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ABSTRACT. Significance: The spatially resolved spectroscopy (SRS) approach is widely used 
in continuous wave near-infrared spectroscopy to estimate tissue oxygen saturation 
in the skeletal muscle and cerebral cortex. The extension of the SRS approach to the 
time domain (TD) has never been proposed. We hypothesize that the time-domain 
spatially resolved spectroscopy (TD SRS) approach, relying on simple models and 
linear fit, avoiding nonlinear model-based analysis approaches, could be able to 
assess the homogeneity of the scattering of the explored tissue.

Aim: We aim to explore the potential of the TD SRS approach for estimating μ 0
s from 

the spatial derivative of the measured signal in a homogeneous and in a two-layer 
medium and by considering also the effect of the instrument response function (IRF).

Approach: A theoretical expression for μ 0
s depending on the spatial derivative of the

attenuation is derived. Then, numerical simulations are conducted using solutions of 
the radiative transfer equation under the diffusion approximation. We consider 
a reflectance geometry with source�detector distance in the range 1 to 5 cm in 
0.5 cm step, either in a homogenous semi-infinite or two-layer diffusive medium. 
Convolution with a real IRF is also carried out to mimic experimental scenarios.

Results: In a homogeneous medium, the TD SRS approach is able to retrieve μ 0
s

over a large range of values, being minimally affected by the IRF. In a two-layer 
medium, the TD SRS approach can only provide information on the changes of
μ 0s with depth but fails to provide a robust estimate of the absolute value of μ 0s in
either of the two layers. Moreover, the IRF can greatly affect the results in the case 
of the two-layer medium.

Conclusions: The TD SRS approach can be a simple way to estimate spatial
changes of μ 0s but not the absolute value of μ 0s. Care should be taken to use a
TD system with proper IRF.
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1 Introduction
Since its introduction in 1999, 1,2 the spatially resolved spectroscopy (SRS) approach has been 
extensively implemented in commercial continuous wave (CW) near-infrared spectroscopy
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(NIRS) devices for estimating tissue oximetry in skeletal muscle or cerebral cortex. 3 The char- 
acteristic feature of CW SRS NIRS is in fact the possibility to noninvasively provide an estimate 
for tissue oxygen saturation S t O 2 �the so-called tissue oxygenation index, or tissue saturation 
index�based on the spatial gradient of light attenuation detected at two wavelengths by two or 
three narrowly spaced detectors. The SRS approach requires the a priori knowledge of the spec-
tral dependence of the reduced scattering coefficient μ 0sðλÞ, that is typically approximated by a
simple linear dependence μ 0sðλÞ ≈ kð1 − hλÞ, where k and h are empirical parameters, and λ is the
wavelength. The practical implementation of CW SRS NIRS brings to a simpler and cheaper 
device than frequency domain NIRS or time domain (TD) NIRS that can naturally provide S t O 2 
thanks to the estimate of the absorption coefficient μ a . 

In a recent work, we have studied the robustness of the CW SRS approach. 4 Specifically, we 
have investigated the errors in retrieving hemodynamic parameters, in particular S t O 2 , when
μ 0sðλÞ was varied from expected values, and when layered tissue was considered. In this work,
we present the extension of the SRS approach to the TD regime. 

The idea of applying the SRS methodology to the TD regime may appear a bit curious or 
useless. On the one side, as already mentioned, TD NIRS can simultaneously provide estimates
for μ 0sðλÞ and μ a ðλÞ with a single source�detector distance ρ. 5 In addition, theoretical studies have
shown that in the TD regime, the penetration depth is independent of ρ in homogeneous and 
layered media. 6,7 Nonetheless, the dependence of the TD NIRS signal from ρ has been exploited
to derive estimates for μ 0s in a homogeneous medium without resorting to nonlinear fitting
procedures. 8 Furthermore, the use of multiple ρ in TD NIRS can be useful to improve estimates 
of optical properties in a layered medium 9,10 and also to minimize the effect of a broad instrument 
response function (IRF) because a longer ρ naturally selects photons with longer (i.e., deeper)
pathlengths. 11 In particular, when dealing with a layered medium, the estimate of μ 0s of the deeper
medium is always less accurate than the estimate for the superficial layer, 9 and a common
simplistic assumption is to consider μ 0s uniform in the medium.

On the basis of the above considerations, this study aims to explore the potential of the time-
domain spatially resolved spectroscopy (TD SRS) approach for estimating μ 0s from the spatial
derivative of the measured signal in a homogeneous and in a two-layer medium and by consid- 
ering also the effect of different IRFs.

2 Theory
We model the tissue as a semi-infinite medium with absorption coefficient μ a and reduced scat-
tering coefficient μ 0s, and we adopt a reflectance geometry configuration with a collimated light
source and a source�detector distance ρ. Under the partial current boundary condition, the TD 
reflectance (the number of photons per unit area and unit time exiting the medium) at a distance ρ 
is given by
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where Φðρ; z; tÞ is the fluence, B is a parameter accounting for refractive index mismatch at
the medium boundary, D ¼ ð3μ 0sÞ −1 is the diffusion coefficient, and z s ¼ 1∕μ 0s, z b ¼ 2z e þ z s ,
z e ¼ 2BD is the extrapolated boundary. 12 

