 
(on a single speckle) fluctuates over time. Faster particles correspond 
to faster intensity fluctuations. This is typically quantified calculating the 
intensity autocorrelation function 𝑔𝑔2 as a function of delay time 𝜏𝜏.  
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As shown in Figure 1-6, photons undergo many scattering events 
during their travel from the source to the detector. As a result, the 
detected intensity will fluctuate over time. Faster particles motion will 
then correspond to faster intensity fluctuations. Typically, this is 
quantified by computing the diffused intensity auto-correlation function 
g2(𝜏𝜏). It can be showed that its decay rate is directly related to the 
particle motion, in particular the mean squared displacement                    
< Δ𝑟𝑟2(𝜏𝜏) >  [52–54]. 

Compared to laser speckle contrast methods, unless multiple 
integration times are used  [31,34,55–59], DCS can quantify particles 
motion is a more accurate way, due to the fact that the intensity is 
measured with faster detectors (𝜇𝜇𝜇𝜇 − 𝑛𝑛𝑛𝑛 resolution), thus measuring 
the full intensity autocorrelation [g2(𝜏𝜏)] decay. 

1.4. Time resolved dynamic scattering techniques 

In this section, I will introduce time-resolved dynamic scattering 
techniques, then I will focus on time domain (TD) DCS, which is the 
subject of this thesis work. 

As discussed in the previous section, DCS has the possibility to 
measure the motion of scattering particles in the multiple scattering 
regime. However, it has two main limitations. The first is that, for an 
accurate estimation, it requires precise knowledge of the optical 
properties (scattering and absorption) and geometry of the 
sample  [60–63]. The second is that is has a limited depth resolution, 
unless multiple source-detector (SD) distances  [64–66], or complex 
reconstruction algorithms  [67–69], are used. This is related to the fact 
that photons with any possible path length contribute to the measured 
autocorrelation. 

In order to overcome these challenges, researchers have investigated 
path length resolved dynamic scattering methods  [70–73]. The aim of 
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this methods is to discriminate the speckle fluctuations with respect to 
the photon path length, or equivalently its time-of-flight.  

The first pioneering work, by Yodh et al. [70] in 1990, used a mode-
locked laser and a delay-scanned interferometer, to measure intensity 
fluctuations at different delay times. The detection side was based on 
second-harmonic generation, thus a high light power (~ 1 W) was 
required. Later, a method based on a coherence-gated interferometer 
coupled with a spectrum analyser was proposed [71,74], enabling the 
study of both the few-scattering (quasi-elastic scattering) and the 
multiple scattering (DWS) regimes.  

A different approach is the use of a wavelength-swept (i.e., frequency 
modulated) source, with interferometric detection, to retrieve by Fourier 
transform the path length resolved speckle fluctuations. The method 
was originally envisioned for the measurement of the distribution of 
time-of-flights (DTOF) [75,76], then adapted for measuring also the 
auto-correlation  [72,73,77]. In the next section I will introduce a more 
direct approach, time-domain (TD) DCS, which is the subject of this 
thesis work. 

1.4.1. Time-domain DCS 

Very recently, Sutin et al. demonstrated a new approach for path length 
resolved dynamics measurements, termed time-domain (TD) DCS, 
with measurements on tissue-mimicking phantoms and small 
animals [78].  a pulsed near infrared laser, with temporal duration < 100 
ps and high temporal coherence, a fast single-photon detector, and a 
time-correlated single photon counting (TCSPC) board. In their work, 
the researchers used a semiconductor-based laser with non-ideal 
temporal coherence, which is required for an accurate measurement 
of the speckle fluctuations, and thus the BFI. In order to overcome this 
challenge, Pagliazzi et al. exploited a highly coherent Ti:Sapphire laser 
(in mode-locking regime), which strongly improved the signal-to-noise 
ratio (SNR). This enabled to  perform the first in vivo experiments on 
human subjects, with measurements on muscle and brain  [79,80]. 
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The principle of TD-DCS is to measure, for every detected photon, two 
key quantities: 

i) The absolute arrival time (with respect to the beginning of the 
experiment) with ns resolution, sometimes named macro-time. 

ii) The time-of-flight, with ps resolution, sometimes termed micro-
time. 

The time-of-flight information can be used for binning the measured 
photons in several temporal windows, named time-gates, thus for 
discriminating different photon path lengths. Then, for every time-gate, 
the corresponding intensity time trace, and thus its auto-correlation 
function, can be measured using the macro-times of the selected 
photons. From the autocorrelation of every time-gate, it is then possible 
to retrieve a dynamics parameter (e.g., mean square displacement).  

The measured time-of-flight can also be used for computing the 
distribution of time-of-flights (DTOF), which carries useful information 
about the sample optical properties (absorption and reduced 
scattering). 

Potential advantages of TD-DCS 
With respect to classical (i.e. CW) DCS, the time-domain approach has 
two potential advantages [78]: 

1. Firstly, due to the possibility to discriminate the dynamics with 
respect to the photon path length, it might be possible to obtain 
depth resolved dynamics measurements. This could be done by 
exploiting the physical relationship between photon time-of-flight 
and depth, already exploited extensively in time-domain 
NIRS  [19,81–84] (see Section 1.2.1).  

2. Secondly, thanks to the parallel measurement of the DTOF, it is 
possible to retrieve information regarding the sample optical 
properties  [70,72,76–78]. This information would be useful for 
characterizing the sample with a single technique. In addition, 
the knowledge of the optical properties, especially the reduced 
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scattering coefficient, enables a quantitative analysis of the DCS 
data. Otherwise, a separate NIRS system would be 
needed [7,85–87].  

Let me highlight that both the points were demonstrated only partially 
in the previous works, and thus will be studied in detail in this thesis. 

Challenges of TD DCS 
I will now briefly discuss the challenges of TD DCS: 

1. First of all, as I discussed in section 1.3, to detect the speckle 
(which is actually an interference effect) the light source needs 
to have a sufficient temporal coherence or equivalently a narrow 
spectrum. However, in the case of TD-DCS, the light source 
needs to be pulsed to retrieve the path length resolution. Thus, 
there is a very strict trade-off between the temporal vs spectral 
widths of the light source being used, essentially set by the 
Fourier limit  [23,88–92]. In a following chapter, I will study in 
detail the effect of laser coherence on the amplitude of the auto-
correlation function (which is typically called coherence 
parameter 𝛽𝛽).  
 

2. In addition, a single-mode detection channel (typically a single 
mode fiber) needs to be used for light collection. This is due to 
the fact that the contrast in the speckle fluctuations is inversely 
proportional to the number of detected modes [21,93]. Thus, 
even if more photons are collected, detecting more modes 
would not increase the signal-to-noise ratio (SNR) 
significantly  [34,94,95]. Thus, strategies need to be studied to 
keep the SNR at a reasonable level. Let me note that, for 
classical (CW) DCS, some interferometric approaches have 
been recently proposed to add the individual modes in a 
coherent way  [96,97]. 
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1.5. Comparison with other techniques and applications 

The key biomedical application of DCS is the measurement of 
microvascular blood flow (BF) [1,6,98]. In fact, in the case of biological 
tissues, the main moving scatterers are the red blood cells (RBC). It 
has been demonstrated that the speckle fluctuations are related to the 
specific type of motion (shear motion) of the RCB within the micro-
circulation [51]. In the next chapter, I will describe the principle for 
extracting the BF index from the intensity autocorrelation, which indeed 
is proportional to the BF in the tissue.  

In the next Section, I will discuss several validations of the technique 
and its main biomedical applications. 

1.5.1. DCS validation with blood flow monitoring techniques 

Several validation studies have been carried out to compare and 
validate DCS with techniques typically used in the clinics. Few 
examples are: 
 

• Transcranial Doppler ultrasound (TCD). TCD is an ultrasound 
technique which exploits the doppler shift to measure macro-
vascular blood flow, as opposite of DCS which measures the 
micro-circulation. For transcranial measurements, TCD typically 
measures the flow in the middle cerebral artery. It was shown 
than the BF index from DCS was statistically correlated with the 
TCD counterpart (systolic, diastolic and mean BF), even if the 
two techniques measure different types of vasculature  [99,100]. 
The two techniques were also validated on muscle 
measurements [101], and on tumoral tissues  [49,102].  
 

• Arterial-Spin-Labelled Magnetic Resonance Imaging (ASL-
MRI). ASL-MRI is one of the gold standards to image the tissue 
blood flow with high spatial resolution. However, due to its 
bulkiness it is not usable at the bedside and its very costly. DCS 
was extensively validated with ASL-MRI, both for muscle and 
brain measurements, and showed an high degree of 
correlation  [1,6,47,103,104]. 
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• Xenon Computed Tomography (Xe-CT). It is a CT scanning 

technique where the subject inhales Xenon as contrast agent. It 
is typically used to image blood flow in the case of traumatic 
brain injuries or stroke. As in the case of ASL-MRI, relies on 
bulky equipment thus is not applicable at the bedside. DCS was 
validated against Xe-CT in the case of critically-ill 
subjects  [6,7,105].  

 
After having discussed the different validations of DCS, now I will 
summarize the main biomedical applications of DCS. 

1.5.2. DCS biomedical and clinical applications 

DCS has been used for a variety of biomedical and clinical applications, 
in particular to measure tissue hemodynamic in brain, muscles and 
tumours. The main applications studied so far are: 
 

• Brain hemodynamics. For almost two decades, DCS has been 
applied to the study of brain hemodynamics, both for physiology 
and pathology studies [106,107]. It was first applied to rats for 
disease monitoring and imaging  [94,108]. Then, it was applied 
to study cerebral injuries in piglets and humans [7,109]. Shortly 
after, functional DCS, i.e. measuring the cerebral response to 
external stimuli, was demonstrated on several cerebral regions 
(e.g. motor, cognitive) [86,106]. In this regard, DCS was 
compared with ASL-MRI and functional MRI and showed 
comparable results [1]. DCS was also used in the clinic to 
monitor premature babies [99], infants with congenital 
defects [103], traumatic brain injuries [7], stoke  [110], and deep 
hypothermia surgery [111]. 
 

• Muscle hemodynamics. DCS was also used to study muscle 
hemodynamics [47,87,101,112–114]. For instance, the auto-
regulatory response of periphery artery disease (PAD) patients 
was compared with healthy subject. PAD is a circulation disease 
which is caused by the narrowing of arteries in muscular tissues, 
typically on the limbs. Between the two groups, a different auto-
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regulatory response was found [87]. Also, efforts to use DCS 
with dynamically exercising muscles are ongoing [115].  
 

• Tumour diagnosis and therapy monitoring. The technique was 
extensively used to studying tumoral diseases, both for 
diagnosis and therapy monitoring purposes [49,102]. For 
instance, DCS (and NIRS) have been used for breast cancer 
imaging and chemotherapy monitoring [116,117]. It was also 
used to study the effects of photodynamic therapy (PDT) e.g., in 
prostate cancer [102,118]. The technique was exploited 
because the efficacy of PDT is correlated with the oxygen 
content of the tumours (hypoxic tumours are more difficult to 
treat) [119]. Also, the treatment itself can change the tumour 
metabolic status, which needs to be monitored for keeping 
effective the treatment. Finally, monitoring the tumour early 
response to the treatment may enable to predict its long-term 
healing probability [49]. 

 
In this section, I have briefly described other (non-optical) blood flow 
monitoring techniques, which were used to validate DCS. Then, I 
discussed the main biomedical and clinical applications of the 
technique. Let me stress that those applications might be possible as 
well for TD-DCS.  
 
In the next chapter, I will describe the theoretical framework of DCS, 
and then focus on the theory of TD-DCS (which was partially developed 
during this thesis work). 
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: Theory 

In this chapter, first I will briefly review the theory of photon 

propagation in diffusive media. Then, I will present the theory of 
dynamic scattering, in the single and multiple scattering (DCS) 
regimes. Finally, as a result of this thesis work, I will present the theory 
of time-domain DCS, focusing on the effects of the system temporal 
response.   
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2.1. The photon diffusion equation 

As we have seen in the previous chapter, light propagation in turbid 
media can be interpreted as a diffusive process. Let me note that 
diffusive processes are encountered often in natural phenomena such 
as heat propagation, acoustic/seismic waves, chemistry etc.  

The most rigorous description of light propagation in a diffusive medium 
is given by the radiative transfer equation (RTE), a theory initially 
developed for describing the neutron propagation (in astrophysics and 
nuclear physics),  [2,120–122]. Its main ingredients are: i) absorption 
events (𝜇𝜇𝑎𝑎), ii) scattering events (𝜇𝜇𝑠𝑠), iii) scattering angle 𝜃𝜃, described 
statistically by the scattering phase function 𝑝𝑝(cos(𝜃𝜃)). The phase 
function characterizes the sample’s distribution of scattering angles. 
The RTE describes the spatial and temporal behaviour of the radiance 
𝐿𝐿(𝒓𝒓, 𝑡𝑡,𝛀𝛀)[ 𝑊𝑊

𝑠𝑠𝑠𝑠 𝑐𝑐𝑚𝑚2], which is defined as the optical power per unit area 
travelling in the 𝛀𝛀 direction, at position 𝒓𝒓 and time 𝑡𝑡. It is possible to 
solve the RTE analytically only for very simple configurations. On the 
other hand, it is possible to solve numerically the equation, for instance 
with Monte Carlo simulations [122–124].  

In order to obtain a more treatable version of the RTE, few assumptions 
are needed. Most importantly, the reduced scattering coefficient       
𝜇𝜇𝑠𝑠 
′ = (1 − 𝑔𝑔)𝜇𝜇𝑠𝑠, needs to be much bigger than the absorption 

coefficient 𝜇𝜇𝑎𝑎. In addition, the radiance is assumed to be almost 
isotropic (the so-called P1 approximation), and it also needs to not vary 
significantly in the time-scale in which a photon travels a transport 
mean free path 𝑙𝑙∗ [2,3]. With these approximations, the RTE reduces 
to a simpler equation, namely the photon diffusion equation (PDE). The 
PDE describes the spatial and temporal distribution of the photon 
intensity, so-called fluence 𝜙𝜙(𝒓𝒓, 𝑡𝑡) [𝑊𝑊/𝑐𝑐𝑚𝑚2]:  

∇  ∙ �D(𝐫𝐫)∇𝜙𝜙(𝒓𝒓, 𝑡𝑡)� − 𝑣𝑣𝜇𝜇𝑎𝑎(𝒓𝒓)𝜙𝜙(𝒓𝒓, 𝑡𝑡) −
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

=  −𝑣𝑣𝑣𝑣(𝒓𝒓, 𝑡𝑡) . (2-1) 
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In Eq. (2-1), 𝐷𝐷(𝒓𝒓) is the diffusion coefficient, defined as 1/(3𝜇𝜇𝑠𝑠′). The 
speed of light in the medium is 𝑣𝑣, and 𝑆𝑆(𝒓𝒓, 𝑡𝑡) is the light source term 
(assumed to be isotropic). Once the source term and the optical 
properties are defined, it is possible to solve the PDE, and thus 
retrieving the fluence 𝜙𝜙(𝒓𝒓, 𝑡𝑡), either analytically or numerically, e.g. with 
the finite elements method (FEM) [2,3]. 

It is important to note that the fluence 𝜙𝜙(𝒓𝒓, 𝑡𝑡) represents the light power 
distribution inside the medium. The re-emitted power per unit area and 
time, either in transmission or in reflectance geometry, can be 
computed by exploiting the boundary conditions as follows  [125]: 

𝑅𝑅(𝒓𝒓, 𝑡𝑡) 𝑜𝑜𝑜𝑜 𝑇𝑇(𝒓𝒓, 𝑡𝑡)  = −𝐷𝐷(𝒓𝒓)|∇𝜙𝜙(𝒓𝒓, 𝑡𝑡)|𝒓𝒓 ∈ surface (2-2) 

2.1.1. Time-resolved diffuse reflectance 

The solution of the PDE depends on the geometry and the type of 
source used. For the case of a Dirac δ pulsed light source, assuming a 
semi-infinite homogeneous medium, the reflectance can be expressed 
as [126]: 

𝑅𝑅(𝑡𝑡) = 𝑘𝑘𝑡𝑡−
5
2 exp(−𝜇𝜇𝑎𝑎𝑣𝑣𝑣𝑣) exp �− 𝜌𝜌2

4𝐷𝐷𝐷𝐷𝐷𝐷
� 𝑆𝑆(𝐷𝐷, 𝑡𝑡),  (2-3) 

in which 𝜌𝜌 is the source-detector separation, 𝑘𝑘 is a proportionality 
coefficient, and 𝑆𝑆(𝐷𝐷, 𝑡𝑡) is a dipole term (boundary conditions 
dependant). 

In Figure 2-1, the theoretical time-resolved reflectance, calculated 
using Eq. (2-3), is reported for different values of absorption and 
reduced scattering. As can be seen, the absorption coefficient mostly 
influences the amplitude and the slope of the tail. On the other hand, 
the reduced scattering coefficient mainly influences the curve 
broadening and the peak position [8]. 

In the following, I will show that 𝑅𝑅(𝑡𝑡) plays an important role in the 
theory of TD-DCS, since it can be used to compute the distribution of 
time-of-flights, or equivalently the path length distribution 𝑃𝑃(𝑠𝑠 = 𝑣𝑣𝑣𝑣). 
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Figure 2-1: Time-resolved diffuse reflectance for a semi-infinite medium. 
Dependence on a) the absorption coefficient (in mm-1) and b) the reduced 
scattering coefficient (in mm-1). Figure adapted from Ref. [8]. 

It is important to note that the RTE in general, and the PDE in particular, 
completely neglect wave interference effects. In fact, they assume that 
the different light fields add up incoherently [3]. As a consequence, 
their solutions are not accurate in the presence of coherent effects, 
such as laser speckle [127–129]. However, they can be used to 
compute ensemble-averaged quantities. In the last chapter, I will show 
experimental evidence of this in the case of time-domain diffuse optics. 
 

2.2. Speckle statistics 

In this section I will discuss the main statistical properties of speckle 
patterns. As introduced in Section 1.3.1, laser speckle can arise from 
the light interference of multiply scattered light. In this conditions, the 
overall field amplitude 𝐴𝐴(𝒓𝒓) can be interpreted as a phasor sum in the 
complex plane [20,130,131]: 

𝐴𝐴(𝒓𝒓) =  � 𝑎𝑎𝑖𝑖exp (𝑖𝑖Φ𝑖𝑖)

𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝ℎ𝑠𝑠

𝑖𝑖=1

 (2-4) 

In order to carry out the sum in Eq. (2-4), we need to make two 
assumptions: 
 

Absorption 
(mm-1) 

Scattering 
(mm-1) 
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• The amplitude 𝑎𝑎𝑖𝑖 and phase Φ𝑖𝑖 of the individual field 
contributions are random quantities and uncorrelated to each 
other. Also, the different field components are considered to be 
independent. 
 

• The phase Φ𝑖𝑖 is assumed to be uniformly distributed between 0  
and 2𝜋𝜋. This corresponds to assume that the photon path 
lengths differences are much larger than a wavelength. 