The TD light attenuation is defined as Aðρ; tÞ ¼ − ln½Rðρ; tÞ � . Similar to the CW SRS 
approach, we calculate ∂A∕∂ρ, the spatial derivative of A, as follows:
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From Eq. (2), we derive the expression for the reduced scattering coefficient μ 0s

EQ-TARGET;temp:intralink-;e003;114;135μ 0
s ¼

2vt 
3ρ

∂Aðρ; tÞ
∂ρ

: (3)
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3 Material and Methods

3.1 Simulations 
Simulations were conducted using solutions of the radiative transfer equation under the diffusion 
approximation. We considered a reflectance geometry in either a homogenous semi-infinite or 
two-layer diffusive medium, with source�detector distances ρ ranging from 0.5 to 5 cm in 0.5 cm 

steps, as shown in Fig. 1(a). We set 10 6 as the total number of detected photons at ρ ¼ 5 cm. The 
number of detected photons was properly scaled at the other source�detector distances according 
to the diffusion model by normalizing the area under the TD reflectance curve. 

Both ideal and realistic systems were considered. In modeling the ideal system, a Dirac δ 
IRF was used. For the realistic system, however, the TD reflectance curves were convolved with 
IRFs representative of different TD systems, thereby accounting for nonideal effects such as 
finite duration and exponential tail. Specifically, three typical systems were examined employing, 
respectively, a superconducting nanowire single photon detector (SNSPD), 13 hybrid photomul- 
tiplier (HYPM), 14 and silicon photomultiplier (SiPM) detectors 15 [see Fig. 1(b)]. As common 
simulation parameters, we used a time bin width of 5 ps∕ch, a diffusive medium with a refractive 
index of 1.40, and a total time scale of 10 ns. 

In the simulations for the homogeneous semi-infinite medium, we modeled five values of
the reduced scattering coefficient (μ 0

s1 ¼ μ 0s2 ¼ 5, 7.5, 10, 12.5, and 15 cm −1 ), each paired with
four absorption coefficient values (μ a1 ¼ μ a2 ¼ 0.05, 0.1, 0.15, and 0.20 cm −1 ). 

For the two-layer medium, instead, we fixed the absorption coefficient at
μ a1 ¼ μ a2 ¼ 0.15 cm −1 and explored combinations of reduced scattering coefficients, ensuring
distinct scattering properties across layers (μ 0

s1 ¼ 5, 10, 15 cm −1 , μ 0
s2 ¼ 5, 10, 15 cm −1 ), as

shown in Table 1. The overall thickness s TOT was fixed at 9 cm, and three different thicknesses 
of the first layer (s 1 ¼ 0.5, 1, and 1.5 cm) have been used. In S1 in the Supplementary Material,
we have also studied other cases with smaller differences between μ 0s1 and μ 0 

s2 .

Fig. 1 (a) Geometry used for the simulation of the two-layer structure. (b) The IRFs used for the 
simulation of real system data (SNSPD, superconducting nanowire single photon detector; HYPM, 
hybrid photomultiplier; SiPM, silicon photomultiplier).

Table 1 Various combinations of reduced scattering coefficient in 
the two-layer medium.

Case μ 0
s1 (cm −1 ) μ 0

s2 (cm −1 )

#1 5 10

#2 5 15

#3 10 5

#4 10 15

#5 15 5

#6 15 10
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3.2 Data Analysis 
From the simulated TD reflectance Rðρ; tÞ, we derived the spatial derivative of the attenuation 
Aðρ; tÞ at different source�detector distances ρ L by means of central finite differences as 
∂Aðρ L ;tÞ

∂ρ ≅ Aðρ L ;tÞ−Aðρ S ;tÞρ L −ρ S
, with ρ L ¼ ρ S þ d, with d ≪ ρ S . As clearly described by Ref. 16, in the 

practical implementation when using two source�detector distances, the numerical approxima-

tion 1
ρ ≅ 

1
ρ S
≅ 

lnðρ Lρ S Þ
ρ L −ρS

can be used in Eq. (3), yielding the following approximate expression: 
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2vt
3
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Aðρ L ; tÞ − Aðρ S ; tÞ
ρ L − ρ S 

: (4)

We repeated the calculation of ∂Aðρ L ;tÞ
∂ρ for ρ L ranging from 1 to 5 cm and using d ¼ 0.5 cm.

3.3 Figures of Merit
To determine whether our system can retrieve the reduced scattering coefficient with the pro-
posed method, we evaluated two metrics based on the sample geometry. For the homogeneous
geometry, we calculated the temporal average value of the retrieved reduced scattering coefficient
across various media, focusing on a time window spanning from 90% of the TD reflectance curve
peak on the rising edge to 10% of the peak on the tail. For the two-layer sample, we evaluated the
slope of a linear fit to the retrieved reduced scattering coefficient as a function of time within a
500 ps time window starting 1 ns after the IRF peak position of each simulation condition. In the
latter case, indeed, we have two values of the reduced scattering coefficient, μ 0s1 and μ 

0
s2, and only

one retrieved value μ 0s. Then, the single retrieved value will depend on both μ 0
s1 and μ 

0
s2. Because 

the penetration depth of photons is linked to their time-of-flight, the slope of function μ 0
sðtÞ likely

Fig. 2 Plots of the retrieved μ 0
s as a function of time for all the ρ L at all the nominal reduced scatter-

ing coefficients (colors) in a homogeneous medium with Dirac δ IRF. The μ a is set to 0.15 cm −1 .
The shaded areas extend from 90% to 10% of the peak of the TD reflectance curve and represent 
the time intervals used for the calculation of the average.
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brings information on the relative values of μ 0s1 and μ 
0
s2. Finally, we observe that the choice of a

500 ps wide temporal interval is based on our experience with TD NIRS data. This width in fact is 
on one side sufficiently wide to contain enough photons, avoiding noisy results, and on the other 
side is sufficiently narrow to maintain a reasonable temporal resolution. Moreover, the choice to 
start analysis at ∼1 ns after the IRF peak guarantees that we are considering portions of time- 
resolved curves that have enough photons, at least in the majority of cases, and also ensures 
that the examined slope can be confidently associated with changes in the reduced scattering 
coefficient.

4 Results

4.1 Homogeneous Medium

4.1.1 Ideal IRF (Dirac δ) 
Figure 2 shows, for the ideal case, the μ 0s obtained using Eq. (4) at varying times (evaluated
starting from the peak of the IRF) for different ρ L . Only data associated to μ a ¼ 0.15 cm −1 are
shown. Different colors represent the simulated nominal μ 0s values. For all source�detector dis-
tances and all values of the nominal reduced scattering coefficient, the estimated μ 0s is rather
constant as a function of time-of-flight, as expected from Eq. (3). A noisy behavior appears only 
at time-of-flight corresponding to a very low number of detected photons (either because the 
time-of-flight is too short for photon to arrive at the detector, or because it is too long and very
few photons are detected). By averaging the retrieved μ 0s over a wide time-window between 90%
of the peak on the rising edge and 10% of the peak on the trailing edge of the curve (represented 
by colored areas in Fig. 2), a more robust estimate is obtained and reported in Fig. 3 plotted

Fig. 3 Average retrieved μ 0
s versus nominal values for each absorption coefficient, represented by 

different colors and markers across various ρ L . Thin solid lines indicate the expected values in 
each plot. The results are obtained in a homogeneous medium with a Dirac δ IRF.
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against the corresponding nominal values for all the absorption coefficients (colors and marker) 
at each ρ L . In all plots, the solid line represents the expected values. It is possible to see that for all
the cases, the retrieved μ 0s corresponds to the nominal one, and indeed, all the plots show linear
behaviors. For ρ L ¼ 1 cm, otherwise, there is a small overestimation of the retrieved μ 0s, with an
average error of ∼4%.

4.1.2 Real IRF 
Figures 4�6 show, at each source�detector distance ρ L , the retrieved μ 0s values plotted against the
nominal values for all absorption coefficients when real systems based on SNSPD, HYPM, and 
SiPM detectors are used, respectively. For the SNSPD-based system, the results indicate that,
similar to the Dirac δ case, the retrieved values are close to the expected ones (i.e., all the points 
coincide with the expected values line). However, at ρ L ¼ 1 cm, a general overestimation of the 
computed optical properties is observed (average error of about 6%), even though all points
overlap, suggesting no distinction in retrieving μ 0

s among different values of the absorption
coefficients. 

By contrast, real systems based on HYPM and SiPM detectors generally exhibit an over- 
estimation of the retrieved scattering coefficient for ρ L smaller than 3.5 cm (e.g., a maximum 
error of 110% is present at ρ L ¼ 1 cm). At longer distances (ρ L ¼ 4, 4.5, and 5 cm), the error is 
smaller: in particular, we observed average error values of 8% for the HYPM-based system and 
of 7% for the SiPM-based are present. Furthermore, HYPM data show greater variability in the

Fig. 4 Figure-of-merit values illustrating the average μ 0
s retrieved versus nominal values for each 

absorption coefficient, represented by different colors and markers across various ρ L . Thin solid 
lines indicate the expected values in each plot. The results obtained in a homogeneous medium 
with SNSPD IRF.
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retrieved μ 0
s depending on the nominal values of the absorption coefficient. A detailed quanti- 

fication of the estimation errors is reported in Table S1 in the Supplementary Material. 
In S2 in the Supplementary Material, we report the relative error across the reconstructed 

values already shown in Figs. 3�6.

4.2 Two-Layer Medium

4.2.1 Ideal IRF (Dirac δ)
Figure 7 shows the temporal evolution of the estimated μ 0

s for all the combinations of two-layer
media (colors), as listed in Table 1. The results for each ρ L and for the thickness s 1 ¼ 0.5 cm and 
s 2 ¼ 8.5 cm are plotted. Furthermore, the region used for the computation of the slope from 
3.5 to 4.0 ns is highlighted in yellow. 

The complete results are listed in Fig. 8, where the slope values are reported for all the
sample thicknesses and for each combination of μ 0s1 and μ 

0
s2. For a more intuitive understanding,

the color of each cell in the table represents the magnitude of the slope. Specifically, for positive 
(negative) slope values, the cells are colored in blue (red). The intensity of the color depends on 
the magnitude. 

It is possible to see that in all instances where μ 0
s1 > μ 0s2, the retrieved μ 

0
s decreases (i.e., the

slope is negative and red). Conversely, in cases where μ 0 s1 < μ 
0
s2, the slope increases (i.e., it is

positive and blue). Moreover, the values are consistent as a greater difference corresponds to a 
proportional increase in the observed slope. Further results for cases with smaller differences
between μ 0s1 and μ 

0
s2 are available in the Supplementary Material, confirming the observed trends

and supporting the robustness of the proposed method.