 
With these two assumptions, the problem becomes equivalent to a 
random walk in a 2D plane. Thus, we can interpret the speckle 
formation as a random walk in the complex plane (since the individual 
field contributions are complex). Assuming finally that a large number 
of field contributions are present, the resulting intensity can be shown 
to follow a negative exponential distribution  [20,21]: 

𝑝𝑝(𝐼𝐼) = �
1
𝐼𝐼 ̅
� exp (−𝐼𝐼/𝐼𝐼 ̅) (2-5) 

where 𝐼𝐼 ̅ is the mean intensity. From Eq. (2-4), it is possible to 
understand why in a speckle pattern the black points (i.e., low intensity) 
are much more probable than the bright ones (i.e., high intensity). A 
simple parameter for characterizing a speckle pattern is the so-called 
speckle contrast 𝐶𝐶, defined as  [130]: 

𝐶𝐶 =
𝜎𝜎(𝐼𝐼)

< 𝐼𝐼 > (≤ 1) (2-6) 

where 𝜎𝜎(𝐼𝐼) is the standard deviation of the intensity and < 𝐼𝐼 > is the 
ensemble average of the intensity. In the ideal case of a single-
polarization, monochromatic speckle pattern (thus following Eq. (2-4)) 
the speckle contrast 𝐶𝐶 is equal to one. On the other hand, when 𝑀𝑀 
different speckle patterns are added incoherently, the corresponding 
speckle contrast 𝐶𝐶 is reduced by a factor √𝑀𝑀  [20]. For instance, in the 
case of unpolarized light the ideal value of the speckle contrast is 1/√2. 
The speckle contrast may degrade also when large bandwidth sources 
are used. Following this concept, it is possible to define the sample 
bandwidth as the wavelength/frequency difference which corresponds 
to two uncorrelated speckle patterns  [22,92]. 
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2.2.1. Generalized speckle intensity distribution 

As described in the previous sub-section, when multiple speckles are 
spatially (or temporally) averaged their relative variations are reduced, 
proportionally to the number of averaged modes 𝑀𝑀. It was 
demonstrated that, in these conditions, the overall intensity distribution 
is given by a Gamma distribution [20,21]: 

𝑝𝑝(𝐼𝐼) =
𝑎𝑎𝑀𝑀𝐼𝐼𝑀𝑀−1 exp(−𝑎𝑎𝑎𝑎)

Γ(𝑀𝑀)   (2-7) 

In which 𝑎𝑎 is a normalization factor, defined as 𝑀𝑀/𝑎𝑎 =< 𝐼𝐼 >, and Γ 
denote the Gamma function. It is possible to show that the above 
distribution satisfies the speckle contrast condition 𝜎𝜎(𝐼𝐼)/< 𝐼𝐼 >= 1/√𝑀𝑀. 
Thus, for higher number of modes 𝑀𝑀 the distribution narrows around 
the average intensity < 𝐼𝐼 >. 
 
Goodman studied in detail the limits of validity of Eq. (2-7), and in 
particular showed how it generalizes in the presence of Poisson noise. 
Without entering in detail, the general distribution can be computed by 
statistically mixing the Gamma and the Poisson distributions, obtaining 
a distribution called negative binomial  [21]. Interestingly, the standard 
deviation of the overall distribution can be written as  [132]: 

𝜎𝜎𝐼𝐼2 = < 𝐼𝐼 > +
1
𝑀𝑀

< 𝐼𝐼 >2 (2-8) 

Thus, we can see from Eq. (2-8) that the overall variance is simply the 
sum of the variances of Poisson noise and speckle fluctuations, 
respectively. I will show the utility of the previous equation in the last 
chapter, where I studied the effects of speckle fluctuations in time-
domain diffuse optical measurements [133]. 
 
In this section, I discussed the theory of speckle patterns, focusing on 
their statistical features. In the next section, I will summarize the 
properties of dynamic speckles, moving from the single to the multiple 
scattering regime. Afterwards, I will move to the theory of DCS and 
time-domain DCS. 
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2.3. Diffuse correlation spectroscopy 

In this section, I will present the theory of dynamic scattering 
techniques, starting from the single-scattering regime and then moving 
to the multiple-scattering case. 

2.3.1. Single scattering regime (dynamic light scattering) 

Here I will start by considering a single-scattering experiment, as it is 
done in dynamic light scattering (DLS) [134–136]. In DLS, a long 
coherence length laser is delivered to a sample (sufficiently diluted to 
assure single-scattering), and light is collected with a single-photon 
detector at a fixed scattering angle 𝜃𝜃, as depicted in Figure 2-2. 

 
 

 

Figure 2-2: Dynamic light scattering (DLS) experiment. A diluted sample is illuminated 
by a coherent laser and light scattered at a fixed angle 𝜃𝜃 is collected. The light 
intensity auto-correlation function is then computed and analysed.  

The total scattered electric field can be written as a sum over the 𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
different scattering particles present in the illuminated volume [134]: 

𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡 ∝ 𝑬𝑬𝑜𝑜𝐹𝐹(𝜃𝜃)𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖 � exp�−𝑖𝑖𝒒𝒒 ∙ 𝒓𝒓𝑖𝑖(𝑡𝑡)�

𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑖𝑖=1

 , (2-9) 

where 𝑬𝑬𝑜𝑜 is the incident field, 𝐹𝐹(𝜃𝜃) is the scattering form factor, 𝜔𝜔 is 
the light angular frequency, 𝒒𝒒 = 𝒌𝒌𝑜𝑜𝑜𝑜𝑜𝑜 − 𝒌𝒌𝑖𝑖𝑖𝑖 is the wavevector 
difference, and 𝒓𝒓𝑖𝑖(𝑡𝑡) is the position of each scattering particle. By 
computing the normalized electric-field auto-correlation function 𝑔𝑔1(𝜏𝜏), 
one obtains: 

k 

ki
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𝑔𝑔1(𝜏𝜏) ≡  
< 𝑬𝑬𝑡𝑡𝑡𝑡𝑡𝑡(𝑡𝑡) ∙ 𝑬𝑬𝑡𝑡𝑡𝑡𝑡𝑡(𝑡𝑡 + 𝜏𝜏)∗ >

< 𝑬𝑬𝑡𝑡𝑡𝑡𝑡𝑡(𝑡𝑡) ∙ 𝑬𝑬𝑡𝑡𝑡𝑡𝑡𝑡(𝑡𝑡)∗ >
= 

= 𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖 < exp(𝑖𝑖𝒒𝒒 ∙ Δ𝒓𝒓(𝜏𝜏)) > , 
(2-10) 

In which Δ𝒓𝒓(𝜏𝜏) is the particle displacement between time 𝑡𝑡 and time 𝑡𝑡 +
𝜏𝜏, and <…> denotes an ensemble average i.e., an average over all the 
possible sample realizations. Eq. (2-10) holds for randomly positioned 
particles, having uncorrelated displacements. In the case of random 
Gaussian motion, for instance Brownian, it is possible to compute 
explicitly the ensemble average, obtaining [134]: 

𝑔𝑔1(𝜏𝜏) =  𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖exp �− 1
6
𝑞𝑞2 < Δ𝑟𝑟2(𝜏𝜏) >� , (2-11) 

where < Δ𝑟𝑟2(𝜏𝜏) > is the mean-squared displacement (MSD) of the 
scattering particles, at delay time 𝜏𝜏.  
 
It is important to note that, in most experiments, the scattered intensity 
is measured instead of the electric field. Nevertheless, when the 
scattered field is Gaussian and the sample is ergodic (i.e., temporal 
and ensemble averages are equivalent), the so-called Siegert 
relationship can be used [137,138]: 

𝑔𝑔2(𝜏𝜏) ≡  
< 𝐼𝐼(𝑡𝑡)𝐼𝐼(𝑡𝑡 + 𝜏𝜏) >

< 𝐼𝐼(𝑡𝑡) >2 = 1 + 𝛽𝛽|𝑔𝑔1(𝜏𝜏)|2. (2-12) 

In Eq. (2-11), 𝑔𝑔2(𝜏𝜏) is the scattered intensity auto-correlation function, 
and 𝛽𝛽 is the so-called coherence parameter. The 𝛽𝛽 parameter is strictly 
related to the speckle contrast 𝐶𝐶, introduced in Sec 2.2, as it depends 
on the degree of coherence of the light source. Also, it is inversely 
proportional to the number of collected speckles/coherence areas. It is 
defined as the value of the intensity autocorrelation 𝑔𝑔2 in the origin (i.e., 
at 𝜏𝜏 = 0). For this reason, as opposite of the speckle contrast 𝐶𝐶, the 
coherence parameter 𝛽𝛽 does not depend on the dynamics of the 
medium. However, 𝛽𝛽 might depend on the optical properties of the 
sample (see Chapter 4).  
  
Thus, we can see from Eq. (2-11) that from a measurement of the 
intensity auto-correlation function, it is possible to retrieve the electric-
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field auto-correlation function, which enables to obtain the particles 
dynamics (specifically their MSD). In the next subsection, I will present 
the theory for the multiple-scattering regime, which will be particularly 
useful for DCS. 

2.3.2. Multiple scattering regime (DCS) 

In this section, I will describe the theory of dynamic scattering in the 
multiple-scattering regime [70,139,140]. When light is diffused through 
a turbid medium, photons undergo several scattering events. When the 
scatterers move, the photon paths change slightly, see Figure 2-3. 

 
            Source Fiber                                                        Detector Fiber 

 

Figure 2-3: Photon trajectories in a typical DCS experiment. Photons are 
multiply scattered between the source and injection points. When the 
scatterers move, the photon trajectories undergo slight changes which 
modify their phases (and thus the resulting intensity). From Ref. [141]. 

Similarly to Eq. (2-9), the detected electric field of a single path 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 
can be written as [139,142]: 

𝑬𝑬𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∝ 𝑬𝑬𝑜𝑜𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖�𝐹𝐹�𝜃𝜃𝑗𝑗� exp �−𝑖𝑖𝒒𝒒𝑗𝑗 ∙ 𝒓𝒓𝑗𝑗(𝑡𝑡)�
𝑁𝑁𝑠𝑠

𝑗𝑗=1

 . (2-13) 

𝑡𝑡 + 𝜏𝜏 

t 

Single Photon Path 
 

 
 

 
𝚫𝚫𝒓𝒓𝒊𝒊(𝝉𝝉) 
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In the two products, we include all the 𝑁𝑁𝑠𝑠 scattering events of the given 
path (the index 𝑗𝑗 denote the individual scattering event, see Figure 2-3). 
The single path electric-field auto-correlation 𝑔𝑔1,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜏𝜏) might then be 
written as [138,141]: 

𝑔𝑔1,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜏𝜏) ≡  
〈𝑬𝑬𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡) ∙ 𝑬𝑬𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡 + 𝜏𝜏)∗〉
〈𝑬𝑬𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡) ∙ 𝑬𝑬𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡)∗〉

= 

= 𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖 〈� exp �𝑖𝑖𝒒𝒒𝑗𝑗 ∙ Δ𝒓𝒓𝑗𝑗(𝑡𝑡)�
𝑁𝑁𝑠𝑠

𝑗𝑗=1

〉 . 

(2-14) 

As for DLS, assuming that each scattering event is independent, and 
the scatterers motion is Gaussian, one obtains for the single path 
autocorrelation: 

𝑔𝑔1,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜏𝜏) =  𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖 exp �−
1
3
𝑘𝑘02𝑌𝑌 < Δ𝑟𝑟2(𝜏𝜏) >� , (2-15) 

where 𝑌𝑌 is the so-called adimensional momentum transfer, defined as 
𝑌𝑌 =  ∑ [1 − cos (𝜃𝜃𝑗𝑗)𝑁𝑁𝑠𝑠

𝑗𝑗=1 ]. For a high number of scattering events (𝑁𝑁𝑠𝑠), 
the momentum transfer can be approximated as                                          
𝑌𝑌 ≅ 𝑁𝑁𝑠𝑠 < 1 − cos(𝜃𝜃) > = 𝑁𝑁𝑠𝑠(1 − 𝑔𝑔), where 𝑔𝑔 is the anisotropy factor. 
Finally, noting that 𝑁𝑁𝑠𝑠 = 𝑠𝑠

𝑙𝑙𝑠𝑠
, where 𝑠𝑠 is the photon path length 𝑙𝑙𝑠𝑠 is the 

mean scattering length, we obtain: 

𝑔𝑔1,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜏𝜏) =  𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖 exp �− 1
3
𝑘𝑘02𝜇𝜇𝑠𝑠′𝑠𝑠 < Δ𝑟𝑟2(𝜏𝜏) >� , (2-16) 

In Eq. (2-16), the definition of reduced scattering coefficient                  
𝜇𝜇𝑠𝑠′ = 1

𝑙𝑙𝑠𝑠
(1 − 𝑔𝑔) was used. Thus, we see that the auto-correlation 

envelope is an exponential, with a decay rate determined the photon 
path length 𝑠𝑠 and the scatterers motion < Δ𝑟𝑟2(𝜏𝜏) >.  
 
The overall auto-correlation, assuming that the fields of the individual 
path lengths are uncorrelated, might be written as a weighted sum over 
the path length distribution 𝑃𝑃(𝑠𝑠) [139–142]: 
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𝑔𝑔1(𝜏𝜏) =  � 𝑃𝑃(𝑠𝑠) exp �−
1
3
𝑘𝑘02𝜇𝜇𝑠𝑠′𝑠𝑠 < 𝛥𝛥𝑟𝑟2(𝜏𝜏) >� 𝑑𝑑𝑑𝑑

+∞

0
 . (2-17) 

The path length distribution 𝑃𝑃(𝑠𝑠) can be estimated using the theoretical 
time-resolved diffuse reflectance/transmittance (normalized to unitary 
area). Thus, in the multiple-scattering regime the auto-correlation 
function can be expressed by an average of the single-path auto-
correlation, weighted over the path length distribution 𝑃𝑃(𝑠𝑠). For this 
reason, as opposite to the single-scattering regime, the overall 
autocorrelation function will not be a single exponential function.  
 
The previous expression, together with an assumption about the type 
of dynamics encoded in the mean square displacement < Δ𝑟𝑟2(𝜏𝜏) >, 
permits to quantify the scatterers dynamics. For the case of biological 
tissues, the dynamic particles are typically the red blood cells (RBC). 
In this case, it was showed with experiments and simulations that the 
mean squared displacement is well described by Brownian motion, for 
which < Δ𝑟𝑟2(𝜏𝜏) > = 6𝐷𝐷𝐵𝐵𝜏𝜏, where 𝐷𝐷𝐵𝐵 [𝑐𝑐𝑚𝑚2/𝑠𝑠] is the Brownian diffusion 
coefficient of the scatterers. In this case, the product 𝛼𝛼𝛼𝛼𝐵𝐵 is typically 
called blood flow index (BFI) [1,51]. 

2.3.3. Correlation diffusion equation 

In the previous section, I have outlined a direct derivation of the 
electric-field auto-correlation function in the multiple scattering regime, 
see Eq. (2-17). By comparison with the experimental data, this enables 
the estimation of the sample dynamics. However, the reader might note 
that the formula contains an integral operation, which might not be 
simple to evaluate for complex geometries or heterogeneous samples. 
To overcome this difficulty, Ackermann et al. proposed a different 
theoretical approach, namely the correlation transport equation 
(CTE) [143]. In the framework of correlation transport, the electric-field 
auto-correlation can be treaded similarly to the radiance (introduced in 
Section 2.1) [46,142,143]. In particular, we might interpret the field 
auto-correlation as a wave that propagates in the turbid medium. With 
respect to the “classical” light transport, in addition to the absorption 
and scattering events, one needs also to include the dynamic 
scattering events. As for the case of the RTE, with few assumptions it 
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is possible to derive from the CTE a correlation diffusion equation 
(CDE), which I report here [1,46,142]: 
 

�∇  ∙ (𝐷𝐷(𝒓𝒓)∇) − 𝑣𝑣𝜇𝜇𝑎𝑎(𝒓𝒓) −
1
3
𝑣𝑣𝜇𝜇𝑠𝑠′𝑘𝑘02𝛼𝛼 < 𝛥𝛥𝑟𝑟2(𝜏𝜏) >�𝐺𝐺1 (𝒓𝒓, 𝜏𝜏)

=  −𝑣𝑣𝑣𝑣(𝒓𝒓) , 
(2-18) 

In which 𝐷𝐷(𝐫𝐫) is the photon diffusion coefficient, 𝑘𝑘0 is the wavenumber 
in the medium, 𝛼𝛼 is the fraction of moving scatterers, and 𝑆𝑆(𝒓𝒓) is the 
light source term. In Eq. (2-18), compared to the classical PDE, one 
might note that there is a third term which accounts for the dynamic 
scattering events. Let me note that the CDE has been derived 
assuming a CW light source, for this reason there is no temporal 
derivative term. Looking at the equation, we might see that the second 
and third term are very similar. For this reason, it is possible to interpret 
the term 𝜇𝜇𝑎𝑎(𝒓𝒓) − 1

3
𝜇𝜇𝑠𝑠′𝑘𝑘02𝛼𝛼 < Δ𝑟𝑟2(𝜏𝜏) > as an effective absorption 

coefficient. Thus, since also the boundary conditions are equivalent, it 
is possible to exploit the solutions of the PDE for solving the 
CDE  [1,46,142]. 
 
Solution for a semi-infinite homogeneous medium 
Here, as an example, I will report the CDE solution for the case of a 
semi-infinite homogeneous medium (with respect to optical and 
dynamical properties). By using the corresponding solution of the PDE, 
replacing 𝜇𝜇𝑎𝑎 with the effective absorption coefficient, one 
obtains [1,141]: 

𝐺𝐺1(𝑧𝑧, 𝜏𝜏) =  
𝑣𝑣

4𝜋𝜋𝜋𝜋
�
𝑒𝑒−𝐾𝐾(𝜏𝜏)𝑟𝑟1

𝑟𝑟1
−
𝑒𝑒−𝐾𝐾(𝜏𝜏)𝑟𝑟𝑏𝑏

𝑟𝑟𝑏𝑏
� , (2-19) 

In which 𝑧𝑧 is the depth coordinate, and the three parameters 𝐾𝐾(𝜏𝜏), 𝑟𝑟1 
and 𝑟𝑟𝑏𝑏 are defined as following:  
 

⎩
⎪
⎨

⎪
⎧
𝐾𝐾(𝜏𝜏) =  �

𝑣𝑣
𝐷𝐷

 �𝜇𝜇𝑎𝑎 +
1
3
𝑘𝑘02𝜇𝜇𝑠𝑠′𝛼𝛼 < Δ𝑟𝑟2(𝜏𝜏) >� 

𝑟𝑟1 = �(𝑧𝑧 − 𝑙𝑙∗)2 + 𝜌𝜌2

𝑟𝑟𝑏𝑏 = �(𝑧𝑧 + 2𝑧𝑧𝑏𝑏 + 𝑙𝑙∗)2 + 𝜌𝜌2

. (2-20) 
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In Eq. (2-20), 𝜌𝜌 is the source-detector separation and 𝑧𝑧𝑏𝑏 is a boundary 
term (tabulated in Ref.  [1]). Thus, for this geometry the electric-field 
auto-correlation has a simple analytical expression which depends only 
on the dynamical and optical properties of the sample. 
 
In conclusion, in this section I showed two alternative theoretical 
approaches (direct method and CDE) for computing the electric-field 
auto-correlation function. Let me note that both methods can be useful 
for interpreting and/or analysing DCS data. In the next section, I will 
focus on the theory of TD-DCS, which was partially developed in this 
thesis work. 
 