Fig. 5 Figure-of-merit values illustrating the average μ 0
s retrieved versus nominal values for each

absorption coefficient, represented by different colors and markers across various ρ L . Thin solid 
lines indicate the expected values in each plot. The results obtained in a homogeneous medium 
with HYPM IRF.
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4.2.2 Real IRF 
Similar to Fig. 7 for the ideal system, Figs. 9�11 illustrate the temporal evolution of the estimated
μ 0s values for all the combinations of two-layer configuration associated with the real systems
based on SNSPD, HYPM, and SiPM, respectively. These figures present the results for each ρ L 
focusing exclusively on thickness s 1 ¼ 0.5 cm. In addition, the region used to compute the slope 
is highlighted in yellow. The complete corresponding results are provided in Figs. 12�14, 
categorized by IRF. The same methodology described in the previous section was applied to 
color the table cells. 

The highlighted region starts at different times because the position of the IRF peak varies on 
the system (Dirac δ = 2.5 ns, SIPM = 2.0 ns, HYPM = 1.6 ns, SNSPD = 2.0 ns). We have in fact 
not aligned the time position of the different IRFs. Despite these differences, all regions are 
consistently set to begin 1 ns after the IRF peak. This approach was carefully chosen to ensure 
that the analysis focuses on the relevant portion of the curve. By starting 1 ns after the peak, we 
can confidently examine the part of the curve where the slope can be associated with changes in 
the reduced scattering coefficient. 

The results associated with the SNSPD (Fig. 9) show that most of the ρ L exhibit curves from 
which the slope can be extracted. However, for sample #6, the curve displays a flat behavior, 
resulting in a slope that is close to zero (see Fig. 12). 

As for the homogeneous case, both HYPM and SiPM provide less meaningful information 
for short ρ L values. In the case of HYPM, the estimated slope values provide information on the 
direction of change in the reduced scattering coefficients of the two layers only for ρ L greater 
than 2.5, 3.5, and 4.5 cm for thicknesses s 1 ¼ 0.5, 1.0, and 1.5 cm, respectively (see Fig. 13).

Fig. 6 Figure-of-merit values illustrating the average μ 0
s retrieved versus nominal values for each

absorption coefficient, represented by different colors and markers across various ρ L . Thin solid 
lines indicate the expected values in each plot. The results obtained in a homogeneous medium 
with SiPM IRF.
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By contrast, when using the SiPM IRF, only ρ L ≥ 4.0 cm can be used (see Fig. 14). Notably, 
there is no substantial difference across the various thicknesses analyzed. 

However, the same saturating behavior observed in sample #6 persists, limiting the inter- 
pretability of these results for the last two IRFs. 

It is important to highlight that for all the cases studied here, the absolute values of the 
reconstructed scattering for the two layers do not match the nominal values of either of the two 
layers. This discrepancy points to limitations in the reconstruction process presented in this study.

5 Discussion and Conclusion
We have explored the possibility of using the SRS approach in the TD. From a simple theoretical 
derivation, we have shown that in a homogeneous sample, the reduced scattering coefficient 
could be derived from the spatial derivative of the attenuation. We have verified this by means 
of numerical simulations at different source�detector distances, including also the effect of real-
istic IRFs. The retrieved μ 0s is characterized by acceptable errors (less than 10%), apart from the
case of using a short source�detector distance, as expected from the theoretical derivation and 
the numerical implementation of the adopted method. 

We have also tested the case of a two-layer medium, a more realistic configuration that better 
mimics human tissues such as the skeletal muscle covered by an adipose tissue layer or the 
cerebral cortex enclosed in the extracerebral tissues (i.e., scalp, skull, and cerebrospinal fluid).

Fig. 7 Plots of the retrieved μ 0
s as a function of time for all the ρ L at all six combinations of two-layer

media (colors), for thickness s1 ¼ 0.5 cm. In yellow, it is highlighted the time interval used for the
calculation of the slope. The results obtained with Dirac δ IRF.
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Fig. 9 Plots of the retrieved μ 0
s as a function of time for all the ρ L at all six combinations of two-layer 

media (colors), for thickness s 1 ¼ 0.5 cm. In yellow, it is highlighted the time interval used for the 
calculation of the slope. The results associated with SNSPD IRF.

ρ L (cm)
1 1.5 2 2.5 3 3.5 4 4.5 5

= 
0.

5 
cm

#1 5 10 1.19 1.20 1.33 1.30 1.31 1.46 1.53 1.62 1.78

#2 5 15 2.56 2.51 2.60 2.73 2.79 2.99 3.01 3.09 2.71

#3 10 5 –1.13 –0.90 –1.04 –0.75 –0.85 –0.75 –0.70 –0.51 –0.50

#4 10 15 1.30 1.28 1.32 1.38 1.44 1.47 1.58 1.73 1.68

#5 15 5 –2.39 –1.98 –1.91 –1.57 –1.31 –1.17 –0.85 –0.76 –0.49

#6 15 10 –1.40 –1.30 –1.27 –1.17 –1.06 –1.00 –0.83 –0.76 –0.58

= 
1.