2.4. Time-domain DCS 

In this section I will present the theory of TD-DCS. First, I will consider 
the case of an ideal system (i.e., perfect temporal resolution). Then, I 
will propose how to include in the model the effect of the instrument 
response function (IRF) [144]1. 

2.4.1. Ideal TD-DCS experiment 

As seen in section 1.4.1, TD-DCS makes use of a pulsed laser to 
measure the path length resolved speckle intensity autocorrelation. 
Here, I will start by presenting the theory of an ideal TD-DCS 
experiment (i.e., perfect temporal resolution and temporal coherence).  
 
In an ideal TD-DCS experiment, the photon path length 𝑠𝑠 (or 
equivalently its time-of-flight 𝑡𝑡 = 𝑠𝑠/𝑣𝑣) can be measured with infinite 
accuracy. This corresponds to the case of a δ-like instrument response 
function (IRF). As we have seen in Section 2.3.2, the electric-field auto-
correlation for a single path length, denoted as 𝑔𝑔1(𝜏𝜏, 𝑠𝑠), can be 
expressed as an exponential function  [70,78,79]: 
 

𝑔𝑔1(𝜏𝜏, 𝑠𝑠) = exp(−2𝑘𝑘02𝜇𝜇𝑠𝑠′𝑠𝑠𝛼𝛼𝛼𝛼𝐵𝐵𝜏𝜏),   (2-21) 

 
1 Article #1 in the list of Publications.  
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in which I considered the case of scatterers having Brownian dynamics 
(for which < Δ𝑟𝑟2(𝜏𝜏) >= 6𝐷𝐷𝑏𝑏𝜏𝜏). This expression holds only when the 
photons within a very narrow path-length/temporal window are 
measured. I will refer to this case as the narrow gate regime, which 
was reported in Refs. [70,78,90,145]. 
 
In order to increase the signal-to-noise ratio (SNR), Pagliazzi et al. [79] 
proposed to measure the speckle fluctuations of photons over a certain 
temporal/path-length window 𝑠𝑠 ∈ [𝑠𝑠𝑖𝑖𝑖𝑖, 𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓], where 𝑠𝑠𝑖𝑖𝑖𝑖 and 𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓 denote 
the limits of the considered time gate. I will refer to this acquisition 
method as the broad gate regime. In this regime, photons having a 
certain distribution of path lengths, thus having different decay rates, 
contribute to the auto-correlation decay rate. In this regime, Eq. (2-21) 
has a limited accuracy. A more accurate expression can be obtained 
by averaging the single path auto-correlation 𝑔𝑔1(𝜏𝜏, 𝑠𝑠) over the 
considered path length interval �𝑠𝑠𝑖𝑖𝑖𝑖, 𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓�, as proposed in Refs. [79,80]: 
 

𝑔𝑔1(𝜏𝜏) =  � 𝑃𝑃(𝑠𝑠) 𝑔𝑔1(𝜏𝜏, 𝑠𝑠) 𝑑𝑑𝑑𝑑
𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓

𝑠𝑠𝑖𝑖𝑖𝑖
 . (2-22) 

Eq. (2-21) shows that when photons having different path lengths are 
measured together, the overall field auto-correlation will not have a 
single exponential decay. Let me highlight that this regime is 
intermediate between the narrow gate regime, where photons having 
a single path length are measured, and an ungated acquisition 
scheme, where all the possible photon path lengths are measured 
(similarly to classical DCS) [79]. 
 
Up to now, I considered the case of an ideal system, thus having a δ-
like IRF. In this case, the photon time-of-flight can be measured with 
perfect temporal resolution. In the next section, I will extend this theory 
to the case of non-ideal temporal resolution, by suitably modelling the 
effect of the IRF on the time-gated auto-correlation function.    

2.4.2. Realistic TD-DCS experiment  

Here I will develop the theory of TD-DCS for the case of a realistic 
experimental system [144]. Let me note that another research group 
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has proposed independently a similar model. However, it considers 
only the case of narrow temporal gates [89]. 
 
In a realistic TD-DCS system, the excitation pulses have a non-zero 
temporal duration, and also the photodetector has a certain temporal 
response. Also, the optical fibers and the acquisition electronics might 
degrade the system temporal response. These effects can be 
described synthetically by the IRF, which describes the overall 
temporal resolution of the system. To include the IRF in the model, we 
can interpret the IRF as a probability distribution. In the ideal case, the 
photon path lengths 𝑠𝑠 can be measured with perfect accuracy. 
However, in a system with non-ideal temporal response, a photon 
having travelled an ideal path length 𝑠𝑠 might be assigned due to the 
IRF to different path length 𝑠𝑠′, which I will call real path length. For this 
reason, we can interpret the IRF as a measure of the statistical 
discrepancy between the ideal and the real photon path lengths (𝑠𝑠 and 
𝑠𝑠′ respectively), or equivalently time-of-flights. 
 
Formally, I will interpret the IRF as the conditional probability that a 
photon having an ideal path length 𝑠𝑠 is assigned to a real path length 
between 𝑠𝑠′ ÷ 𝑠𝑠′ + 𝑑𝑑𝑑𝑑′: 
 

𝑃𝑃(𝑠𝑠′| 𝑠𝑠) = 𝐼𝐼𝐼𝐼𝐼𝐼(𝑠𝑠′ − 𝑠𝑠)𝑑𝑑𝑑𝑑′ (2-23) 

In Eq. (2-23), I assumed the system to be linear and time-invariant. In 
this case, the conditional probability depends only on the path lengths 
difference, and not on their absolute values. A method for 
characterizing time-variant diffuse optical systems has been proposed 
recently [146]. Following this approach, I can express the elementary 
contribution 𝑑𝑑𝑔𝑔1(𝜏𝜏) to the overall autocorrelation as: 
 

𝑑𝑑𝑔𝑔1(𝜏𝜏) = 𝑃𝑃(𝑠𝑠′ ∩ 𝑠𝑠)𝑔𝑔1(𝑠𝑠, 𝜏𝜏)𝑑𝑑𝑑𝑑 𝑑𝑑𝑠𝑠′ =  

= 𝑃𝑃(𝑠𝑠)𝐼𝐼𝐼𝐼𝐼𝐼(𝑠𝑠′ − 𝑠𝑠)𝑔𝑔1(𝑠𝑠, 𝜏𝜏)𝑑𝑑𝑑𝑑 𝑑𝑑𝑠𝑠′, 
(2-24) 

where 𝑃𝑃(𝑠𝑠′ ∩ 𝑠𝑠) is the (joint) probability of measuring a photon with an 
ideal path length between 𝑠𝑠 ÷ 𝑠𝑠 + 𝑑𝑑𝑑𝑑 and a real path length between 
𝑠𝑠′ ÷ 𝑠𝑠′ + 𝑑𝑑𝑠𝑠′. In Eq. (2-23), I exploited the definition of conditional 
probability 𝑃𝑃(𝐴𝐴 ∩ 𝐵𝐵) = 𝑃𝑃(𝐴𝐴|𝐵𝐵)𝑃𝑃(𝐵𝐵), and used Eq. (2-23) for 𝑃𝑃(𝑠𝑠′| 𝑠𝑠). 
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To obtain the overall auto-correlation function 𝑔𝑔1(𝜏𝜏), we need to 
integrate the elementary contributions 𝑑𝑑𝑔𝑔1(𝜏𝜏) over the range of 
possible path lengths 𝑠𝑠 and 𝑠𝑠′. In the general case, we measure the 
autocorrelation over a certain path length/temporal interval [𝑠𝑠𝑖𝑖𝑖𝑖, 𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓]. It 
is important to note that, in practice, the photons are selected (i.e., 
gated) according to their real path length 𝑠𝑠′. For this reason, we have 
to impose that the real path length belongs to the given gate, thus 𝑠𝑠′ ∈
[𝑠𝑠𝑖𝑖𝑖𝑖, 𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓]. On the other hand, in principle there are no constraints on 
the real path length 𝑠𝑠, since it cannot be measured directly, thus 𝑠𝑠 ∈
[0, +∞]. Based on these considerations, the final expression of the 
auto-correlation function becomes: 
 

𝑔𝑔1(𝜏𝜏) = � 𝑑𝑑𝑑𝑑
+∞

0
� 𝑑𝑑𝑠𝑠′
𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓

𝑠𝑠𝑖𝑖𝑖𝑖
𝑑𝑑𝑔𝑔1(𝜏𝜏)

= � 𝑑𝑑𝑑𝑑
+∞

0
� 𝑑𝑑𝑠𝑠′
𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓

𝑠𝑠𝑖𝑖𝑖𝑖
𝑃𝑃(𝑠𝑠)𝐼𝐼𝐼𝐼𝐼𝐼(𝑠𝑠′ − 𝑠𝑠)𝑔𝑔1(𝑠𝑠, 𝜏𝜏) . 

(2-25) 

We might see that the final 𝑔𝑔1(𝜏𝜏) is a complex combination of 𝑃𝑃(𝑠𝑠), 
IRF, and the single path length autocorrelation 𝑔𝑔1(𝑠𝑠, 𝜏𝜏), not easily 
interpretable. In order to gain physical insight, let me recast Eq. (2-23) 
as follows: 

𝑔𝑔1(𝜏𝜏) = � 𝐸𝐸𝐸𝐸𝐸𝐸(𝑠𝑠)𝑃𝑃(𝑠𝑠)𝑔𝑔1(𝑠𝑠, 𝜏𝜏) 𝑑𝑑𝑑𝑑
+∞

0
 ,  (2-26) 

Where the function 𝐸𝐸𝐸𝐸𝐸𝐸(𝑠𝑠), which I called effective gate function 
(EGF), is defined as: 

𝐸𝐸𝐸𝐸𝐸𝐸(𝑠𝑠) = � 𝐼𝐼𝐼𝐼𝐼𝐼(𝑠𝑠′ − 𝑠𝑠) 𝑑𝑑𝑑𝑑
𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓

𝑠𝑠𝑖𝑖𝑖𝑖
′ . (2-27) 

Thus, the EGF is readily obtainable from the IRF by a simple integration 
over the considered gate interval. Comparing Eq. (2-23) with Eq. 
(2-23), we might see that in the ideal case only the (ideal) path lengths 
which belong to the chosen gate [𝑠𝑠𝑖𝑖𝑖𝑖, 𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓] contribute to the auto-
correlation function. On the other hand, in the real case where the IRF 
is present, also path lengths outside the chosen gate contribute to 
𝑔𝑔1(𝜏𝜏). Thus, the EGF can be seen as a metric of the overall system 
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performance, in particular regarding the path length/temporal 
selectivity, for the given IRF and gate configuration. 
 
In Figure 2-4, I report as an example the EGF of two temporal gates 
(for a typical IRF shape). As can be seen, the EGF have tails outside 
the ideal gate region, which indicate that path lengths outside the 
desired range are collected and contribute to the measured 
autocorrelation. 
 

 

Figure 2-4: Example of effective gate function (EGF). The black line 
is the instrument response function (IRF). The shaded blue and red 
regions denote the (ideal) gate regions (an early and a late gate). 
The blue and red lines are the corresponding EGF, which measure 
which path lengths are actually measured, contributing to the 
measurement. Figure adapted from Ref.  [144].  

After having introduced the general model, I will discuss three particular 
cases: ideal system (δ-like IRF), narrow gates, and ungated 
acquisition. 

Ideal system 
For the case of an ideal system, the IRF is a Dirac δ:               
𝐼𝐼𝐼𝐼𝐼𝐼(𝑠𝑠′ − 𝑠𝑠) = 𝛿𝛿(𝑠𝑠′ − 𝑠𝑠). If we insert this expression in Eq. (2-23), we 
obtain: 
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𝐸𝐸𝐸𝐸𝐹𝐹𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑠𝑠) = � 𝛿𝛿(𝑠𝑠′ − 𝑠𝑠) 𝑑𝑑𝑠𝑠′ =
𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓

𝑠𝑠𝑖𝑖𝑖𝑖
 

=  1 for 𝑠𝑠 ∈ �𝑠𝑠𝑖𝑖𝑖𝑖, 𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓�, 0 otherwise. 

(2-28) 

By inserting this result in Eq. (2-23), we obtain that the autocorrelation 
becomes identical to the ideal system case [see Eq. (2-23)]. 

Narrow gates 
In the narrow gate regime, the temporal gate is a very narrow 
rectangular function centred around a certain path length 𝑠𝑠0. Thus, we 
might write 𝑠𝑠′ ∈ [𝑠𝑠0, 𝑠𝑠0 + 𝛿𝛿𝛿𝛿]. In this case we obtain: 
 

𝐸𝐸𝐸𝐸𝐹𝐹𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛(𝑠𝑠) = � 𝐼𝐼𝐼𝐼𝐼𝐼(𝑠𝑠′ − 𝑠𝑠) 𝑑𝑑𝑑𝑑
𝑠𝑠0+𝛿𝛿𝛿𝛿

𝑠𝑠0
′ ≅  𝐼𝐼𝐼𝐼𝐼𝐼(𝑠𝑠0 − 𝑠𝑠)𝛿𝛿𝛿𝛿 (2-29) 

Where I used the mean value theorem and took the limit 𝛿𝛿𝛿𝛿 → 0, which 
corresponds to an infinitely narrow gate. Thus, in this case the EGF is 
a time-reversed and shifted version of the IRF. By inserting Eq. (2-23) 
in Eq. (2-23), and neglecting the constant term 𝛿𝛿𝛿𝛿, I obtain: 
 

𝑔𝑔1𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛(𝜏𝜏) = � 𝐼𝐼𝐼𝐼𝐼𝐼(𝑠𝑠0 − 𝑠𝑠) 𝑃𝑃(𝑠𝑠) 𝑔𝑔1(𝑠𝑠, 𝜏𝜏) 𝑑𝑑𝑑𝑑
+∞

0
 ,  (2-30) 

Which is equivalent to the expression reported in Ref. [89]. It is 
interesting to note that, even for the case of very narrow gates, the IRF 
distorts the shape of the auto-correlation function. 

Ungated acquisition 
As a final case, I will consider the limit of ungated acquisition. In this 
case, the time gate is infinitely wide, thus 𝑠𝑠′ ∈ [−∞, +∞]. By 
considering this integration extremes, by exploiting the fact that the IRF 
is normalized to area, we obtain: 
 

𝐸𝐸𝐸𝐸𝐹𝐹𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢(𝑠𝑠) = � 𝐼𝐼𝐼𝐼𝐼𝐼(𝑠𝑠′ − 𝑠𝑠) 𝑑𝑑𝑑𝑑
+∞

−∞
′ =   1 (2-31) 
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Thus, by inserting this expression in (2-23), we obtain the same 
expression of Eq. (2-32). Thus, in this regime the IRF does not 
significantly distort the auto-correlation function, provided that the gate 
widely encloses all the signals involved (𝑃𝑃(𝑠𝑠) and IRF). 
 
In summary, in this section I proposed a novel model for predicting the 
effects of the IRF in TD-DCS experiments. The model was based on 
the EGF, a function, derived from the IRF and the considered temporal 
gate. Also, I provided a physical interpretation of the model and I 
discussed three particular cases. The model was effectively applied to 
interpret phantom and in vivo data, leading to better quantification, as 
described in the following Chapters. 
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: Experimental 
setup 

In this chapter, I will introduce the experimental setup which I 

developed during this thesis work. First, I will summarize the general 
scheme of the experimental system. Then, I will move to the individual 
building blocks (e.g., laser sources, detectors, acquisition modules), 
which I compared and selected with the aim of optimizing the 
performance of the overall system.     
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3.1. General scheme 

One large part of this thesis work was devoted to the development and 
characterization of the experimental setup for TD-DCS (introduced in 
Section 1.4.1). In this section, I will summarize the general scheme of 
the setup, with its main building blocks. The system has been designed 
in a modular way, which enabled to choose the individual components 
(laser sources, detectors, acquisition modules) according to the 
desired specifications (e.g., spectral range, temporal coherence, 
optical power, temporal resolution, number of channels etc) and 
application. Figure 3-1 shows the general scheme of the developed 
setup. 

 
Figure 3-1: Experimental setup scheme. The scheme was conceptually 
divided in three parts: “source” (red box), “detection” (blue dash-dotted 
box), and “data acquisition” (green dashed box). The thick red lines 
denote free-space optical propagation, the black curved lines denote 
optical fibers, and the black straight lines denote electrical connection. In 
the figure BS: beam splitter; PD: photodiode; VA: variable attenuator; 
MMF: multi-mode fiber; 𝜌𝜌: source-detector separation; SMF: single-mode 
fiber; PC: computer with software correlator.  
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As shown in Figure 3-1, a laser source emits light pulses, at a certain 
wavelength 𝜆𝜆, which are attenuated and coupled to a graded index 
multi-mode fiber. By using a beam splitter, a small part (~5%) of the 
excitation light is taken from the beam and delivered to a fast 
photodiode (OCF-401, Becker & Hickl, Berlin, Germany), for 
generating a synchronization (sync) signal for the acquisition 
electronics. The light from the multi-mode fiber (100 𝜇𝜇𝜇𝜇 core) is then 
delivered to the sample/tissue under study. In the case of in vivo 
measurements, the optical power was set below the ANSI safety levels 
(< 2 𝑚𝑚𝑚𝑚/𝑚𝑚𝑚𝑚2). The diffusely reflected light is collected, at a certain 
source-detector separation 𝜌𝜌 (~1 cm), with a single-mode fiber (780 
HP, Nufern, Connecticut USA). The re-collected light is then coupled 
to a single-photon detector, and the corresponding photon arrival times 
are stored in a PC by means of an acquisition board. The PC is 
equipped with a custom software for computing the (time-gated) 
autocorrelations [𝑔𝑔2(𝜏𝜏)] and DTOF curves with a post-processing 
software. For the case of in vivo measurements, in certain cases I used 
additional physiological sensors (e.g., electrocardiogram, breath 
monitor, blood pulsation), which were synchronized with the optical 
data. 
 
In the following sections, I will present in detail the individual building 
blocks, in particular: 

• Laser sources (Section 3.2) 

• Single-photon detectors (Section 3.3) 

• Data acquisition and post-processing (Section 3.4) 

• Physiological sensors (Section 3.5) 

As mentioned before, each building block was assessed in terms of 
performance characteristics and other “practical” considerations, such 
as complexity, physical dimensions, ease of integration etc.   

3.2. Laser sources 

As we have seen in the previous Chapters, the laser source for a TD-
DCS experiment needs to be pulsed yet temporally coherent. 
Regarding the temporal duration, the light pulse needs to be much 
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shorter that the DTOF duration (which is few hundreds of picoseconds). 
About the coherence properties, as mentioned in Chapter 1, the 
emission bandwidth needs to be much shorter than the medium 
bandwidth (which is a fraction of nm for typical samples). For this 
reason, one needs to carefully choose the “pulsing” method to exploit. 
For instance, a femtosecond laser might not have the sufficient 
coherence length to obtain the desired speckle contrast. 
 
During this thesis work, I have tested several types of pulsed lasers, 
which can be generally divided in: 

i. Actively mode-locked laser 

ii. Spectrally filtered femtosecond laser 

iii. Temporally gated continuous-wave laser. 