0 
cm

#1 5 10 1.11 0.98 1.04 1.07 1.13 0.86 1.10 0.97 0.94

#2 5 15 1.78 1.51 1.54 1.75 1.25 1.50 1.35 1.29 1.19

#3 10 5 –1.96 –1.89 –1.86 –1.77 –1.74 –1.58 –1.41 –1.18 –0.92

#4 10 15 0.99 0.95 0.94 0.91 0.92 0.90 0.85 0.79 0.90

#5 15 5 –3.78 –3.74 –3.74 –3.62 –3.25 –2.70 –1.87 –1.05 –0.56

#6 15 10 –1.38 –1.41 –1.39 –1.40 –1.41 –1.42 –1.36 –1.26 –1.43

= 
1.

5 
cm

#1 5 10 0.7 0.54 0.61 0.49 0.58 0.61 0.61 0.40 0.54

#2 5 15 1.06 0.70 0.84 0.85 0.69 0.87 0.61 0.63 0.43

#3 10 5 –0.87 –0.80 –0.88 –0.92 –0.99 –1.02 –1.11 –1.12 –1.31

#4 10 15 0.43 0.33 0.32 0.33 0.31 0.29 0.22 0.34 0.3

#5 15 5 –0.78 –0.85 –0.92 –1.05 –1.27 –1.52 –1.92 –2.19 –2.56

#6 15 10 –0.34 –0.32 –0.36 –0.37 –0.37 –0.42 –0.45 –0.52 –0.54

Fig. 8 Slope of retrieved μ 0s as a function of time for all the ρ L and thicknesses. The results obtained
with Dirac δ IRF. For positive (negative) slope values, the cells are colored in blue (red). The inten- 
sity of the color depends on the magnitude.
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By observing the results of simulations in the two-layer medium, we noted a dependence on time
of the retrieved μ 0s. This dependence can be expected and is due to the presence of different μ 0

s

values. Then, we decided to use a linear fit as a first-order method to give an estimation of 
this trend, to evaluate the heterogeneity of scattering properties in the medium. Surely, this is 
an oversimplifying assumption, that, however, has the advantage of simplicity. 

As for the influence of the absorption coefficient μ a , we have simulated different values for
μ a in a range that is typical for biological tissues (0.05 to 0.25 cm −1 ). In the case of a Dirac δ IRF, 
as the only dependence on μ a of the solution of the photon diffusion equation is in the factor 
e −μ a vt , as can be seen in Eq. (1), the dependence on μ a in the derivative of the attenuation dis- 
appears [see Eq. (2)]. In the case of other IRFs, instead, some dependence from μ a is present in
the μ 0s estimation, due to the convolution operation. Nevertheless, we would expect a major effect
of μ a in a reduction in the number of detected photons, with limited effects on the spatial gradient 
of the attenuation. 

Not surprisingly, the TD SRS approach, being based on a homogeneous theory, is not able to
recover absolute μ 0s values in this case. However, the presence of a change in the reduced scatter-
ing coefficient of the two layers can be noted by looking at the temporal trend of the derived μ 0s .
This information can be of interest for improving the data analysis procedures based on the use of
physical models for photon migration in a two-layer geometry. Keeping μ 0s constant in the two
layers, indeed, might introduce errors in the estimate of the absorption coefficient, whereas the
information on spatial changes of μ 0s could be beneficial.

The simulations have also shown that the temporal characteristics of the IRF are crucial for 
obtaining reliable results. Specifically, the SNSPD detector characterized by the best IRF in terms 
of narrow response without afterpulsing shows the best performance. However, nowadays, such a

Fig. 10 Plots of the retrieved μ 0
s as a function of time for all the ρ L at all the six combinations of 

two-layer media (colors), for thickness s 1 ¼ 0.5 cm. In yellow, it is highlighted the time interval 
used for the calculation of the slope. The results associated with HYPM IRF.
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Fig. 11 Plots of the retrieved μ 0
s as a function of time for all the ρ L at all the six combinations of

two-layer media (colors), for thickness s 1 ¼ 0.5 cm. In yellow, it is highlighted the time interval
used for the calculation of the slope. The results associated with SiPM IRF.

ρ L (cm)
( ) 1 1.5 2 2.5 3 3.5 4 4.5 5

= 
0.

5 
cm

#1 5 10 1.55 1.38 1.68 1.62 1.71 1.74 1.74 1.86 1.77

#2 5 15 2.82 2.62 2.97 2.81 3.05 3.14 3.10 3.32 3.05

#3 10 5 –0.04 –0.33 –0.21 0.04 –0.23 0.03 –0.02 0.16 0.18

#4 10 15 2.07 2.05 2.06 2.08 2.12 2.22 2.24 2.24 2.54

#5 15 5 –0.86 –0.86 –0.79 –0.61 –0.35 –0.30 –0.16 0.02 0.04

#6 15 10 0.01 0.03 0.08 0.11 0.22 0.21 0.29 0.42 0.61

= 
1.

0  
cm

#1 5 10 1.09 1.34 1.45 1.29 1.50 1.39 1.31 1.31 1.28

#2 5 15 1.83 2.07 1.92 1.74 2.02 1.81 1.81 1.51 1.82

#3 10 5 –0.81 –0.84 –0.79 –0.77 –0.63 –0.62 –0.38 –0.37 –0.13

#4 10 15 1.77 1.74 1.71 1.74 1.71 1.65 1.71 1.63 1.69

#5 15 5 –2.28 –2.20 –2.20 –1.95 –1.72 –1.25 –0.77 –0.17 0.25

#6 15 10 0.00 –0.05 0.00 –0.03 –0.02 0.03 0.02 0.16 0.12

= 
1.