The first approach, active mode-locking, the light pulse is formed by 
periodically modulating the losses within the optical resonator, by 
means of an acousto-optic (AO) modulator  [147]. In this way, light is 
generated only when the losses are lower than the gain of the active 
medium. A periodic train of light pulses will be emitted by the laser, with 
a temporal duration which can be tuned by acting on the AO modulation 
power. This enables to phase-lock the cavity modes, obtaining pulses 
with durations between tens 𝑝𝑝𝑝𝑝 to ~1 𝑛𝑛𝑛𝑛 and good coherence length2.  
 
The second approach is based on a femtosecond laser, which is 
spectrally filtered after the optical resonator. The final pulse duration 
will strongly depend on the selected bandwidth [148,149]. With very 
narrow filters, the obtained laser pulse can have durations up to tens 
or hundreds of 𝑝𝑝𝑝𝑝. However, with respect to active mode locking, the 
temporal duration is difficult to tune. 
 
The third approach is based on using a CW laser, which is temporally 
gated outside the optical resonator  [150,151]. This method enables to 
obtain tuneable pulse durations (down to the ps level), however it 

 
2 For active mode locking, the theoretical pulse duration is given by 𝜏𝜏𝑝𝑝~ �𝑔𝑔0

𝛿𝛿𝑚𝑚
�
1/4

� 1
𝜔𝜔𝑚𝑚Δ𝜔𝜔0

�
1/2

, 
where 𝑔𝑔0 is the gain of the active medium, 𝛿𝛿𝑚𝑚 is the modulation efficiency, 𝜔𝜔𝑚𝑚 is the 
modulation frequency, and Δ𝜔𝜔0 is the gain bandwidth [147,152]. 
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requires a very high modulation efficiency, in order to cut undesired 
tails in the temporal profile of the output pulse. 
 
Let me note that, while the first method does not need an amplification 
stage, the second and the third generally need an optical amplifier to 
obtain a sufficient laser power. This might distort the spectral/temporal 
properties of the output pulse, which might lead to instabilities. In 
addition, the temporal tunability obtainable with active mode-locking is 
particularly useful for optimizing the laser pulse for the specific 
application. For this reason, in this thesis work I used a laser belonging 
to the first category, specifically a custom-made active mode-locking 
Ti:Sapphire laser. In the next section, I will describe in some detail this 
specific laser source. 

3.2.1. Ti:Sapphire laser   

Here I will present the Ti:Sapphire laser source which I used 
extensively in this thesis work, developed in Ref.  [152,153], see Figure 
3-2.  A frequency-doubled Nd:YAG CW laser, 4 W max power (Millenia 
V, Spectra Physics, USA), pumps a Ti:Sapphire crystal placed in the 
centre of a Z-folded optical resonator. The resonator is a modified 
version of a commercial CW system (3900, Spectra Physics, USA). 

 
Figure 3-2: Scheme of the Ti:Sapphire laser used in this work. Light from a 
Nd:YAG CW laser is delivered to a Ti:Sapphire crystal, in a Z-shaped optical 
resonator. A tuneable filter is used for wavelength selection. An acousto-optic 
(AO) modulator (100 MHz modulating frequency) is used for the active mode-
locking. The wavelength range is 700-850 nm for typical mirror set, 900-1050 
nm for the IR mirror set. The average power is above 100 mW, while the pulse 
duration is tuneable between 50 ps and 1 ns.    
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The mirrors of the cavity are designed to have maximum reflectivity in 
a certain wavelength range i.e., 700-850 nm for the typical mirrors set, 
900-1050 nm for an IR-optimized mirror set. The left end mirror has a 
~2% optical transmission to couple the generated light (red line in the 
Figure) outside the cavity. A tuneable Lyot filter is placed in the cavity 
for a fine selection of the wavelength.  

For the pulse generation, an acousto-optic (AO) modulator is placed in 
the cavity, see Figure 3-2. The AO modulator is tuneable in frequency, 
around 100 MHz, power - also called carrier level - and angle (to select 
the desired diffraction order). The AO modulation efficiency can be 
monitored by measuring the RF power reflected by the crystal. In order 
to optimize the pulse, first the reflected RF power should be minimized 
by tuning the AO modulation frequency. Then, for tuning the pulse 
duration it is necessary to micro-metrically change the cavity length, by 
translating the totally reflective end mirror. The minimum pulse duration 
is obtained when the cavity length (more precisely the repetition 
frequency) is exactly matched to the AO modulation frequency, this can 
be obtained by maximizing the output laser power. Let me note that the 
minimum pulse duration is determined also by the chosen RF power 
level. Higher modulation powers, so-called carrier levels, correspond 
to shorter pulse durations, but also to lower laser power.  

Power performance 
Depending on the selected wavelength and with the present pump 
laser (4 W power), the average power generally exceeds 200 mW in 
the CW regime, and 100 mW in the pulsed regime. By acting of the 
carrier level and the cavity length, the pulse duration can be tuned 
between 50 ps and 1 ns full width at half-maximum (FWHM). In Figure 
3-3, I show the laser power as a function of the wavelength, for the 
typically used mirror set (700-850 nm), in the CW regime. 
 
As seen in Figure 3-3, except around 700-750 nm, the CW laser power 
is well above 100 mW. In the pulsed regime, the average power 
depends strongly on the laser configuration (e.g., the carrier level), but 
typically is around one half of the value obtained in CW. As we will see 
in the next chapter, the quality of the data e.g., signal-to-noise ratio 
(SNR), depends both on the pulse duration and stability (which affects 
the coherence parameter 𝛽𝛽) and the average optical power. Thus, 
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there exists a trade-off between pulse duration, coherence, and power, 
that needs to be tackled for reaching the optimal SNR. For this laser 
source, the optimal pulse duration in TD-DCS experiments is between 
150 and 300 ps (FWHM).  

 
Figure 3-3:  Laser power as a function of wavelength, for the typical mirror 
set (700-850 nm), CW regime. In the pulsed regime the average power is 
roughly halved (but it depends strongly on the laser configuration). 

In the next two sections, I will present the photodetectors, acquisition 
boards and post-processing software I used in the experiments. 

3.3. Single-photon detectors 

In this section, I will present briefly the single-photon detectors used in 
this thesis work. Generally, the optimal TD-DCS detector should have 
high temporal resolution, high detection efficiency, and low noise and 
after-pulsing. In particular, the detector response should be 
comparable or better than the pulse duration (ideally < 100 ps) to not 
degrade the overall temporal performance (i.e., the IRF). The detection 
efficiency is critical to TD-DCS since we are constrained to single-mode 
detection, thus a high quantum efficiency is desired. For the same 
reason, the background noise, also called dark counts, should be very 
small (ideally <1 kcps), to maintain a high dynamic range. The after-
pulsing i.e., the generation of secondary (undesired) photo-counts, as 
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a consequence of a detected photon, needs also to be limited, since it 
affects the shape of the autocorrelations at early 𝜏𝜏.  
 
Based on the above considerations, in this thesis work I have used the 
following photodetectors: 

1. Single-photon avalanche diode (SPAD) 

2. InGaAs photomultiplier (PMT) 

3. Single-photon superconducting nanowire detector (SPSND) 

The SPAD detector (PDM, Micro Photon Devices, Italy) is a silicon-
based detector with high quantum efficiency (for 𝜆𝜆 < 900 nm). When a 
photon is detected, a photoelectron is generated, yielding an electronic 
avalanche, that can be read by suitable electronics. The output signal 
marks with high resolution (~50 ps) the photon arrival time. The 
detector dead time (the time it takes to be ready to measure another 
photon) is few tens of ns [18]. The detection fiber is coupled with the 
active area of the detector (∅ = 100 𝜇𝜇𝜇𝜇) by means of a microscope 
objective mounted on a positioning stage. In this work, I used this 
photodetector for the measurements in the wavelength region around 
~800 nm.  
 
For the measurements at longer wavelengths (~1000 nm), I used the 
InGaAs photomultiplier (H10330-25 Hamamatsu Photonics, Japan), 
which was fiber connected. Being based on III-V semiconductors, it has 
a lower energy gap, which extends its sensitivity more in the NIR. The 
quantum efficiency in this spectral range is ~2% (higher than the SPAD 
in this spectral region), and the temporal resolution is ~400 ps (being 
limited by the spread in transit times) [154]. 
 
The SPSND detector (EOS, Single Quantum, Netherlands), was used 
to evaluate its suitability for TD-DCS. The detectors are based on 
superconducting nanowires kept at cryogenic temperatures (<3 K). The 
detection mechanism is completely different compared to the other two 
detectors.  The nanowire is biased with a current slightly lower than the 
nanowire’s critical current. When a photon is absorbed, the nanowire 
becomes resistive, thus a small voltage drop is created, which can be 
read after electronic amplification. After few ns the nanowire recovers 



Chapter 3: Experimental setup 

47 

its superconducting state, thus it is ready to measure another photon. 
The SPSND has very high quantum efficiency (up to 90%), temporal 
resolution (<20 ps), and very limited background noise (few tens of 
cps)  [155,156]. One drawback is its high complexity, due to the need 
of a cryostat and a compressor for its operation. The detection system 
I used had 4 fiber-connected channels, 2 optimized for ~800 nm and 2 
for ~1000 nm. 

All three detectors have SMA electronic outputs with are delivered to 
the data acquisition board (see next Section). 

3.4. Data acquisition and processing 

In this section, I will present the acquisition boards and correlation 
algorithm I used in the experiments. 

3.4.1. Acquisition boards 

The acquisition boards I used in the experiments are based on time-
correlated single photon counting (TCSPC). In our technique, the 
acquisition board needs to measure two quantities: 

1. The photon time-of-flight, with ~𝑝𝑝𝑝𝑝 resolution (sometimes 
called micro-time). The photon time-of-flight is measured, 
similarly to TD-NIRS, by exploiting two types of channels:  

i. The signal channel(s), which measure the arrival time of 
the detected photons, from the output of the single-
photon detector(s), see Section 3.3.  

ii. The sync channel, which measures the times at which 
the laser pulse is emitted, from the output of the 
photodiode, see Section 3.1. 

The time-of-flight is then measured as the time difference 
between the photon arrival time (signal channel) and the time of 
the nearest pulse emission (sync channel).  
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2. The photon absolute arrival time, with ~𝑛𝑛𝑛𝑛 resolution 
(sometimes called macro-time), computed by identifying the 
laser repetitions for which a photon is detected (signal channel). 

During the experiment, the TCSPC board acquires, for every detected 
photon, both the time-of-flight and the arrival time (together called 
timestamps) and store it in a binary file, which can then be post-
processed for computing the DTOF and autocorrelations (see next 
sub-section).  

In this thesis, I have used the following TCSPC boards, depending on 
the number of required channels: 

1. TimeHarp 260 pico (PicoQuant, Germany), having one signal 
and one sync channel, 25 ps temporal bin width, max count-rate 
40 Mcps (25 ns dead time).    

2. Time Tagger Ultra (Swabian instruments, Germany), having 7 
signal channels and one sync channel, tuneable bin width (10 
ps jitter), max count-rate 35 Mcps (2 ns dead time).  

 
Both the TCSPC board have SMA electrical inputs, and are connected 
with the PC with a PCIe port or USB (respectively). The detected 
timestamps are stored continuously in a binary-file, which is then post-
processed. 

3.4.2. Post-processing and fitting 

The post-processing software I used, developed by colleagues in 
Python (see Ref. [157]), is able to process the acquired time stamps to 
compute the following quantities: 

• Detected intensity (counts)  

• Time-of-flight histogram (DTOF) 

• Time-gated autocorrelations [𝑔𝑔2(𝜏𝜏)]. 
 
All the three quantities can be obtained with a flexible temporal 
resolution (e.g., 1-10 Hz sampling rate). For the autocorrelations, the 
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computing time is approximately 30 minutes for 100 M acquired 
photons, while is relatively shorter for the other two quantities. 
 
For the correlation computation, we used the method proposed by 
Wahl et al. [158]. In this algorithm, the autocorrelation is computed 
directly from the photon arrival times (timestamps), instead of 
computing it from the measured intensity as in the multi-tau 
algorithm [159]. For the typical count rates obtained in our experiments 
(<1 Mcps), this timestamps processing is much faster compared to the 
classical method (i.e., bin and correlate the photons) [158,160].  
 
Briefly, the used algorithm computes the autocorrelation by shifting the 
photon arrival time array by the given 𝜏𝜏, and then counting the number 
of photons pairs with matching times. For increasing values of 𝜏𝜏, the 
computation is performed with lower temporal resolutions, by rounding 
the arrival times array to a broader temporal resolution. This makes the 
computation at long 𝜏𝜏 values much faster, compared to the classical 
linear autocorrelation (e.g., FFT based).  
 
In this algorithm, the 𝜏𝜏 array has the following form: 
 

𝜏𝜏𝑗𝑗 = �
𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚                             𝑓𝑓𝑓𝑓𝑓𝑓 𝑗𝑗 = 1

𝜏𝜏𝑗𝑗−1 + 2𝑖𝑖𝑖𝑖𝑖𝑖�
𝑗𝑗−1
𝐵𝐵 �       𝑓𝑓𝑓𝑓𝑓𝑓 𝑗𝑗 > 1

        (3-1) 

In the equation, 𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 is the minimum lag time. While B, the so-called 
cascade length, determines the number of linear steps of 𝜏𝜏 before the 
arrival times resolution is doubled, and j (which is the index for 𝜏𝜏) goes 
from 1 to 𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐵𝐵 (with 𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 number of linear cascades). For our 
application, I typically set the parameters to 𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 = 10 ns, B = 6, and 
𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐= 25. With these parameters, the 𝜏𝜏 array has an approximately 
logarithmic increase from 10 ns to ~0.2 s. 
 
In order to compute the time-gated autocorrelation, the algorithm is 
performed by considering the photons with time-of-flight belonging to a 
certain temporal window (e.g., from 1 ns to 2 ns). Typically, multiple 
time gates are considered, with position and widths which are 
determined in post-processing depending on the shape of the DTOF 
and the signal level.  
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The second level analysis, in particular the fitting of the autocorrelation 
functions for retrieving the BFI, was implemented in MATLAB using the 
models presented in Sections 2.3 and 2.4 (for ungated and time-gated 
acquisition, respectively). In all cases, the fit was performed using the 
Nelder-Mead simplex optimization method (MATLAB “fminsearch” 
function). 

3.5. Physiological sensors 

In this last section, I will briefly describe how I integrated additional 
physiological sensors in the setup. The sensors used (produced by 
Thought Technology Ltd, Canada) were the following: 

• Electrocardiogram (EKG) 

• Respiration rate  

• Blood volume pulse (BVP) 

The EKG sensor is composed of 3 electrodes (+/- electrodes placed 
below the shoulder blade of the subject, ground electrode placed below 
the navel). The Respiration rate sensor is composed of a flexible band 
placed around the chest of the subject. Finally, the BVP sensor (similar 
to a pulse oximeter) is placed on the index fingertip of the subject. The 
data from these sensors were acquired with a single acquisition board 
(Flex Comp Infinity, Thought Technology Ltd, Canada), and suitably 
synchronized with the TCSPC board, see Figure 3-4. 

As shown in Figure 3-4, the synchronization of the optical signal with 
the other sensor was achieved by using an electronic trigger, 
generated by the PC every second, and delivered to both the devices. 
Let me note that, due to the different input impedance of the TCSPC 
board (50 Ω) and the physiological sensors (~1 MΩ), a buffer stage 
was used to avoid electronic reflections. 
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Figure 3-4: Integration of the physiological sensors in the experimental setup. The 
three sensors (electrocardiogram, respiration monitor, peripheral blood volume) 
where placed on the subject, and the data acquired with their acquisition board. In 
order to synchronize the optical data with the physiological sensors, an electronic 
TTL signal was generated by a PC and delivered to the two acquisition boards. 

 
Summary and perspective 

To summarize, in this Chapter I showed how I designed and developed 
an experimental setup for TD-DCS. The key components presented 
were laser sources, single-photon detectors, acquisition board and 
software, and physiological sensors. In the following, I will present the 
experimental results, starting with a system validation/characterization 
with tissue-mimicking phantoms (Chapter 4). Then, I will show how the 
system was exploited to observe and characterize an interesting 
physical effect, namely the temporal speckle (Chapter 5). Finally, the 
system was used for biomedical applications, performing several in 
vivo experiments on adult volunteers (Chapter 6). 
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: System 
characterization 

In this chapter, I will characterize the developed TD-DCS system, 

with the help of tissue-mimicking phantom experiments. First, I will 
characterize the dependence of the coherence parameter (𝛽𝛽) on the 
system (e.g., pulse duration) and sample (e.g., optical properties) 
configurations. Then, I will evaluate the accuracy of the developed 
theoretical model (IRF model) for retrieving the blood index (BFI). 
Finally, I will compare the performance of different laser sources and 
detectors and evaluate the feasibility of moving to longer wavelengths.  
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4.1. Characterizing the coherence parameter (𝜷𝜷) 

In this section, I will characterize the developed system, particularly in 
terms of the coherence parameter (𝛽𝛽). This parameter, defined as the 
amplitude of the intensity autocorrelation 𝑔𝑔2(𝜏𝜏), is crucial for TD-DCS 
experiments. In fact, it directly affects the signal-to-noise ratio of the 
measured auto-correlations, and thus the accuracy of the BFI 
measurement  [141]. For the characterization, I carried out phantom 
experiments with the system presented in Chapter 3. In particular, I 
used the Ti:Sapphire laser source (see Section 3.2.1), the SPAD 
detector (see Section 3.3), and the Picoquant TCSPC board (see 
Section 3.4.1). The tissue-mimicking liquid phantoms were prepared 
using recipes from the literature [161]. Here I will describe the 
dependence of the coherence parameter (𝛽𝛽) on the following 
parameters: 

1. pulse duration (Section 4.1.1) 

2. optical properties (Section 4.1.2) 

3. gate width (Section 4.1.3). 

4.1.1. Pulse duration effect 

In this section, I will study the effect of the pulse duration on the 
measured 𝛽𝛽 parameter. For simplicity, I will start by considering 
ungated acquisition (similarly to “classical” DCS). I prepared a liquid 
phantom by mixing 5% of Intralipid 20 (B. Braun Melsungen AG, 
Germany) and 95 % of distilled water, which corresponds to the 
nominal optical properties 𝜇𝜇𝑠𝑠′ = 10 𝑐𝑐𝑚𝑚−1 and 𝜇𝜇𝑎𝑎 = 0.02 𝑐𝑐𝑚𝑚−1 [161]. The 
laser wavelength was set to 𝜆𝜆 = 785 𝑛𝑛𝑛𝑛, at which the absorption is 
almost entirely due to water, and the source-detector separation 𝜌𝜌 =
1.5 𝑐𝑐𝑐𝑐. The integration time was 10 s, for 30 repetitions (300 s in total). 
In Figure 4-1, I show the experimental results for five different laser 
pulse durations (FWHM, tuned by acting of the RF power of the 
acousto-optic modulator). Subpanel (a) shows the intensity 
autocorrelation 𝑔𝑔2(𝜏𝜏), and (b) the electric-field auto-correlation 𝑔𝑔1(𝜏𝜏) 
computed using the Siegert relation. In the subpanel (c) I show the 
measured 𝛽𝛽 parameter, and in (d) the estimated Brownian diffusing 
coefficient (𝐷𝐷𝐵𝐵) using the (CW) solution of the CDE (see Section 2.3.3). 
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Figure 4-1: Liquid phantom results for ungated acquisition, for different IRF FWHM. 
The laser pulse duration was tuned by acting on the acousto-optic modulation 
power. Panels (a) and (b) show the intensity and electric-field auto-correlations 
[𝑔𝑔2(𝜏𝜏) and 𝑔𝑔1(𝜏𝜏)]. At very short lag times 𝜏𝜏 (< 10−6𝑠𝑠) the spurious effect of the 
detector after-pulsing is visible, while the behaviour at longer 𝜏𝜏 is mainly 
determined by the dynamics of the sample. Panels (c) and (d) show the 
corresponding coherence parameter and brownian diffusion coefficient [𝛽𝛽 and 𝐷𝐷𝐵𝐵]. 
The error-bars denote standard deviations. Figure adapted from Ref. [144]. 