5 
cm

#1 5 10 1.37 0.77 1.03 0.96 1.15 0.81 1.06 0.86 0.78

#2 5 15 1.12 1.25 1.26 1.16 1.22 1.14 0.95 1.00 1.14

#3 10 5 –0.02 0.00 –0.04 –0.10 –0.11 –0.19 –0.16 –0.26 –0.29

#4 10 15 1.19 1.17 1.27 1.18 1.18 1.10 1.15 1.27 1.10

#5 15 5 0.40 0.31 0.25 0.10 –0.06 –0.33 –0.58 –0.74 –0.88

#6 15 10 0.90 0.90 0.88 0.84 0.85 0.82 0.75 0.92 0.58

Fig. 12 Slope of retrieved μ 0s as a function of time for all the ρ L and thicknesses. The results asso-
ciated with SNSPD IRF. Color code same as in Fig. 11.
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detector comes only with a very narrow area (diameter <10 μm) that strongly limits the use in 
diffuse optics laboratory and in vivo settings. On the other hand, the HYPM and the SiPM offer 
better solutions in terms of sensitivity thanks to wider area but are limited by broader response 
(and longer tail): this prevents their use for TD SRS at source�detector distances shorter than 
∼3 cm, unavoidably reducing the overall signal-to-noise. 

We have studied the efficacy of the TD SRS approach in the two-layer medium that closely 
resembles the real case of NIRS measurements on muscle covered by an adipose tissue layer. 
The two-layer model can also mimic, to a first approximation, the more complex case of NIRS 
measurements on the head, if its structure is described by the extra- and intra-cerebral macro 
compartments. For more complex, multilayered geometries, we expect that the TD SRS method

ρ L (cm)
1 1.5 2 2.5 3 3.5 4 4.5 5

= 
0.

5 
cm

#1 5 10 80.71 50.85 30.85 16.39 8.16 4.43 2.82 2.40 1.72

#2 5 15 80.02 50.25 31.12 17.67 9.94 6.09 4.54 3.57 3.19

#3 10 5 126.21 66.46 26.07 8.33 2.45 0.34 –0.14 –0.40 –0.29

#4 10 15 129.86 63.80 24.98 8.79 3.71 2.29 1.92 1.91 2.04

#5 15 5 155.90 68.82 18.26 4.02 0.48 –0.39 –0.66 –0.46 –0.37

#6 15 10 160.36 62.95 15.29 2.71 –0.06 –0.62 –0.58 –0.48 –0.37

= 
1.

0  
cm

#1 5 10 82.23 50.06 28.97 15.25 7.46 4.03 2.12 1.68 1.21

#2 5 15 83.08 49.71 28.49 15.11 7.82 4.48 2.53 1.96 1.22

#3 10 5 126.80 68.90 27.46 7.28 0.96 –0.83 –1.12 –1.02 –0.90

#4 10 15 130.77 62.96 23.63 7.96 3.10 1.60 1.26 0.96 0.98

#5 15 5 161.05 69.19 16.74 0.96 –2.30 –2.36 –1.62 –0.70 –0.20

#6 15 10 160.87 63.13 15.49 2.43 –0.47 –1.05 –1.09 –0.86 –1.10

= 
1.

5 
cm

#1 5 10 81.51 50.33 29.12 14.86 7.03 3.32 1.77 0.87 1.04

#2 5 15 82.23 50.17 28.56 14.27 6.88 3.29 1.76 1.11 0.68

#3 10 5 129.73 66.80 25.85 7.60 1.63 –0.20 –0.67 –1.02 –0.98

#4 10 15 129.60 63.82 23.83 7.57 2.47 0.98 0.54 0.42 0.60

#5 15 5 161.88 62.60 15.76 2.91 –0.19 –1.08 –1.51 –1.93 –1.56

#6 15 10 160.99 61.25 15.50 3.32 0.59 –0.01 –0.09 –0.16 –0.21

Fig. 14 Slope of retrieved μ 0
s as a function of time for all the ρ L and thicknesses. The results asso-

ciated with SiPM IRF. Color code same as in Fig. 11.

ρ L (cm)
( ) 1 1.5 2 2.5 3 3.5 4 4.5 5

= 
0.

5 
cm

#1 5 10 –5.64 –1.65 –0.18 0.59 0.95 1.31 1.51 1.56 1.73

#2 5 15 –3.92 –0.04 1.36 2.07 2.40 2.73 2.8 2.93 2.60

#3 10 5 –15.11 –5.65 –2.95 –1.87 –1.29 –0.83 –0.68 –0.49 –0.26

#4 10 15 –8.65 –1.94 –0.05 0.80 1.31 1.62 1.91 1.96 2.22

#5 15 5 –19.8 –7.51 –3.94 –2.42 –1.64 –1.15 –0.65 –0.55 –0.10

#6 15 10 –15.13 –5.47 –2.91 –1.75 –1.12 –0.67 –0.38 –0.07 –0.05
= 

1.
0  

cm

#1 5 10 –6.58 –1.78 –0.45 0.23 0.49 0.73 0.83 0.90 1.07

#2 5 15 –5.36 –1.19 0.13 0.75 1.05 0.98 1.28 1.20 1.17

#3 10 5 –12.62 –5.87 –3.70 –2.74 –2.05 –1.55 –1.24 –0.84 –0.59

#4 10 15 –10.17 –2.57 –0.63 0.20 0.64 0.85 1.11 1.07 1.24

#5 15 5 –13.22 –6.90 –4.91 –3.96 –3.15 –2.25 –1.16 –0.55 0.13

#6 15 10 –12.81 –4.87 –2.72 –1.75 –1.25 –0.96 –0.73 –0.51 –0.27

= 
1.