As shown in Figure 4-1, the amplitude of 𝑔𝑔2(𝜏𝜏) increases for increasing 
pulse durations. This effect can be interpreted by an increase of the 
laser coherence length  [23], which is expected to increase for longer 
pulse durations  [162]. This dependence is more evident looking at the 
𝛽𝛽 parameter, which ranges from ~0.1 to >0.2, depending on the pulse 
duration (its theoretical value is 0.5 for infinite coherence length). 
Interestingly, the decay rate of 𝑔𝑔1(𝜏𝜏), quantified by the coefficient 𝐷𝐷𝐵𝐵, 
is less dependent on the pulse duration. In particular, for large pulse 
durations (>200 ps) is approximately constant, while for shorter ones a 
certain discrepancy appears. This might be an effect of the detector 
after-pulsing, or the breakdown of the Siegert relation  [23,138]. 
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4.1.2. Optical properties effect 

In this section, I will study the dependence of the measured 𝛽𝛽 
parameter on the optical properties (i.e., absorption and reduced 
scattering coefficients). Also here, for simplicity, I restrict myself to 
ungated acquisition, while on the next section I will show the effect of 
temporal gating. In order to study the effect on the optical properties, I 
prepared two sets of liquid phantoms: i) Absorption variation: different 
values of absorption coefficient (𝜇𝜇𝑎𝑎 = 0.02, 0.1, 0.2, 0.3 𝑐𝑐𝑚𝑚−1), with 
fixed reduced scattering 𝜇𝜇𝑠𝑠′ = 10 𝑐𝑐𝑚𝑚−1. ii) Scattering variation: different 
values of reduced scattering coefficient (𝜇𝜇𝑠𝑠′ = 5, 7.5, 10 𝑐𝑐𝑚𝑚−1), with 
fixed absorption 𝜇𝜇𝑎𝑎 = 0.1 𝑐𝑐𝑚𝑚−1. In Figure 4-2 I show the result for 
absorption variations, while in Figure 4-3 for scattering variations. As 
before, the measurements were performed for five different pulse 
durations (IRF FWHM), always with 𝜆𝜆 = 785 𝑛𝑛𝑛𝑛 and 𝜌𝜌 = 1.5 𝑐𝑐𝑐𝑐.  

 

Figure 4-2: Dependence of the measured coherence parameter 𝛽𝛽 (y axis) on 
the absorption coefficient. The experiments were performed for different pulse 
durations (IRF FWHM, x axis), in ungated acquisition. The samples are liquid 
phantoms with fixed reduced scattering (𝜇𝜇𝑠𝑠′ = 10 𝑐𝑐𝑚𝑚−1), and different 
absorptions (see legend). 
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As shown in Figure 4-2, the absorption coefficient plays an important 
role in the value of the 𝛽𝛽 parameter. In particular, higher 𝜇𝜇𝑎𝑎 generally 
corresponds to higher coherence. This might be interpreted by the fact 
that the absorption modulates the tail of the path length distribution 
𝑃𝑃(𝑠𝑠) (estimated by the theoretical reflectance). Thus, for a fixed pulse 
duration (i.e., coherence length), narrower 𝑃𝑃(𝑠𝑠) will increase the 
degree of interference of the detected photons  [23].  

 

Figure 4-3: Dependence of the measured coherence parameter 𝛽𝛽 (y axis) on 
the reduced scattering coefficient. The experiments were performed for 
different pulse durations (IRF FWHM, x axis), in ungated acquisition. The 
samples are liquid phantoms with fixed absorption (𝜇𝜇𝑎𝑎 = 0.1 𝑐𝑐𝑚𝑚−1), and 
different values of reduced scattering (see legend). 

A similar effect is seen also for scattering variations (Figure 4-3). In this 
case, higher 𝛽𝛽 is seen for lower reduced scattering coefficients. This 
agrees with the previous interpretation, since lower 𝜇𝜇𝑠𝑠′  correspond to 
narrower 𝑃𝑃(𝑠𝑠), since the photons are less temporally broadened by the 
sample (see Section 1.2.1). Thus, we might see that the 𝛽𝛽 parameter 
strongly depends on the combination of pulse duration (FWHM) and 
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optical properties (more specifically the path length distribution). In the 
following, I will study the effect of the gate duration, which we will see 
is a key parameter to consider in TD-DCS experiments  [163,164].  

4.1.3. Gate width effect 

In this section I will study the effect of the gate width of the 𝛽𝛽 parameter. 
I have measured a liquid phantom, with nominal optical properties 𝜇𝜇𝑠𝑠′ =
10 𝑐𝑐𝑚𝑚−1 and 𝜇𝜇𝑎𝑎 = 0.02 𝑐𝑐𝑚𝑚−1, and set 𝜌𝜌 = 1.5 𝑐𝑐𝑐𝑐. As in the previous 
section, five different laser pulse durations (FWHM) were considered. 
For each FWHM, the time-gated autocorrelations 𝑔𝑔2(𝜏𝜏) were measured 
for different gate widths i.e., 250, 500, 1000, 2000, 4000, 7000 ps. In 
all cases, the gate start was set at the peak of the DTOF curve. The 
maximum gate width was limited by the laser repetition rate [100 MHz 
= (10 ns)-1]. In Figure 4-4 I report the measured 𝛽𝛽 parameter as a 
function of the gate width, for the different IRF FWHM considered.  

 

Figure 4-4: Measured 𝛽𝛽 parameter as a function of gate duration (250, 500, 
1000, 2000, 4000, 7000 ps), always starting at the DTOF peak. The 
measurements were performed for five different pulse durations (IRF FWHM, 
see legend). The x axis is in log scale for better readability.   
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In Figure 4-4, we might see that the 𝛽𝛽 parameter strongly increases 
when the gate width is reduced. In particular, its value approximately 
doubles when moving from 7000 ps gate width (i.e., ungated 
acquisition) to 250 ps. Note that I did not consider smaller gate widths 
in order to keep the photon count to a sufficiently high value. The 
increase of the 𝛽𝛽 parameter might be explained by the narrowing of the 
effective path length distribution induced by the temporal gating. In fact, 
when the photons are temporally gated, the probability of detecting two 
photons having a path lengths difference smaller than the laser 
coherence length increases [89,144]. On the other hand, as I noted 
before, smaller gate widths correspond to a smaller number of detected 
photons. Thus, it is necessary to carefully evaluate the gate duration 
for obtaining an optimal SNR [164,165]. 
 
To summarize, in this Section 4.1 I have shown that the experimental 
coherence parameter 𝛽𝛽 depends on several quantities, both on the 
side of the system (pulse duration, gate duration) and the sample 
(optical properties). This characterization might give guidance to 
optimize the system parameters for obtaining the best performance 
with the given sample under study. In the next section, I will assess the 
theoretical models for retrieving accurately the blood flow index (BFI) 
from experimental data. 
 

4.2. Characterizing the BFI accuracy: comparing 
theoretical models 

In this Section, by means of phantom experiments, I will assess which 
is the most accurate theoretical model for extracting the BFI from the 
measured autocorrelations. The two theoretical models I will compare 
are the “ideal system” TD-DCS model (Sec 2.4.1), and the IRF-
corrected model, which I proposed in Sec. 2.4.2. Let me note that I also 
compared the two models using Monte Carlo simulations (not shown 
here), for details see Ref. [144]3.  
For the experiments, as in the previous section, I have prepared a 
homogeneous liquid phantom, with nominal optical properties           

 
3 Article #1 in the List of publications.  
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𝜇𝜇𝑠𝑠′ = 10 𝑐𝑐𝑚𝑚−1, 𝜇𝜇𝑎𝑎 = 0.02 𝑐𝑐𝑚𝑚−1. The source-detector separation was set 
to 𝜌𝜌 = 1.2 𝑐𝑐𝑐𝑐, and the wavelength 𝜆𝜆 = 785 𝑛𝑛𝑛𝑛. The autocorrelations 
were measured with 20 s integration time, for 25 repetitions (for a total 
of 500 s of acquisition). The autocorrelations were computed for 5 
temporal gates, with centre ranging from t = 0 ns to t = 2 ns (starting 
from the IRF peak). Each gate had 1 ns duration, each one 500 ps 
overlapped with the previous one (for increasing the signal-to-noise 
ratio).  
 
In Figure 4-5, panel (a), I show the IRF and overall DTOF. In panel (b) 
I show, for two representative gates (t = 0 ns, Early gate, and t = 1.5 
ns, Late gate), the measured autocorrelation (𝑔𝑔1), and the 
corresponding best-fits with the ideal model (dashed lines) and IRF-
corrected model (continuous lines). In all cases, the fits were performed 
from 𝜏𝜏 = 10−6𝑠𝑠 to the lag 𝜏𝜏 where 𝑔𝑔1 = 0.5, and then averaged across 
repetitions. In Figure 4-6(a), I show the corresponding BFI estimations, 
together with the reference BFI value (obtained with ungated analysis), 
while panel (b) shows the measured 𝛽𝛽 parameter.  

 

Figure 4-5: (a) IRF and DTOF from the phantom experiment. (b) Measured 
autocorrelations (g1) for an early gate (E, blue diamonds) and a late gate (L, red 
squares). The gates were centred at t = 0 ns and t = 1.5 ns respectively. Dashed 
lines denote their best-fits with uncorrected model (UNC), while continuous lines 
the best-fits with the IRF-corrected model (COR). 
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Figure 4-6: (a) comparison of the retrieved BFI for the uncorrected  (uncorr, blue 
points) and IRF-corrected (corr, brown points) fits, together with the reference BFI 
obtained with ungated analysis (CW, dashed line). (b) Measured 𝛽𝛽 parameter 
(from the amplitude of the autocorrelations), for the 5 considered temporal gates. 
For both the panels, the error bars report the measured mean and standard 
deviation across all the repetitions. 

As shown in Figure 4-5(b), the measured autocorrelations seem to be 
fitted well both by the uncorrected and IRF-corrected models (with a 
slight difference only for the late gate case). However, the retrieved BFI 
in Figure 4-6(a) is much different for the two cases. In particular, we 
see that the BFI, retrieved using the uncorrected model (blue points), 
has a large discrepancy from its the reference CW value, especially for 
late times (>1 ns). This might be an effect of the IRF tail, which maps 
a certain fraction of the early photons in the later gates. Due to this, the 
measured photons have (on average) smaller path lengths than 
expected, thus obtaining an underestimation of the BFI. On the other 
hand, if one considers the IRF effect, the retrieved BFI well matches 
the expected one (brown points). In particular, for the later gates the 
average discrepancy (from the reference) is reduced from 37% to 3%.  
 
Finally, see Figure 4-6(b), the 𝛽𝛽 parameter is relatively high for all the 
considered gates. Thus, we might assume that the finite coherence is 
not significantly affecting the BFI estimation (see Section  4.1). 
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To summarize, in this section I compared two theoretical models for 
the analysis (i.e., fitting) of the measured autocorrelations curves. I 
showed that the proposed IRF model enables to retrieve more 
accurately the BFI, especially for later gates. This result is important 
since it might enable to measure quantitatively the BFI, which is crucial 
for many biomedical applications. 
 

4.3. Laser sources comparison 

In this Section,  I will compare the performance of different laser 
sources, in order to assess their suitability for TD-DCS [166]4. In 
particular,  I compared the following laser sources: 
 

1. Pulse diode laser (PDL 800-D+LDH-P-C-N-760, PicoQuant, 

Germany) 

2. Ti:Sapphire laser  

3. Master Oscillator Fiber Amplified laser (VisIR-765-HP 

"STED", PicoQuant, Germany) 

The Ti:Sapphire laser is the source typically used in the setup (see 
Section 3.2.1). The pulse diode laser (which I will name LDH) is a 
compact laser, which was optimized by the producer for narrow-band 
emission, with 12 mW maximum power. The fiber amplified laser 
(which I will name VisIR) is a high-power laser, with 560 mW maximum 
power. The PDL and VisIR  lasers are both fiber coupled, 80 MHz 
repetition rate, with emission wavelength 𝜆𝜆 = 760 and 765 𝑛𝑛𝑛𝑛 
(respectively). Due to the slightly lower wavelength of the two 
commercial lasers (compared to the typical value), the Ti:Sapphire was 
tuned to  𝜆𝜆 = 763 𝑛𝑛𝑛𝑛 for ease of comparison. 

4.3.1. Emission bandwidth and pulse temporal shape (IRF) 

As initial characterization, we measured the spectrum of the three laser 
modules using a commercial spectrometer (Anritsu MS9710B, 0.07 nm 

 
4 Article #4 in the list of Publications.  
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resolution). Also, we measured the instrument response function (IRF) 
of each laser module using the general setup presented in Chapter 3. 
For these measurements, in particular, a single mode detection fiber 
with 4.4 𝜇𝜇𝜇𝜇 core diameter (780HP, Thorlabs, Sweden) was coupled 
with the SPAD detector (see Section 3.3). Then, the detected photons 
were acquired with a TCSPC board (SPC-130, Becker&Hickl, 
Germany). The resulting spectra and IRF are reported in Figure 4-7. 

 

 

Figure 4-7: (a-c) Measured emission spectra for each laser module, normalized to 
amplitude. (d) Comparison of the IRF for each laser, normalized to amplitude and 
with t = 0 ns defined as the peak of the IRF. Figure adapted from Ref. [166]. 

From Figure 4-7(a-c) it is possible to note that the emission bandwidth 
of the LDH and Ti:Sapphire laser are similar, while the VisIR laser has 
a larger bandwidth. Regarding the temporal performance, Figure 
4-7(d), the Ti:Sapphire has a relatively narrow IRF, while the LDH has 
a secondary peak which might be due to saturation of the emitting 
diode. The broad peak of the VisIR might be related to dispersion or 
non-linearities in the amplification process. For all three lasers, the IRF 
has a long tail which is mainly determined by the SPAD detector (so-
called diffusion tail)  [19].  
 
In Table 1, I report a summary of the measured parameters. In 
particular, the wavelength 𝜆𝜆 and emission bandwidth Δ𝜆𝜆 were directly 
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extracted from the measured spectrum. The coherence length was 
estimated, assuming a Gaussian spectrum, using the relation 𝐿𝐿𝑐𝑐 =
𝜆𝜆2/Δ𝜆𝜆  [167]. The last two columns refer to the IRF full width at half-
maximum (FWHM), and IRF width at 10% of its maximum.  

Table 1: Comparison of the three lasers modules. The quantities were extracted 
from the spectral (first three columns) and IRF (last two columns) measurements. 

Laser 
module 

Wavelength 
𝝀𝝀 [nm] 

Emission 
bandwidth   
𝚫𝚫𝝀𝝀 [nm] 

Coherence 
length  
𝑳𝑳𝒄𝒄 [mm] 

IRF 
FWHM 

[ps] 

IRF width at 
10% of 

maximum 
[ps] 

LDH 760 0.095 6.1 106 776 

Ti:Sa 763 0.093 6.3 185 575 

VisIR 766 0.359 1.6 535 1173 

 

Table 1 summarizes some preliminary information for characterizing 
pulsed laser modules. However, as we have seen in the previous 
sections, a measurement of the (time-gated) autocorrelation is 
necessary for evaluating the laser performance more directly. For this 
reason, in the next section I will show the results of phantom 
experiments using the different lasers. This might help to elucidate the 
relationship between spectral/temporal profile and the overall system 
performance e.g., coherence parameter 𝛽𝛽, and blood flow index (BFI). 

4.3.2. Coherence parameter (𝜷𝜷)  

Here, I will report the results of liquid phantom experiments performed 
with the three different lasers (LHD, Ti:Sapphire, and VisIR). In 
particular, we prepared a liquid phantom having nominal optical 
properties 𝜇𝜇𝑠𝑠′ = 10 𝑐𝑐𝑚𝑚−1 and 𝜇𝜇𝑎𝑎 = 0.06 𝑐𝑐𝑚𝑚−1. The absorption was 
modified by adding a calibrated batch of Black Ink to the mixture, 
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according to Ref. [161]. We considered two differed source-detector 
separations: 𝜌𝜌 = 1 𝑐𝑐𝑐𝑐 and 1.5 𝑐𝑐𝑐𝑐. For each measurement, we 
acquired a fixed number of photons, 5 million (M) photons, considered 
5 different repetitions (for evaluating variability), and computed the 
corresponding (gated) autocorrelation functions. In the case of the LDH 
laser, we discarded the 𝜌𝜌 = 1.5 𝑐𝑐𝑐𝑐 data due to the limited count rate. 
Finally, four different gate widths were considered: 50, 100, 200, and 
400 ps. Figure 4-8 shows the resulting 𝛽𝛽 parameter, estimated from 
the amplitude of the autocorrelations, for the two different source-
detector separations (SDS, rows), and three lasers (columns). Time t 
= 0 ns was defined as the IRF maximum.  

 

Figure 4-8: Measured coherence parameter (𝛽𝛽) for the three different lasers 
(columns), and two source-detector separations (SDS, rows). Different colours map 
different gate widths (see legend). Average and standard deviation were computed 
along 5 different repetitions, each having a fixed number of photons (5 M). Figure 
adapted from Ref.  [166]. 

In Figure 4-8, it is possible to see that the measured 𝛽𝛽 parameter 
depends strongly on the considered laser source, and the SD 
separation (which modifies the path length distribution). Also, shorter 
gate widths correspond to higher 𝛽𝛽 values, as expected by the lower 
spread of photon path lengths. Interestingly, it seems that the 



Chapter 4: System characterization 

66 

𝛽𝛽 parameter does not depend only on the emission bandwidth (Δ𝜆𝜆) - 
or equivalently the coherence length (𝐿𝐿𝑐𝑐) - but also on the pulse 
temporal shape. For instance, the LDH and Ti:Sapphire laser have 
similar emission bandwidths (~0.1 nm), but the 𝛽𝛽 parameter of the 
Ti:Sapphire laser is almost double. This might be due to the lack of 
secondary peaks in the Ti:Sapphire IRF. Also, the dependence of the 
𝛽𝛽 parameter on the gate position is qualitatively different for the three 
lasers. Thus, we might see that there is a complex interplay between 
coherence length (𝐿𝐿𝑐𝑐), pulse duration (IRF), and gate position (and 
width). Let me note that researchers have developed a theoretical 
model for predicting the temporal trend of 𝛽𝛽, by adapting the model of 
Bellini et al.  [23] to the pulsed regime [89]. However, the proposed 
model did not match accurately the experimental observations. 