5 
cm

#1 5 10 –8.04 –2.63 –0.98 –0.44 –0.03 0.25 0.32 0.38 0.55

#2 5 15 –7.74 –2.38 –0.89 –0.12 0.18 0.36 0.43 0.57 0.56

#3 10 5 –10.89 –4.16 –2.30 –1.49 –1.06 –0.90 –0.77 –0.76 –0.76

#4 10 15 –11.4 –3.50 –1.39 –0.49 –0.01 0.29 0.45 0.64 0.62

#5 15 5 –11.6 –3.95 –1.94 –1.20 –0.90 –0.93 –1.15 –1.41 –1.42

#6 15 10 –11.84 –3.73 –1.59 –0.66 –0.18 0.08 0.22 0.32 0.14

Fig. 13 Slope of retrieved μ 0
s as a function of time for all the ρ L and thicknesses. The results asso-

ciated with HYPM IRF. Color code same as in Fig. 11.
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(with a single pair of source detector distances) would produce worse results compared with the 
two-layer medium. The use of the TD SRS method at multiple source detector distances (e.g., 
narrow and large distances to better sample superficial and deeper layers) could potentially 
improve the results. By combining TD SRS measurements from multiple source�detector dis- 
tances would add additional data that could be used for improving spatial resolution like it is 
typically done in fNIRS measurements with the high-density approach. 17 

In conclusion, the TD SRS approach could be used for a simple estimate of the reduced 
scattering coefficient in a homogeneous sample. In a future work, this method will be applied 
to a more realistic set of numerical simulations obtained by means of Monte Carlo tools, to assess 
possible improvements in the reduced scattering coefficient estimation with respect to a classical 
TD measurement at a single source�detector distance and the use of a nonlinear fitting 
procedure. 18 As for a two-layer sample, the TD SRS approach can be a simple way to estimate
spatial changes of μ 0s but not the absolute value of μ 0s. Finally, care should be taken to use a TD
system with proper IRF.

Disclosures
ADM and AT are co-founders of PIONIRS, a spin-off company of the Politecnico di Milano.

Code and Data Availability
The codes and datasets generated during and analyzed during the current study are available from 
the corresponding author upon reasonable request.

Acknowledgments
This research was partially funded by MIUR-PRIN2020, �Neuromuscular impairment in aging: 
a longitudinal study of structural and functional mechanistic bases of age-related alterations 
(Trajector-AGE)� (Grant No. 2020477RW5PRIN), NextGenerationEU, National Recovery and 
Resilience Plan (Grant Nos. I-PHOQS IR0000016, ID D2B8D520, and CUPB53C22001750006, 
Int. infra. init. in Photonic & Quantum Sciences), NextGenerationEU, National Recovery and 
Resilience Plan, Age-IT, PE0000015 (DD 1557 11.10.2022), and the NextGenerationEU, 
National Recovery and Resilience Plan (MIUR-PRIN2022 ID 2022MHMSSJ).

References
1. T. J. Farrell, M. S. Patterson, and B. Wilson, �A diffusion theory model of spatially resolved, steady-state 

diffuse reflectance for the noninvasive determination of tissue optical properties in vivo,� Med. Phys. 19(4), 
879�888 (1992).

2. S. Suzuki et al., �Tissue oxygenation monitor using NIR spatially resolved spectroscopy,� Proc. SPIE 
3597, 582�592 (1999).

3. K. Cowdrick, �NIRS & DCS commercially available product landscape,� 2023, https://datastudio.google 
.com/reporting/5f333396-7078-4f31-9056-e0f926b906f7/page/XcObC.

4. C. Amendola et al., �Robustness of tissue oxygenation estimates by continuous wave space-resolved near 
infrared spectroscopy,� J. Biomed. Opt. 28(7), 075002 (2023).

5. M. S. Patterson, B. Chance, and B. C. Wilson, �Time resolved reflectance and transmittance for the non- 
invasive measurement of tissue optical properties,� Appl. Opt. 28(12), 2331�2336 (1989).

6. J. Steinbrink et al., �Determining changes in NIR absorption using a layered model of the human head,� 
Phys. Med. Biol. 46(3), 879�896 (2001).

7. S. Del Bianco, F. Martelli, and G. Zaccanti, �Penetration depth of light re-emitted by a diffusive medium: 
theoretical and experimental investigation,� Phys. Med. Biol. 47(23), 4131�4144 (2002).

8. L. Spinelli et al., �Calibration of scattering and absorption properties of a liquid diffusive medium at NIR 
wavelengths. Time-resolved method,� Opt. Express 15(11), 6589�6604 (2007).

9. F. Martelli et al., �Phantom validation and in vivo application of an inversion procedure for retrieving the 
optical properties of diffusive layered media from time-resolved reflectance measurements,� Opt. Lett. 
29(17), 2037�2039 (2004).

10. L. Yang et al., �Space-enhanced time-domain diffuse optics for determination of tissue optical properties in 
two-layered structures,� Biomed. Opt. Express 11(11), 6570�6589 (2020).

11. F. Martelli et al., �Statistics of maximum photon penetration depth in a two-layer diffusive medium,� Biomed. 
Opt. Express 15(2), 1163�1180 (2024).

Avanzi et al.: Evaluation of layered tissue scattering properties. . .

Journal of Biomedical Optics 075002-14 July 2025 � Vol. 30(7)

https://doi.org/10.1118/1.596777
https://doi.org/10.1117/12.356862
https://datastudio.google.com/reporting/5f333396-7078-4f31-9056-e0f926b906f7/page/XcObC
https://datastudio.google.com/reporting/5f333396-7078-4f31-9056-e0f926b906f7/page/XcObC
https://datastudio.google.com/reporting/5f333396-7078-4f31-9056-e0f926b906f7/page/XcObC
https://doi.org/10.1117/1.JBO.28.7.075002
https://doi.org/10.1364/AO.28.002331
https://doi.org/10.1088/0031-9155/46/3/320
https://doi.org/10.1088/0031-9155/47/23/301
https://doi.org/10.1364/OE.15.006589
https://doi.org/10.1364/OL.29.002037
https://doi.org/10.1364/BOE.402181
https://doi.org/10.1364/BOE.507294
https://doi.org/10.1364/BOE.507294


12. D. Contini, F. Martelli, and G. Zaccanti, �Photon migration through a turbid slab described by a model based 
on diffusion approximation. I. Theory,� Appl. Opt. 36, 4587�4599 (1997).

13. V. Parfentyeva et al., � Fast time-domain diffuse correlation spectroscopy with superconducting nanowire 
single-photon detector: system validation and in vivo results,� Sci. Rep. 13(1), 11982 (2023).

14. R. Re et al., �Multi-channel medical device for time domain functional near infrared spectroscopy based on 
wavelength space multiplexing,� Biomed. Opt. Express 4(10), 2231�2246 (2013).

15. E. Avanzi et al., �High-throughput wide-field multispectral FLIM system based on a 16-channel silicon 
photomultiplier array,� APL Photonics 10(6), 066104 (2025).

16. F. Scholkmann, A. J. Metz, and M. Wolf, �Measuring tissue hemodynamics and oxygenation by continuous- 
wave functional near-infrared spectroscopy�how robust are the different calculation methods against move- 
ment artifacts,� Physiol. Meas. 35(4), 717�734 (2014).

17. Z. E. Markow et al., �Ultra high density imaging arrays in diffuse optical tomography for human brain 
mapping improve image quality and decoding performance,� Sci. Rep. 15, 3175 (2025).

18. F. Martelli et al., �Optimal estimation reconstruction of the optical properties of a two-layered tissue phantom 

from time-resolved single-distance measurements,� J. Biomed. Opt. 20(11), 115001 (2015).

Elisabetta Avanzi received her MSc degree in physics engineering and her PhD in physics from 
the Politecnico di Milano, Milan, Italy, in 2020 and 2024, respectively. Her research interests 
include the design, validation, and application of time-resolved diffuse optical spectroscopy 
components and systems.

Laura Di Sieno was born in Varese, Italy, in 1987. She received her master�s degree in elec- 
tronics engineering and her PhD in physics from the Politecnico di Milano, Milan, Italy, in 2011 
and 2015, respectively. She is currently an associate professor with the Department of Physics, 
Politecnico di Milano. She has authored more than 80 papers in international peer-reviewed jour- 
nals and conference proceedings. Her activity is mainly focused on the study and application of 
a new approach and instrumentation for time-domain optical spectroscopy of highly scattering 
media using single-photon detectors.

Alberto Dalla Mora was born in Fiorenzuola d�Arda, Italy, in 1981. He received his MSc degree 
in electronics engineering and his PhD in information and communication technology from the 
Politecnico di Milano, Milan, Italy, in 2006 and 2010, respectively. He is currently an associate 
professor with the Physics Department, Politecnico di Milano. He has authored more than 
210 papers in international peer-reviewed journals and conference proceedings. His research 
interests mainly include the development of innovative time-resolved diffuse optics techniques 
and instrumentation for biomedical applications.

Lorenzo Spinelli received his MS and PhD degrees in physics from the University of Milan, 
Italy, in 1994 and 1999, respectively. He devoted his research activity to the study of structures 
developing in the section of broad area radiation beams. In 2001, he became a researcher for 
the Italian Research National Council at the Politecnico of Milan. His current research interest is 
the study of photon migration in turbid media for optical biopsy and imaging.

Alessandro Torricelli is a full-time professor in the Department of Physics, Politecnico di 
Milano, Italy. He received his MS degree in electronic engineering from Politecnico di 
Milano in 1994 and his PhD in physics from Politecnico di Torino, Italy, in 1999. He is the 
author of more than 200 papers in international peer-reviewed journals. His current research 
interests include photon migration in diffusive media, functional near-infrared spectroscopy, and 
noninvasive diffuse spectroscopy with time-domain systems.

Avanzi et al.: Evaluation of layered tissue scattering properties. . .

Journal of Biomedical Optics 075002-15 July 2025 � Vol. 30(7)

https://doi.org/10.1364/AO.36.004587
https://doi.org/10.1038/s41598-023-39281-5
https://doi.org/10.1364/BOE.4.002231
https://doi.org/10.1063/5.0254427
https://doi.org/10.1088/0967-3334/35/4/717
https://doi.org/10.1038/s41598-025-85858-7
https://doi.org/10.1117/1.JBO.20.11.115001