4.4. Single-photon detectors comparison 

In this Section, I will compare few single-photon detectors, in order to 
assess their suitability for TD-DCS experiments. I will start from the 
typical spectral window (i. e., 𝜆𝜆 = 785 𝑛𝑛𝑛𝑛). In this case, the two 
detectors I considered are (see Section 3.3): 

1. single-photon avalanche diode (SPAD)  

2. single-photon superconducting nanowire detector (SPSND). 

Regarding the setup, the experiments were performed with the 
Ti:Sapphire source, and the Swabian TCSPC board (see Sections 
3.2.1 and 3.4). As in the previous sections, I have performed liquid 
phantom experiments. The phantom was prepared with nominal optical 
properties 𝜇𝜇𝑠𝑠′ = 10 𝑐𝑐𝑚𝑚−1 and 𝜇𝜇𝑎𝑎 = 0.02 𝑐𝑐𝑚𝑚−1. The measurement with 
the two detectors were performed in parallel, with source-detector 
separation 𝜌𝜌 = 1 𝑐𝑐𝑐𝑐. Here, I will evaluate the performance in terms of 
i) IRF/DTOF curves, and ii) the time-gated autocorrelation functions. 

4.4.1. IRF and DTOF curves 

As initial comparison, the instrument response function (IRF) and 
distribution of time-of-flights (DTOF) curves were evaluated. In Figure 
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4-9, I compare the two curves for the SPSND and SPAD detectors [top 
and bottom rows, respectively]. 

 

Figure 4-9: Comparison of the IRF (left columns) and DTOF (right columns) for 
the SNSPD (top row, in red) and SPAD (bottom rows, in blue) detectors. The 
time t = 0 ps was set to the peak of the IRF. Integration time was 0.1 s, no 
background subtraction. Note the different shape of the IRF, and dynamic range 
of the IRF and DTOF.  

As shown in Figure 4-9, the SNSPD and SPAD detectors exhibit 
significantly different temporal responses. The IRF full width at half 
maximum (FWHM) are not very different, however at late times the 
SPAD shows a long tail (so-called diffusion tail), which is completely 
absent for the SNSPD detector. This is due to the different detection 
mechanism in the two detectors. Also, the background level (which is 
the sum of the dark counts and the after-pulsing) is much lower for the 
SNSPD. Finally, the SNSPD has a higher quantum efficiency 
compared to semiconductor-based detectors. Thus, the dynamic 
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range is at least 1 decade higher (see below). Regarding the possible 
integration in other systems, the SPAD has a relatively small size (~5 
cm) and much simpler operation, as compared to the SNSPD which is 
quite bulky and complex.  

In Table 2, I summarize the main figures of merit of the two detectors. 
In the first three columns, the measured IRF full width at half maximum 
(FWHM), and its width at different fractions of the maximum (10% and 
1%) are reported. The quantum efficiency and dark counts (nominal 
values) are also shown, together with the measured dynamic range. 

Table 2: Comparison of the two single-photon detectors (SPAD and SNSPD) 

Detector 
module 

IRF 
FWHM 

[ps] 

IRF 
width at 
10% of 

max [ps] 

IRF 
width at 

1% of 
max [ps] 

Quantum 
efficiency 

(@ 785 
nm) 

Dark 
noise 
(cps) 

Dynamic 
range 

(decade
s) 

SPAD 250 648 2140 15% 500 ~3 

SNSPD 162 303 436 90% 10 ~4 

 
 
As can be seen in Table 2, the SPAD and SNSPD have significantly 
different performances, in particular in terms of temporal response 
(IRF), quantum efficiency, and noise/dynamic range. This is generally 
due to the different detection mechanism and architecture. However, 
as noted before, these differences come at the cost of a higher 
complexity (and size) of the SNSPD compared to the SPAD. Up to 
here, I have assessed the key figures of merit of the two single-photon 
detectors (SPAD and SNSPD). In the next sub-section, I will report a 
comparison of the (time-gated) intensity [𝑔𝑔2(𝜏𝜏)] and electric field 
[𝑔𝑔1(𝜏𝜏)]  autocorrelations. 
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4.4.2. Auto-correlations functions 

In this sub-section, I will compare the intensity auto-correlation 
functions measured with the aforementioned detectors (SPAD and 
SNSPD). As before, the liquid phantom had the optical properties 𝜇𝜇𝑠𝑠′ =
10 𝑐𝑐𝑚𝑚−1 and 𝜇𝜇𝑎𝑎 = 0.2 𝑐𝑐𝑚𝑚−1, and a source-detector separation 𝜌𝜌 =
1 𝑐𝑐𝑐𝑐 was used. Figure 4-10 reports, from a parallel measurement with 
the two detectors, a comparison of the ungated auto-correlation 
function 𝑔𝑔2(𝜏𝜏), averaging 30 autocorrelations each having 0.1 s 
integration time (3 s in total). 

 

Figure 4-10: Comparison of the intensity auto-correlation function (ungated), 
for a parallel measurement with the SNSPD (blue) and SPAD (red) detectors. 
Note the highly different behaviour at short lag times (i.e., for 𝜏𝜏 < 10−6𝑠𝑠).  

As can be seen from Figure 4-10, the intensity auto-correlation function 
has similar decay rates, however very different behaviours are present 
at short lag times i.e., τ < 10−6s. This is related to the negligible after-
pulsing probability of the SNSPD module, as compared to the SPAD. 
In fact, in the SPAD sensitive region, any microscopic defect might trap 
a photoelectron and subsequently trigger an avalanche (even in 
absence of an absorbed photon). The time scale of this process is in 
the micro-seconds range, thus the process causes an undesired 
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increase of the auto-correlation in that temporal region [168]. The 
SNSPD, on the other hand, does not suffer from this effect, since the 
electronic signal can be generated only when the nanowire absorbs a 
photon and exits from its superconducting state  [155]. 

In this section, I have assessed the suitability of two single-photon 
detectors for TD-DCS. In particular, I focused on temporal response, 
efficiency, and noise properties. This might help in finding the best 
compromise between performance and complexity, based on the 
required application and environment (e.g., laboratory or clinics). 

4.5. Wavelength comparison 

In this section, I will briefly report the results of phantom experiments 
performed at longer wavelengths (i.e., 𝜆𝜆 = 1000 𝑛𝑛𝑛𝑛) and compare 
them with experiments at the typically used wavelength (𝜆𝜆 = 785 𝑛𝑛𝑛𝑛). 
The longer wavelength has several possible advantages, such as 
higher penetration depth (due to the lower scattering), and a slower 
auto-correlation decay (which might improve the signal-to-noise 
ratio) [169,170]5.  
 
For these experiments, I used the InGaAs photomultiplier at 𝜆𝜆 =
1000 𝑛𝑛𝑛𝑛 and the SPAD at 𝜆𝜆 = 785 𝑛𝑛𝑛𝑛 (see Section 3.3). In order to 
operate the Ti:Sapphire at the longer wavelength, it was necessary to 
substitute its cavity mirrors. In particular, the mirror set used here 
enables spectral tunability between 900 nm and 1000/1020 nm (see 
Section 3.2.1). As in the previous sections, I prepared a homogeneous 
liquid phantom by mixing 5% intralipid with 95% distilled water. This 
results in a nominal reduced scattering of 𝜇𝜇𝑠𝑠′ = 10 𝑐𝑐𝑚𝑚−1 at 𝜆𝜆 =
 785 𝑛𝑛𝑛𝑛 and 𝜇𝜇𝑠𝑠′ = 7.4 𝑐𝑐𝑚𝑚−1 at 1000 𝑛𝑛𝑛𝑛. The source-detector 
separation was 𝜌𝜌 = 1 𝑐𝑐𝑐𝑐, and the excitation power ~50 mW. In both 
the experiments, 500 auto-correlation curves (1 s sampling time) were 
measured.  
 
Figure 4-11 reports the average autocorrelations (intensity and electric 
field) for an early and late gate, and for ungated acquisition. The IRF 
width (FWHM) was approximately 400 ps in both cases, while the count 

 
5 Article #2 in the list of Publications.  
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rate was 639±2 kcps and 249±3 kcps for the 785 nm and 1000 nm 
measurements, respectively.  
 

 

Figure 4-11: Comparison of the intensity (a) and electric field (b) auto-correlation 
functions [𝑔𝑔2(𝜏𝜏) and 𝑔𝑔1(𝜏𝜏)], measured at 785 nm (red curves) and 1000 nm (blue 
curves). The curves are shows for ungated acquisition (U, symbols), early gate (E, 
continuous lines), and late gate (L, dashed lines). Figure from Ref.  [170]. 

As shown in Figure 4-11, moving to the longer wavelength we observe 
two major effects: i) higher coherence parameter 𝛽𝛽, and ii) slower auto-
correlation decays. The 𝛽𝛽 parameter increase - here from 0.16 to 0.22 
in the ungated case - is probably due to the change of optical 
properties, which narrows the path length distribution 𝑃𝑃(𝑠𝑠) (see Section 
4.1.2). Regarding instead the auto-correlation decay rate (defined as 
the point were 𝑔𝑔1(𝜏𝜏) = 0.5), here it moves from 45 𝜇𝜇𝜇𝜇 to 217 𝜇𝜇𝜇𝜇, 
becoming almost five times slower. This is a combined effect of the 
smaller wavenumber 𝑘𝑘0 and the different optical properties (see 
Section 2.4). Even if different decay rates are seen, the measured 
blood flow index is 𝐷𝐷𝐵𝐵 =  (1.0 ± 0.1) ∙ 10−8 𝑐𝑐𝑚𝑚2/𝑠𝑠 and (0.97 ± 0.04) ∙
10−8𝑐𝑐𝑚𝑚2/𝑠𝑠 at 785 nm and 1000 nm, respectively, showing no 
significant change. 

To summarize, in this Section I have shown that it is possible to carry 
out TD-DCS experiments also at longer wavelengths (i.e., at 𝜆𝜆~1 𝜇𝜇𝜇𝜇), 
discussing the differences observed in the measured autocorrelations. 
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Summary and perspective 
In conclusion, in this Chapter, I reported several phantom experiments 
for characterizing the overall system performance (coherence and 
blood flow index), and the impact of the lasers source, detector, and 
wavelength on the quality of the experimental data. In the next two 
Chapters, I will exploit the developed system for two applications. The 
first concerns the  physics of light propagation in random media, with 
the observation of temporal speckle (Chapter 5). The second concerns 
the biomedical application of the technique, for which I will show 
extensive in vivo measurements on adult volunteers (Chapter 6).  
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: Temporal speckle 
effect 

In this Chapter, I will report an unexpected phenomenon, which I will 

term temporal speckle. This effect, novel for diffuse optics, causes 
large temporal fluctuations in the distribution of time-of-flights (DTOF) 
curve, and is more visible for samples having limited motion of the 
scatterers (e.g., solids). First, I will characterize this effect with different 
types of tissue-mimicking phantoms. Then, I will provide a statistical 
interpretation to elucidate its physical origin.  Finally, I will demonstrate 
a possible biomedical application regarding the in vivo measurement 
of blood flow.  
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5.1. Experimental observations 

In this Chapter, I will present the first experimental evidence of the 
temporal speckle effect in bulk diffusive media. In this and the following  
section (Sec. 5.1 and 5.2) I will report the results with tissue-mimicking 
phantoms [133]6, while in Sec 5.3 I will move to in vivo experiments to 
demonstrate a novel biomedical application.  

The experimental setup I used is summarized in Figure 5-1(a). Briefly, 
the light from the Ti:Sapphire source (see Section 3.2.1) is delivered to 
the sample and recollected, at a distance 𝜌𝜌 = 1.5 𝑐𝑐𝑐𝑐, with a single 
mode fiber. On the acquisition side, the SPAD detector together with 
the PicoQuant TCPSC board (see Sections 3.3 and 3.4) were used. 
The bottom part shows, from a Monte Carlo simulation  [171], the 
distribution of the re-collected photons, as a function of their time-of-
flight (colour-map in the inset). As discussed in Chapter 2, photons with 
longer time-of-flights are characterized by a higher penetration depth 
(on average).    

 

Figure 5-1: (a) Setup scheme: Ti:Sapphire (Ti:Sa) laser, the SPAD detector, and the 
TCSPC board. The source-detector separation is 𝜌𝜌 = 1.5 𝑐𝑐𝑐𝑐. The bottom part shows, 
from a Monte Carlo simulation, the distribution of the re-collected photons as a 
function of their time-of-flight (colour-map in the inset) (b) Experimental results: 
instrument response function (IRF), measured distribution of times-of-flights (DTOF) 
from a solid resin phantom, and for comparison the theoretical curve (diffuse 
reflectance convolved with IRF). Figure from Ref.  [133]. 

 
6 Article #3 in the list of Publications.  
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Figure 5-1(b) shows the experimental results for a tissue-mimicking 
solid resin phantom (4.5 cm height x 10.5 cm diameter), with nominal 
optical properties 𝜇𝜇𝑠𝑠′ = 18.9 𝑐𝑐𝑚𝑚−1 and 𝜇𝜇𝑎𝑎 = 0.01 𝑐𝑐𝑚𝑚−1 [172]. The 
instrument response function (IRF, black line) was measured by facing 
the injection and collection fibers, obtaining a 200 ps full width at half 
maximum (FWHM). The distribution of times-of-flights (DTOF, red line) 
was obtained by averaging 100 curves, 100 ms integration time each, 
for a total of 10 s. The result is compared with the theoretical time-
resolved reflectance convolved with the IRF (Model, blue line).  

As can be seen from Figure 5-1(b), the measured DTOF curve displays 
unexpected temporal fluctuations, which are not predicted by photon 
diffusion theory (Section 2.1). The effect might be due to the “coherent” 
interference of the diffusely reflected photons, which can be 
constructive of destructive depending on their specific path length. Let 
me highlight that the effect is observed only for high temporal 
coherence (i.e., very narrow bandwidth) and single-mode detection. 

5.1.1. Effect of scatterers motion and fiber collection area 

To elucidate the origin of the observed effect, I carried out experiments 
with samples having different scatterers motions, and collection fibers 
with different core diameters. The following samples were measured: 

a) Liquid phantom, with 5% of Intralipid and 95% of distilled water, 

nominal properties 𝜇𝜇𝑠𝑠′ = 10 𝑐𝑐𝑚𝑚−1 and 𝜇𝜇𝑎𝑎 = 0.02 𝑐𝑐𝑚𝑚−1, 

b) Flexible silicone phantom, nominal properties 𝜇𝜇𝑠𝑠′ = 10 𝑐𝑐𝑚𝑚−1 

and 𝜇𝜇𝑎𝑎 = 0.05 𝑐𝑐𝑚𝑚−1, 

c) Solid resin phantom (𝜇𝜇𝑠𝑠′ = 18.9 𝑐𝑐𝑚𝑚−1 and 𝜇𝜇𝑎𝑎 = 0.01 𝑐𝑐𝑚𝑚−1).   

For each phantom, 3000 DTOF curves were measured continuously 
with 100 ms sampling time (300 seconds in total). Then, in order to 
quantify the variations, we computed the DTOF “contrast” as:  

𝐶𝐶(𝑡𝑡,𝑇𝑇) = 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑡𝑡,𝑇𝑇) − <𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑡𝑡,𝑇𝑇)>𝑇𝑇
<𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑡𝑡,𝑇𝑇)>𝑇𝑇

   (5-1) 

Where 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑡𝑡,𝑇𝑇) is the measured DTOF curve as function of the time-
of-flight 𝑡𝑡 (so-called “micro-time”, in ns) and the elapsed time  𝑇𝑇 (so-
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called “macro-time”, in seconds), and < ⋯ >𝑇𝑇 denotes temporal 
average over the elapsed time 𝑇𝑇.  

In Figure 5-2 (top row) the colour-coded contrast 𝐶𝐶(𝑡𝑡,𝑇𝑇) is reported for 
the different phantoms, where the x-axis corresponds to the elapsed 
time 𝑇𝑇 [𝑠𝑠], and the y-axis to the time-of-flight 𝑡𝑡 [𝑛𝑛𝑠𝑠]. As it is possible to 
see, for the liquid phantom (a) the DTOF fluctuations are absent. 
However, when the scatterers motion is increased i.e., for silicone (b) 
and resin (c), the DTOF fluctuations are increasingly apparent. Thus, 
the effect is observable only when the scatterers motion is sufficiently 
slow compared to the DTOF sampling time (here 100 ms). When this 
does not hold, the fluctuations are “averaged-out”, as in the case of the 
liquid phantom, and partly also for the silicone one. It is interesting to 
note that the position where the contrast is maximum (or minimum) 
changes over the course of the experiment i.e., over the elapsed time. 
This might be due to the combined effect of sample de-correlation and 
system drifts (e.g., source and optical  fibers).  

 

Figure 5-2: DTOF contrast (see Eq. 5-1) as a function of the elapsed time 𝑇𝑇 (x-
axis, in seconds) and the time-of-flight 𝑡𝑡 (y-axis, in ns). Top rows (a-c): phantoms 
with different scatters motions (liquid, silicone, and resin), single mode collection 
fiber (5 𝜇𝜇𝜇𝜇). Bottom rows (d-f): resin phantom, different collection fibers core 
diameters (∅ = 25, 10, 5 𝜇𝜇𝜇𝜇). Figure from Ref.  [133]. 
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In Figure 5-2 (bottom row) I report the measured DTOF contrast for a 
resin phantom having properties 𝜇𝜇𝑠𝑠′ = 10 𝑐𝑐𝑚𝑚−1 and 𝜇𝜇𝑎𝑎 = 0.1 𝑐𝑐𝑚𝑚−1, 
using different collection fiber core diameters: ∅ = 25, 10, 5 𝜇𝜇𝜇𝜇. This 
gradually decreases the number of speckles collected at the surface of 
the sample [93]. As expected, the DTOF fluctuations are more visible 
when light is collected with smaller core diameters, in particular with 
the 5 𝜇𝜇𝜇𝜇 core (single mode fiber).  

In summary, we might see that the measured contrast displays, at least 
qualitatively, the scaling relations typically of spatial speckle patters. In 
particular, the contrast/visibility increases when more rigid samples are 
measured, and when smaller collection areas are used. However, in 
this case the fluctuations are observed in the temporal domain, thus 
we might consider this effect as an example of temporal speckle. The 
effect has been observed in other fields such as seismology  [173–
175], acoustic waves  [176,177], excitonic emission [178], THz 
spectroscopy [127,179], and laser ranging  [180,181]. It has been also 
observed in the field of optics in random media, but only for thin 
scattering samples  [22,128,182–186]. In the next section, I will 
propose a new approach for the analysis and interpretation of the 
observed effect, adapting Goodman’s statistical theory [21] to the time-
resolved regime.  

5.2.  Physical interpretation 

5.2.1. Statistical model 

In this Section, I will provide a physical model to interpret the observed 
DTOF fluctuations, adapting speckle statistics to the pulsed regime. As 
we have seen in Section 2.2, in the general case, the measured 
intensity probability can be described as a mixture of speckle 
fluctuations (due to the light interference) and Possion noise (due to 
the detection process). By looking at Eq. (2-8), we might see that the 
variance 𝜎𝜎𝐼𝐼2 of the measured intensity depends of the number of 
effective modes 𝑀𝑀 [21,93]. By exploiting the relationship between 
coherence parameter and 𝑀𝑀 i.e., 𝛽𝛽 = 1/𝑀𝑀 we might express the overall 
variance 𝜎𝜎𝐼𝐼2 as: 
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𝜎𝜎𝐼𝐼2(𝑡𝑡) = < 𝐼𝐼(𝑡𝑡) > + 𝛽𝛽(𝑡𝑡) < 𝐼𝐼(𝑡𝑡) >2, (5-2) 

where the possible dependence of the quantities on the photon time-
of-flight  𝑡𝑡 was made explicit. In fact, as we have seen in Chapter 4, not 
only the intensity (i.e., DTOF) but also the coherence parameter (𝛽𝛽) 
are generally time-dependant  [79,89]. Thus, we might see that the 
measured variance (for a fixed time-of-flight 𝑡𝑡) is simply given by the 
sum of Possion noise and speckle fluctuations, which have a (relative) 
strength determined by 𝛽𝛽(𝑡𝑡). Let me note that this model is strictly valid 
only for quasi-static samples, because it does not consider sample de-
correlations. 

5.2.2. Experimental results  

In order to verify this physical interpretation, I measured a resin 
phantom, with nominal properties 𝜇𝜇𝑠𝑠′ = 4.7 𝑐𝑐𝑚𝑚−1 and 𝜇𝜇𝑎𝑎 = 0.059 𝑐𝑐𝑚𝑚−1, 
under different laser temporal coherence levels. In particular, three 
different pulse durations (IRF FWHM) were considered: 
450, 225, and 175 𝑝𝑝𝑝𝑝. The pulse duration was tuned by increasing the 
RF power of the acousto-optic modulator7. Each measurement had a 
duration of 300 seconds (5 min), from which the DTOF and 
autocorrelation curves were extracted. 

Regarding the DTOF curves, they were measured with 100 ms 
sampling time. From the DTOF curves, the  intensity variance (𝜎𝜎𝐼𝐼2(𝑡𝑡)) 
was evaluated for each “micro-time” channel (25 ps width) 
independently, and de-noised with a 200ps-width moving average. 
This, coupled with the measured < 𝐼𝐼(𝑡𝑡) > (obtained by averaging all 
the measured DTOF), enabled to estimate 𝛽𝛽(𝑡𝑡) by inverting Eq. (5-3).  

This result was compared with the “ground-truth” 𝛽𝛽(𝑡𝑡), measured form 
the amplitude of the time-resolved autocorrelations 𝑔𝑔2(𝜏𝜏, 𝑡𝑡), with a 100 
ps gate width and 10 s sampling time. The coherence parameter was 
obtained by fitting, for each time-gate, the measured 𝑔𝑔2(𝜏𝜏, 𝑡𝑡) in the 
range 𝜏𝜏 = 10−6 − 10−5𝑠𝑠, with respect to amplitude and decay rate 

 
7 For each RF power (carrier level), the pulse duration was minimized by tuning the RF 
frequency and laser cavity length (see Section 3.2.1).  
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(single-exponential model for simplicity). Finally, from the measured 
𝛽𝛽(𝑡𝑡) the average and standard deviation was computed across 30 
repetitions. Figure 5-3 report a comparison of the 𝛽𝛽(𝑡𝑡) computed from 
the autocorrelations 𝑔𝑔2(𝜏𝜏, 𝑡𝑡) (blue points with shaded standard 
deviation), and from Eq. (5-4), for the three different pulse durations 
considered. 

 

Figure 5-3: Comparison of the measured 𝛽𝛽(𝑡𝑡) from the amplitude of the 
autocorrelations 𝑔𝑔2(𝑡𝑡, 𝜏𝜏) (blue points with shaded standard deviation), with the 𝛽𝛽(𝑡𝑡) 
retrieved with Eq. (5.2) using the measured intensity fluctuations 𝜎𝜎𝐼𝐼2(𝑡𝑡) and average 
intensity < 𝐼𝐼(𝑡𝑡) >. The three subplots correspond to three different pulse durations 
(IRF FWHM): a) 450 ps, b) 225 ps, and c) 175 ps. Figure adapted from Ref. [133]. 

As shown in Figure 5-3, the 𝛽𝛽(𝑡𝑡) retrieved with Eq. (5-5) agrees well 
(within experimental variability) with the “ground-truth” measured from 
the amplitude of the intensity autocorrelations. This indicates that the 
observed fluctuations can be indeed described by (time-resolved) 
speckle statistics. As we have seen in the previous Chapter, the 
temporal behaviours of 𝛽𝛽(𝑡𝑡) depends both on the pulse shape and 
coherence properties, and on the sample optical properties (which 
modulate the path length distribution)  [89]. The proposed statistical 
model does not aim to predict this complex interplay, instead it was 
used to guide the physical interpretation of the observed DTOF 
fluctuations. Finally, let me highlight that the understanding of this 
phenomena might help in designing future experimental systems. 
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5.3. Biomedical application 

In this Section, I will report a novel biomedical application of the 
observed effect. We have seen that the strength of the DTOF 
fluctuations is related to the amount of scatterers motion. For this 
reason, it might be interesting to study whether the effect is observable 
also in vivo. For this reason, I have conducted an arterial occlusion 
experiment on an adult volunteer. The optical probe was placed on the 
forearm of the subject, in correspondence of the brachioradialis 
muscle. A pneumatic torniquet was placed in the midpoint between the 
elbow and the armpit of the subject. To comply with ANSI safety limits, 
the excitation power was reduced to 30 mW with the variable 
attenuator. The subject, wearing laser safety googles, was seated with 
the arm resting on a table (approximately at the heart level). The 
protocol was composed of three phases, with a total duration of 10 
minutes: 

• Baseline (2 min), torniquet deflated 

• Arterial occlusion (3 min), torniquet inflated at 220 mmHg 

pressure 

• Recovery (5 min), torniquet deflated 

The baseline count rate was approximately 200 kcps. The DTOF 
curves were computed in post-processing with 100 ms sampling time 
(10 Hz). In order to quantify the fluctuations, the so-called “speckle 
contrast” was computed by inverting Eq. (5-1): 

𝑘𝑘2 =
𝜎𝜎𝐼𝐼2 − < 𝐼𝐼 >

< 𝐼𝐼 >2  (5-3) 

Note that the symbol 𝛽𝛽 is replaced with 𝑘𝑘2 for being consistent with 
speckle contrast literature [25,31]. In the experiment, the variance 
𝜎𝜎𝐼𝐼2 and average intensity < 𝐼𝐼 > were computed from the DTOF total 
counts, considering a 5 second moving window (50 time points). 

Figure 5-4(a) reports the count rate measured during the experiment 
(integral of the DTOF curves normalized to the sampling time). As can 
be seen, the count rate is relatively stable during the baseline. On the 
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other hand, during the occlusion (starting at minute 2) the count rate 
starts to oscillate strongly, resuming to its previous condition only when 
the torniquet is released (at minute 5). Figure 5-4(b) reports the 
temporal evolution of 1/𝑘𝑘2, which was shown in literature to scale as 
the blood flow  [31,187],  normalized to its baseline average value. Its 
temporal evolution has the expected trend: it decreases by more than 
one decade during the occlusion part and shows has a strong increase 
few seconds after the occlusion is release (so-called hyperaemic 
peak) [87]. 

 

Figure 5-4: Arterial occlusion experiment a) DTOF total counts (cps), 
with 100 ms temporal resolution. The black dashed lines enclose the 
occlusion period (from minute 2 to 5). b) Reciprocal of the speckle 
contrast (normalized to the initial baseline) temporal evolution, where 
the occlusion and hyperaemic peak (after minute 5) are clearly visible.  
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Summary and perspective 

In summary, in this Chapter I have reported and interpreted a novel 
effect in the field of diffuse optics, namely the temporal speckle effect. 
I have shown that it is observable not only in phantom experiments, but 
also in vivo, and that it can give insightful information regarding the 
physiological condition of tissues. This results give insights of the 
possible applications of the observed effect, for instance the 
measurement of tissue blood flow. In fact, to observe the effect, the 
knowledge of the intensity auto-correlation functions in not needed, 
thus the analysis might be performed with much lower computational 
cost. 

In the next Chapter, I will return on the classical DCS approach (based 
on the temporal autocorrelations functions), since it is a more 
consolidated method for measuring the blood flow. In particular, I will 
report several in vivo experiments, both on the muscle and the brain, 
with the aim to assess the performance and the applicability of the 
technique in biomedical settings.   
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: In vivo 
experiments 

In this Chapter, I will present several examples of the in vivo 

experiments which were carried out during this work. First, I will present 
the materials and methods (i.e., protocols) specific to these 
experiments. Then, I will focus on two applications: cuff occlusion and 
head measurements. Finally, I will present few results in the spectral 
region beyond 1 𝜇𝜇𝜇𝜇. Let me highlight that the presented results have 
not the aim to represent a systematic study, but to perform an 
evaluation of the developed system and its possible applications.     
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6.1. Materials and methods 

In this section, I will present the materials and methods which were 
used for the in vivo experiments presented in this Chapter. I will 
conceptually divide the description in three parts: 

1. Optical probe and physiological sensors 

2. Protocols 

3. Data analysis 

6.1.1. Optical probe and physiological sensors 

For the experiments, a custom optical probe was 3D-printed in our 
laboratory. The probe, having a square footprint with rounded angles, 
had precisely sized holes for inserting the source and detection fibers, 
which had all FC connectors, see Figure 6.1. The illumination fiber (see 
Section 3.1) was placed at the centre of the probe. The collection fibers 
(up to 6 single mode fibers) were placed circularly symmetric with 
respect to the source fiber, at a source-detector separation 𝜌𝜌 = 1 𝑐𝑐𝑐𝑐 
(or 1.5 𝑐𝑐𝑐𝑐). Both the illumination and detection fiber were perpendicular 
to the tissue (i.e., not bended). 
 

 

Figure 6-1: Photo of the custom optical probe, with the source and collection fibers 
(orange and yellow, respectively). The blue band is used for attaching the probe to 
the tissue. 
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In several cases, I have also used additional physiological sensors, 
which were suitably synchronized with the optical (i.e., TD-DCS) data. 
As introduced in Section 3.5, the sensors used were:  

i) Electrocardiogram (EKG),  

ii) breath rate (BR),  

iii) blood volume pulse (BVP).  

The EKG sensor had 3 electrodes (positive, negative, and ground). The 
positive and negative electrodes were placed below the subject’s 
clavicles, the ground close to the subject’s navel. The BR sensor was 
a flexible band which was placed around the subject’s chest, passing 
through the bottom of the sternum. The BVP sensor was placed on the 
fingertip (right hand, index finger).  

6.1.2. Protocols 

In this Section, I will describe the (in vivo) protocols which were used 
in the experiments presented in this Chapter. In the majority of the 
experiments, the wavelength used was 𝜆𝜆 = 785 𝑛𝑛𝑛𝑛, excluding the last 
Section where I will present experiments at 𝜆𝜆 = 1000 − 1020 𝑛𝑛𝑛𝑛. The 
protocols I will present are: 

1. Cuff occlusion (forearm) 

2. Resting state (forehead) 

3. Breath hold (forehead) 

Cuff occlusion 
The cuff occlusion experiment is a relatively simple protocol which is 
used to assess the muscular reactivity to external perturbations. As 
shown in Figure 6-2, the subject is asked to lay its arm on a table. A 
pneumatic torniquet is placed above its elbow, and the optical probe is 
placed on the brachioradialis muscle (forearm). The protocol is 
composed of three phases:  

• baseline (2 min),  
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• occlusion (variable duration, see below), 

• recovery (5 min). 

 
Figure 6-2: Schematics of the cuff occlusion 
experiments, were the positions of the inflatable 
torniquet (blue band) and the optical probe (red 
circle) are highlighted.  

In the baseline, the torniquet is kept deflated. In the occlusion, the 
torniquet is inflated manually to a certain pressure level, which is 
maintained constant. In the recovery, the torniquet is deflated in a 
couple of seconds and maintained empty up to the end of the 
experiment.  

In this thesis work, I performed two types of protocols: an arterial 
occlusion or venous occlusion. In the first, the torniquet is inflated to a 
220-mmHg pressure for 3 minutes, in order to block the blood flow in 
all the circulatory compartments (arteries included). In the second, the 
torniquet is inflated approximately to 100-mmHg pressure for 20 
seconds, in order to block only the venous flow8. Let me highlight that 
the two protocols are expected to induce different physiological 
responses in the tissue. 

Resting state and breath hold 

Here I will describe the two other protocols which will be presented in 
this chapter: resting state and breath hold. In both cases, the subject 

 
8 Note that the venous occlusion pressure is chosen to be intermediate between the systolic 
and diastolic blood pressures of the subject (measured before the protocol with a standard 
blood pressure sensor).  
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was asked to lay on a bed tilted at 45°. The optical probe was placed 
on the forehead, in correspondence of the FP1 point of the 10-20 EEG 
reference system. The other physiological sensors were also used (see 
the previous sub-section). The two protocols were defined as follows: 

• Resting state protocol: the subject was asked to breath 
normally (without a metronome), for 7 minutes in total.  

• Breath hold protocol, subdivided in this way: 
1. Baseline (1 minute) 

2. 

⎩
⎨

⎧
i) Breath IN (5 seconds)

ii) Breath OUT (5 seconds)
iii) Breath HOLD  (20 seconds)

 iv) Normal breathing (2 mintues)

 

where block #2 was repeated 3 times, for a total duration of 7.5 
minutes. 

Let me highlight that, while the aim of the resting state protocol was to 
monitor the cerebral blood flow in a standard physiological condition, 
the breath hold protocol was designed to study the cerebral auto-
regulatory response to an external (yet transitory) perturbation. 

6.1.3. Data analysis 

As described in Section 3.4, the TD-DCS raw data consists of a time-
tags file, which contains the time-of-flight (TOF) and absolute arrival 
time of each detected photon. The post-processing algorithm (so-
called software correlator) was described in detail in Section 3.4.2. 
Briefly, the autocorrelations 𝑔𝑔2(𝑡𝑡, 𝜏𝜏) are computed binning the data with 
a fixed sampling rate, typically between 1 and 10 Hz (depending on the 
application  and given count rate). The temporal gates (i.e., TOF gate) 
are also selected in post-processing, in order to optimize the signal-to-
noise ratio (SNR) and depth sensitivity. 
 
The intensity autocorrelations are then fitted using the model described 
in Section 2.4.2, with two free parameters: the coherence parameter 
(β) and the blood flow index (BFI). Typically, the autocorrelations are 
fitted from 𝜏𝜏 > 10−6 𝑠𝑠 to the point where 𝑔𝑔1(𝜏𝜏) = 0.5 (in order to avoid 
the after-pulsing and the low SNR region at short and long 𝜏𝜏, 
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respectively). The resulting BFI might then be normalized to the 
baseline period, to obtain a relative BFI (rBFI) temporal trace (for each 
time gate). 
 
Let me highlight that the tissue optical properties (absorption 𝜇𝜇𝑎𝑎 and 
reduced scattering coefficient 𝜇𝜇𝑠𝑠′ ) are necessary for a correct BFI 
estimation. Their value was obtained by fitting the baseline-averaged 
DTOF curve with respect to the theoretical time-resolved diffuse 
reflectance (see Section 2.1.1) convolved with the IRF (measured by 
facing the illumination and detection fibers). In specific cases, such as 
in the beyond 1 𝜇𝜇𝜇𝜇 experiments (performed with an InGaAs 
photomultiplier having a broad IRF), the optical properties were 
measured with a different time-resolved diffuse optical spectroscopy 
system [154].  

6.2. Cuff occlusion experiments 

In this Section, I will present the result of the cuff occlusion experiments 
introduced in Section 6.1.2. The experiments were carried out with 
three different laser sources, introduced in Section 4.3, and for n = 3 
different subjects  [166]9. In particular, here I will show the results of 
arterial cuff occlusions experiments (220 mmHg torniquet inflation). 
The aim of the measurements is to evaluate the optimal laser source, 
and to evaluate the usability of the overall system, for in vivo 
experiments on human subjects. 
 
In the experiments, the SPAD detector (see Section 3.3) was used. 
Three 100ps-wide temporal gates were considered, centred at t = 240 
ps (early gate), 390 ps (intermediate gate), and 540 ps (late gate) with 
respect to the IRF peak (defined as t = 0 ps). The autocorrelations were 
computed with 5 s sampling time and fitted to extract the BFI of each 
gate (as described in Section 6.1.3). Then, the BFI was normalized to 
the baseline value, to retrieve a relative BFI (rBFI).  
 
Figure 6-3 reports the experimental results, where the columns refer to 
the three different subjects, and the rows to the three different lasers 
used (LDH, Ti:Sapphire and VisIR). Note that while for the Ti:Sapphire 
and VisIR the power was limited to 30 mW, for the LDH the power was 

 
9 Article #4 in the list of Publications.  
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12 mW (the maximum achievable with this source). From Figure 6-3, 
we might see that the measurements show a sufficiently good signal-
to-noise ratio (SNR) for following hemodynamic variations. In 
particular, the measured rBFI, for all the experiments and gate 
positions, has the expected temporal trend: it decreases by more than 
one decade during the occlusion, and it exhibit a large peak after the 
release, so-called hyperaemic peak. The latter effect is a response to 
the lack of oxygen in the tissue, induced by the occlusion manoeuvre. 
Thus, the rBFI trend in qualitatively in agreement with the expected 
results. In order to perform a more detailed analysis, we have analysed 
the hyperaemic region (after the occlusion release) in more detail. In 
particular, Table 3 reports the value of the rBFI hyperaemic peak (10-
20 seconds after the occlusion release), averaged across the three 
subjects. 

 

Figure 6-3: Results of the cuff occlusion experiments. Each row corresponds to a 
different subject, while each column to a different laser source (LDH, Ti:Sapphire 
and VisIR). The occlusion (220 mmHg pressure) was performed from minute 2 to 
minute 5. The rBFI time trace is shown for an early gate (red), an intermediate gate 
(blue), and a late gate (red points). Figure from Ref.  [166]. 
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Table 3: Values of the rBFI at the hyperaemic peak (10-20 s after the occlusion 
release), averaged across the three subjects, for the three considered laser 
sources (columns) and gate positions (rows). 

Gate position LDH Ti:Sapphire VisIR 

Early 2.6 3.8 3.7 

Intermediate 2.7 4.8 4.0 

Late 2.4 3.8 4.5 

From Table 3 it is possible to see that, in general, the measured rBFI 
shows similar hyperaemic values for the three considered time gates, 
probably due to a limited thickness of the tissue’s superficial layers 
(between 2.7 and 6.5 mm, as measured with a mechanical calliper), 
which limits the possibility to disentangle superficial from deeper 
hemodynamics. In addition, the hyperaemic peak value does not show 
large changes for different laser, except for the LDH laser which is 
characterized by a lower average power. 

To summarize, in this section I showed that TD-DCS is capable of 
monitoring dynamic hemodynamic changes with sufficient SNR. Let 
me highlight that, due to the single-mode detection requirement, large 
laser powers (yet not exceeding the skin safety limit) are necessary for 
a precise BFI estimation, especially for gated acquisition. Here, as 
initial assessment, I showed experiments for three different laser 
sources. However, in the next sections I will restrict myself to the 
Ti:Sapphire source, due to its high flexibility in terms of temporal 
duration and emission wavelength.  

6.3. Brain experiments 

In this Section, I will present the results of in vivo experiments 
performed on the forehead. I will focus first on resting state 
experiments, then on dynamic experiments (breath hold), see Section 
6.1.2 for protocol details. In both cases, the experiments were 
performed with the Ti:Sapphire source, the superconducting nanowire 
single-photon detector (SNSPD), together with the Swabian TCSPC 
(see Sections 3.2-4). As we will see, the high efficiency of the SNSPD 
enables measurements at high sampling rates, in this case down to 10 
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Hz in gated acquisition. This might enable to study physiological 
phenomena which are difficult to measure with “standard” detectors10.  

6.3.1. Resting state: vascular pulsatilty 

In this sub-section, I will focus on resting state experiments. The TD-
DCS probe and the other physiological sensors (EKG, Breath monitor, 
and BVP) were positioned on the subject (see Section 6.1), and the 
data were acquired continuously for 7 minutes. Figure 6-4(a) reports 
the measured IRF and DTOF curves (light and dark blue, respectively), 
with 1 second integration time. Time t=0 ps is defined as the IRF peak. 
As already seen in the phantom measurements, the IRF show a 
gaussian-like shape, without undesired “diffusion tails” at late times. 
Both the IRF and DTOF exhibit a high dynamic range (4 decades).  

 
Figure 6-4: a) Measured IRF and DTOF curve on the forehead. The IRF show a 
gaussian-like shape, while both the curves have >4 decades dynamic range. The 
vertical lines denote the central time of the considered gates (200 ps width, 100 ps 
overlap). b) Intensity autocorrelation curves, for 7 different gate positions (see 
legend). The data suggests that the signal quality is sufficient for gates centred up 
to t = 500-600 ps.  

The vertical lines denote the considered temporal gates (central time) 
in the computation of the autocorrelation functions. All the gates have 

 
10 Article #6 in the list of Publications  
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200ps duration, and 100ps overlap with the following one. Figure 6-4(b) 
shows the corresponding intensity autocorrelation functions, with 5 s 
integration time. As can be seen, the autocorrelations have a relatively 
high value of the coherence parameter 𝛽𝛽 (0.1 − 0.15), and exhibit a 
sufficient signal quality for gates centred up to 𝑡𝑡 = 500 − 600 𝑝𝑝𝑝𝑝. This 
initial characterization suggests that, due to the high SNR, it might be 
possible to measure the autocorrelations, and thus the BFI, at higher 
sampling rates. In particular, in the following a sampling rate of 10 Hz 
has been chosen. We will see that this enables to directly observe an 
interesting effect: the vascular pulsatilty. 

Vascular pulsatilty: TD-DCS vs EKG 
In order to extract a more robust BFI, broader temporal gates were 
considered: an early gate (centred at t = 200 ps), and a late gate 
(centred at t = 650 ps), both having a width of 500 ps. Also, ungated 
acquisition was considered (integrating the whole DTOF curve). Figure 
6-5 reports the resulting rBFI temporal traces (normalized by their 
average value) for the three acquisition methods, with 10 Hz sampling. 

 

Figure 6-5: Measured rBFI (BFI normalized to average) for ungated acquisition, early 
and late gate (upper, middle, and lower panels). The sampling rate is 10 Hz in all 
cases, without smoothing. In all three cases, vascular pulsatilty is clearly visible.  
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As can be seen from Figure 6-5, for all three acquisition methods the 
rBFI temporal traces show the fingerprint of vascular pulsatilty, with a 
periodicity of approximately 1 Hz (60 beats/min). In order to confirm 
this, we have performed a Fourier analysis of the rBFI temporal traces 
acquired during the whole experiment (7 min) and compared it to PSD 
of the simultaneously measured electrocardiograph (EKG). Figure 6-6 
shows the comparison of the BFI and EKG power spectral densities 
(PSD i.e., Fourier amplitude squared). 
 

 

Figure 6-6: Comparison of the power spectral density (PSD) of the rBFI 
(ungated, early gate, and late gate) and the electrocardiograph (ECG) 
trace. Interestingly, the two spectra show a very similar shape around 
the 1 Hz region (corresponding to the heart-beat periodicity). The 
second harmonic (around 2 Hz) is also visible in both the modalities.  

 
From Figure 6-6, it is interesting to see that the rBFI and EKG spectra 
show remarkably similar features around the 1 Hz region, which 
corresponds to the heart-beat periodicity. Also, the second harmonic 
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(around 2 Hz) is visible in both the modalities. This confirms that the 
observed oscillations are indeed due to hearth-induced pulsatilty. 
Additionally, while the Early gate trace is quite similar to the ungated 
one, the Late gate displays somehow different features.  
 
Since this work is focalized more on the system development and 
validation (and the physics of the technique), I will not study these 
physiological aspects in detail. Rather, these phenomena could be 
thoroughly addressed in following works. In fact, the cerebrovascular 
pulsatilty was shown to be tightly connected to the cerebral 
autoregulation, which is in turn important for the subject well-being. 
Thus, measuring accurately the cerebral pulsatilty (disentangling it 
from the superficial contributions) might have a strong physiological 
and clinical impact.  
 
To summarize, in this sub-section I have considered resting state 
experiments, and showed that it is possible to observe directly the 
vascular pulsatilty in the TD-DCS data (obtaining results strongly 
correlated with EKG-related data). In the next sub-section, I will focus 
instead on a dynamic experiment, in particular reporting the results of 
breath hold measurements.  

6.3.2. Breath hold experiment 

In this Section, I will present an example of dynamic protocol: the 
breath hold experiment. The protocol of this experiment is described in 
Section 6.1.2, and is designed to induce a slight perturbation in the 
cerebral hemodynamics, by asking the subject to hold its breath for 20 
seconds. As in the previous sub-section (Sec. 6.3.1), the Ti:Sapphire 
laser was used, together with the SNSPD detection system and the 
Swabian TCSPC module. The respiratory condition of the subject was 
verified with the breath rate (BR) sensor. 
 
In Figure 6-7, I report the results of the experiment for one subject. The 
upper plot shows the rBFI time trace, normalized to the initial baseline, 
for ungated acquisition, early gate, and late gate. The three cyan 
rectangles denote the breath hold regions (20 seconds duration). The 
lower plot shows the chest/lungs volume (from the BR sensor) time 
trace, where higher values correspond to higher chest volumes (in 
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arbitrary units). The respiratory sensor confirms that the subject is 
actually holding its breath in all three repetitions. 
 
As can be seen in Figure 6-7(b), in 2 out of 3 repetitions a rBFI increase 
is observed, starting from the middle/end of the breath hold period, 
probably for maintaining a constant oxygen supply in the tissues. The 
rBFI then goes back to the baseline value approximately 30 seconds 
after the end of the breath hold window. Interestingly, the rBFI 
response is significantly different for the early and late gate acquisition, 
with the ungated rBFI more similar to the early gate. This might indicate 
a different physiological response of the superficial (skin) and deeper 
(cerebral) layers. However, a higher number of subjects would be 
necessary to confirm this hypothesis.  
 

 

Figure 6-7: Breath hold experiment a) rBFI time trace for ungated (purple), 
early gate (green), and late gate (light blue) acquisition. All the data is 
normalized to the initial baseline condition. The three cyan rectangles denote 
the breath hold window (20 second duration each). b) Respiration time trace 
(from the BR sensor). The sensor returns a value proportional to the 
chest/lung volume. From this, it is possible to verify that the subject is actually 
holding the breath when requested by the examiner.  
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From this result, we might see that the system sensitivity is sufficiently 
high for detecting the induced physiological change, thanks to the high 
detection throughput. However, more systematic measurements would 
be needed to characterize the different layer’s BFI response more 
accurately. 
 
In conclusion, in this Section I have shown few examples of brain 
experiments, in particular focusing on resting state and breath hold 
protocols. The reported experiments showed the potentiality of the 
technique for detecting important physiological effects, which might be 
used to assess, for instance, cerebral autoregulation. Let me highlight 
that, by increasing the number of channels, it might be possible to 
improve even more the signal-to-noise ratio, and thus the system’s 
sensitivity. 
 

6.4. Experiments beyond the water peak 

In this Section, I will present the results of in vivo experiments 
performed beyond the water absorption peak, in particular at 𝜆𝜆 =
1000 𝑛𝑛𝑛𝑛. As we have already seen in Section 4.5, performing the 
experiments at longer wavelength might improve the depth sensitivity 
and the signal-to-noise ratio. Here, I will focus on cuff occlusion 
experiments, see Section 6.1.2, which were performed on n=4 adult 
subjects (30-53 years old, all male). The measurements were 
performed with the Ti:Sapphire laser, operated with the IR mirror set 
(see Section 3.2.1), the InGaAs photomultiplier detector (see Section 
3.3), and the Picoquant TCSCP module (see Section 3.4.1)  [170]11. 

6.4.1. Optical properties at longer wavelengths 

Initially, the absorption (𝜇𝜇𝑎𝑎) and reduced scattering (𝜇𝜇𝑠𝑠′) coefficients 
were measured on the region of interest (brachioradialis muscle) with 
a broadband TD-DOS system  [154], in the spectral region 680 ÷
1030 𝑛𝑛𝑛𝑛. The results for each subject, together with the corresponding 
thickness of the superficial layer (measured with the plicometer), are 
reported in Figure 6-8. From the figure, two considerations arise. First 
of all, we can see that the absorption coefficient (upper plot) has a high 

 
11 Article #2 in the list of Publications.  
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inter-subject variability, probably due to the different superficial 
thickness (see legend). However, after the peak at approximately 970 
nm due to water, the absorption coefficient sharply decreases to 
reasonably low values. 
 

 

Figure 6-8: Absorption (𝜇𝜇𝑎𝑎) and reduced scattering (𝜇𝜇𝑠𝑠′) spectra (upper and 
lower plot respectively) for each subject, measured with a TD-DOS system. 
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Secondly, the reduced scattering (lower plot) also decreases when 
moving to longer wavelengths. The results are numerically 
summarized in Table 4. Based on these two considerations, the overall 
tissue attenuation at the longer wavelength appears to be similar to the 
one obtained at the typically used one. 
 

Table 4: Superficial thickness and measured absorption and reduced scattering 
coefficients at 785 nm and 1000 nm. 

Subject 
Superficial 
thickness 

[mm] 

𝝁𝝁𝒂𝒂[𝒄𝒄𝐦𝐦−𝟏𝟏] 𝝁𝝁𝒔𝒔′ [𝒄𝒄𝒎𝒎−𝟏𝟏] 𝝁𝝁𝒂𝒂  𝝁𝝁𝒔𝒔′   

@ 785 nm @ 1000 nm 

1 2.7 0.24 9.3 0.52 7.7 

2 4.8 0.13 9.4 0.25 7.9 

3 6.5 0.12 10.4 0.22 8.9 

4 2.2 N/A N/A 0.49 7.8 

6.4.2. Cuff occlusion experiments 

After the optical properties’ characterization, the actual cuff occlusion 
experiments were performed (see Section 6.1.2), at a wavelength 𝜆𝜆 =
1000 𝑛𝑛𝑛𝑛 and a source-detection separation 𝜌𝜌 = 1 𝑐𝑐𝑐𝑐. For comparison, 
the same experiments were performed also at 785 nm using, instead 
of the InGaAs photomultiplier, the SPAD detector (see Section 3.3).  
Figure 6.8 shows the measured intensity and electric-field 
autocorrelations (red at 785 nm and blue at 1000 nm), for an Early and 
a Late gate, during baseline. 

From Figure 6.8, similarly to the phantom experiments of Section 4.5, 
two important effects appear. First, an average increase of the 𝛽𝛽 
parameter (the amplitude of the intensity autocorrelation). In particular, 
the late gate value moves from 0.16 to 0.22. Secondly, a strong 
decrease of the electric-field autocorrelation (𝑔𝑔1) decay-rate, 
approximately 5-fold, is observed. This might improve the signal-to-
noise ratio due to the higher correlation bin widths present at longer 𝜏𝜏. 
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Figure 6-9: Comparison of the baseline intensity (g2, left plot) and electric-field (g1, 
right plot) autocorrelations, measured at 785 nm (red curves) and 1000 nm (blue 
curves), for Early and Late gate (continuous and dashed lines, respectively). The 
two main effects observed are: i) an increase of the late gate 𝛽𝛽 and ii) an 
approximately 5-fold decrease of the de-correlation time (i.e., g1 decay rate). All 
curves refer to subject #1.  

After a quantitative analysis (see Section 6.1.3), Table 5 reports, for all 
the 4 subjects, the count rate and the BFI for Early gate, Late gate, and 
Ungated acquisition (all averaged over the baseline period). The 
results are compared with the Ungated BFI measured at 785 nm.  

Table 5: Results of the cuff occlusion experiment (averaged over the baseline period). 
The first 4 columns report the count rate and BFI (early gate, late gate, and ungated 
acquisition) measured at 1000 nm. As comparison, the ungated BFI measured at 785 
nm is also reported. 

 Subject 
Count 
rate 

[kcps] 

BFI �𝟏𝟏𝟎𝟎−𝟗𝟗 𝒄𝒄𝒎𝒎
𝟐𝟐

𝒔𝒔
� @ 1000 nm BFI 

@ 785 nm 
Ungated Early Late Ungated 

1 151 ± 3 3.1 ± 0.4 3.0 ± 0.4 3.0 ± 0.36 3.6 ± 0.38 

2 263 ± 9 1.2 ± 0.24 1.3 ± 0.2 1.1 ± 0.2 0.74 ± 0.09 

3 336 ± 7 0.63 ± 0.07 0.72 ± 0.06 0.59 ± 0.05 1.5 ± 0.13 

4 112 ± 11 1.2 ± 0.25 1.3 ± 0.31 1.2 ± 0.2 N/A 
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As can be seen from Table 5, the count rate and baseline BFI appear 
to have a strong inter-subject variability, most probably due to different 
tissue properties (compare with Table 4). For all the subjects, the Early, 
Late gate, and Ungated BFI exhibit comparable values. This might be 
related to the relatively low superficial thickness of the considered 
subjects, which limits the discrimination of superficial and deeper 
hemodynamics. Let me highlight that the (Ungated) BFI appear to be 
different at the two wavelengths (785 nm and 1000 nm). Further studies 
would be necessary to elucidate the origin of this difference. 
 
As a final result, in Figure 6-10 I report the time trace of the (absolute) 
BFI, measured at 1000 nm, for Early and Late gate (1 Hz sampling 
rate). From Figure 6-10, it might be seen that the BFI time traces have 
the expected temporal trend, for all the measured subjects. In 
particular, the occlusion and the hyperaemic peaks are clearly visible. 
In addition, the BFI hyperaemic peak (relative to baseline) show a large 
inter-subject variability, probably due to a different auto-regulatory 
response in each subject.  
 

 

Figure 6-10: Cuff occlusion experiments BFI time traces, measured at 1000 nm, for 
all the 4 subjects (1 Hz sampling rate). Blue circles and red crosses refer to the Early 
and Late gate, respectively. Figure from Ref.  [170]. 
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In conclusion, the reported results demonstrate the feasibility and 
biomedical applicability of TD-DCS beyond the water absorption peak, 
here in particular at 1000 nm. This might be interesting also because 
of the larger availability of opto-electronic components in this spectral 
region. This might facilitate the development of more compact systems, 
with the potentiality of translating the technique towards clinical uses. 
 
Summary 
In summary, in this Chapter I have reported several in vivo TD-DCS 
experiments, for studying both muscle and brain hemodynamics. In 
addition, I have studied the feasibility of experiments in a longer 
spectral range (around 1 micron). These results might be helpful for the 
design and performance assessment of new TD-DCS systems, either 
in laboratory or clinical settings.  
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Conclusions 

  

In this work, I contributed to lay the foundations of a novel diffuse 
optical technique, time-domain diffuse correlation spectroscopy (TD-
DCS), both on the theoretical and experimental sides. In the following, 
I will briefly summarize the key achievements of this thesis work:  
 

1. Development and validation of a novel theoretical model,       
which describes the effects of the instrument response function 
(IRF) and gate width. The model helped in providing physical 
insights regarding the impact of finite path length (i.e., temporal) 
resolution on the data, and to estimate in a more quantitative 
way the blood flow index (BFI).  
See Chapter 2 and Chapter 3. 

 
2. Development and characterization of a versatile lab system, 

through an evaluation and comparison of its main components 
(laser source, photodetectors, acquisition modules). In 
particular, I showed the impact of the individual components on 
the quality of the measurements. This was achieved by defining 
and characterizing suitable figures of merit, in particular the 
coherence parameter 𝛽𝛽 and the accuracy of the BFI. Finally, I 
suitably integrated additional physiological sensors in the 
experimental system.  
See Chapter 3 and Chapter 4. 

 
3. Observation and interpretation of the temporal speckle effect. 

First, I presented the experimental evidence of this interesting 
phenomena, then I provided a simple theoretical interpretation, 
by adapting analysis approaches which were developed in other 
fields. Finally, I demonstrate the effect with an in vivo 
experiment. The observed effect was used successfully for the 
measurement of blood flow changes in a biomedical scenario. 
See Chapter 5. 
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4. Demonstration of in vivo experiments on human subjects.        

The first application I considered was a cuff occlusion 
experiment, which confirmed the suitability of the system to 
biomedical application. Then, I moved to experiments on the 
brain, focusing on two protocols: resting state and breath hold. 
This enabled to observe interesting physiological phenomena, 
such as vascular pulsatilty. These in vivo experiments are one 
of the first reported in the TD-DCS literature.  
See Chapter 6. 
 

5. In vivo experiments beyond the water absorption peak.     
Finally, I showed the feasibility of performing experiments in a 
novel spectral window, in particular beyond 1 𝜇𝜇𝜇𝜇. The 
experiments were performed both on tissue-mimicking 
phantoms and in vivo, on adult volunteers. For performing these 
experiments, I suitably modified the system (in particular the 
laser source) for operation in this spectral region.  
See Chapter 4 and Chapter 6. 

To summarize, with this thesis work I contributed to the foundations of 
TD-DCS, starting from the physics of the technique (points 1 and 3), 
and moving to the experimental and biomedical applications (points 2, 
4 and 5). This work might provide crucial insights for the interpretation 
of the experimental data, but also help in the design and/or optimization 
of next generation, high-performance systems. 
 
Regarding future developments, there are several interesting 
directions. First, the development of multi-channel systems. This might 
enable to increase dramatically the signal-to-noise ratio, and thus the 
accuracy and depth sensitivity of the technique. In addition, this might 
enable to obtain tomographic information of the tissue under study, with 
a strong impact on several biomedical applications. Second, the 
development of multi-wavelength systems, which might enable to 
extract in parallel both the BFI and the concentration of the main tissue 
constituents (as in diffuse optical spectroscopy/tomography). Last but 
not least, the development of real-time analysis software, which is 
crucial in several environments where the measurement in not easily 
repeatable. 
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In conclusion, let me highlight that the developed technique might be 
used not only for studying physiological effects, but also to study the 
pathophysiology. For instance, in clinical environments, the technique 
might help in the diagnosis and/or monitoring of several highly 
impacting diseases, such as cancer, stroke, or cognitive disorders. 
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