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Abstract—We report on the design, development, and
performance assessment of a portable time resolved system
measuring absorption and scattering spectra of highly diffusive
media over the 600-1350 nm range. In view of clinical use, two
strategies were implemented; the first one equips the system with
high responsivity in key tissue absorbing regions, whereas the
second one makes the system immune to time drift. The
MEDPHOT protocol was used for the performance assessment of
the instrument. Finally, the system was enrolled into its first in vivo
trial phase, measuring the broadband absorption and scattering
spectra of human manubrium, abdomen fat tissues, and forehead
for the in vivo quantification of key tissue constituents.

Index Terms—Broadband, Time-Resolved, Turbid media, In-
vivo, Silicon Photomultiplier (SiPM), Diffuse Optics, Absorption,
Scattering.

I. INTRODUCTION

DIFFUSE Optical Spectroscopy, in the past decade, has

grown rapidly as a non-invasive optical tool to assess
highly scattering media: in-vivo tissue characterization for the
diagnosis of pathologies is a stunning example. More in detail,
making best use of evolving technology, the field of photon
migration in diffusive media branched out its application in
numerous dimensions: optical mammography [1]-[4], in vivo
tissue diagnosis[5][6], bone quality assessment [7][8], skin
cancer  diagnosis[9][10], brain  monitoring  [11][12],
nondestructive assessment of food quality [13], wood
characterization [14] and quality control of pharmaceutical
tablets [15][16].
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All these applications share the goal of measuring, possibly
non-invasively, differential or absolute values of the optical

properties — namely absorption (a) and reduced scattering
(Ms") coefficients — over a broad spectral range in the near

infrared (NIR region). The broadband estimation of Ua and s’
yields information about chromophore concentrations and
tissue structure, respectively [17].

Based on the configuration and type of source and detector,
the study of photon migration in diffusive media can be
classified mainly into: continuous wave (CW), frequency
domain (FD) and time resolved (TR) techniques. CW
techniques are based on the measurement of attenuation when
light is injected and collected at different points of the sample
[18]. In FD technique, the intensity of the injected light is
sinusoidally modulated (typically at few frequencies) and the
attenuation and phase shift of the detected signal is measured
[19][20]. Time resolved techniques rely on the injection of a
short light pulse (~ps) into the sample and on the temporal
detection of the re-emitted light [21][22].

In literature, though there are no fully broadband FD
systems, hybrid variants have been widely applied, where FD
at a discrete set of wavelengths is used to find the regular shape
of scattering spectra, and a space resolved CW measurement

exploits these s’ values as prior information to estimate the la
spectrum [23]-[25]. In the last decade, taking advantage of new
photonics devices and compact pulsed laser sources based on
supercontinuum generation, time-resolved spectroscopy (TRS)
systems have been strongly developed. Time resolved
techniques have the unique capability to simultaneously
estimate absorption and reduced scattering coefficients from a

single measurement. This is due to the fact that, physically, Hs’
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and Ma affect differently the photon distribution at early and late
detection times, respectively [22]. Moreover, operating in the
time domain allows depth sectioning because the path length of
the detected photons is directly encoded by the photon time-of-
flight [26].

The first broadband time-domain system was implemented
with a pulsed supercontinuum laser as broadband source and a
parallel acquisition of the time resolved spectrum using a streak
camera coupled to a spectrometer [27]. An improvement
overcoming the low dynamic range and delicateness of the
streak camera was achieved by using the time-correlated single-
photon counting (TCSPC) technique [28], [29]. Along with
high dynamic range and robustness, TCSPC provides
sensitivity down to the single photon level. An evolution of
TCSPC based broadband time resolved systems has been
achieved using compact fiber laser sources based on
supercontinuum generation [30] or diode lasers [1]. These
systems, besides the reached compactness, cover only a part of
the therapeutic window (600 nm-1100 nm).

In most of the in-vivo studies due to the limited number of
available wavelengths (often selected in a restricted spectral
range), oxy-, and deoxy-hemoglobin were assumed as the only
absorbers in the tissue. Taking advantage of broadband
spectroscopy, we can decouple the effect of additional
absorbers in the tissue, which leads to more accurate estimation
of tissue constituents. Major key tissue chromophores which are
of interest to clinicians, namely lipid, water, and collagen,
exhibit important absorption peaks, with significant high
absorption in the 900-1300 nm range. However, the high tissue
absorption in this range and the low detection efficiency of
silicon based detectors beyond 1000 nm raise serious
challenges on the side of system development.

Furthermore, carrying out in vivo studies in a clinical
environment is quite challenging. Stability of the system, self-
adaptation to quite diverse scenarios, automation and ease of
use, along with portability and compactness are the
prerequisites. Even a slight drift or distortion of the acquired
curves, due to source and detector instability, can result in
unwanted errors in the estimated measurable [31], [32]. Time
resolved systems based on supercontinuum fiber lasers [30],
though providing compactness, lag stability in the absence of a
controlled laboratory environment.

In this paper, we show the development, validation and
preliminary in-vivo test of a clinical TR system operating over
a broad range of 600-1350 nm. Remarkably, a novel dedicated
detection strategy addresses the issue of efficient light
harvesting over so wide a range, whereas the real time
acquisition of the Instrument Response Function (IRF) provides
a self-stabilizing mechanism against unwanted drifts and
distortions. Moreover, compactness, portability, and risk
management are addressed in view of clinical applicability. The
validation of the system is performed on tissue-simulating
phantoms using the MEDPHOT Protocol which was agreed
among several Institutions and is increasingly used for
objective and quantitative performance assessment of diffuse

optics instruments in retrieving optical properties of highly
scattering media [33]. Finally, examples of in vivo application
of the system for broadband spectral characterization of human
tissues are presented, together with the retrieval of average
tissue composition. To our knowledge, this is the first clinical
system that permits non-invasive in vivo time-domain diffuse
spectroscopy over so wide a spectral range.

II. SYSTEM DESIGN, OPTIMIZATION AND DATA ANALYSIS

A. Optical Chain

A schematic of the system’s optical layout is shown in Fig. 1.
To ensure patient safety and to facilitate compactness and
applicability, we choose fibers for both delivery and collection
of light pulses. A compact photonic crystal based pulsed
supercontinuum fiber laser (SC450, Fianium, UK) driven at 40
MHz repetition rate is used as a broadband source.
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Fig. 1. (@) System’s optical layout. The fiber network is represented by green
lines. After the coupling of IRF with signal, two beam splitters distribute them
to the detectors. (b) Picture of the portable system on wheels (111 x 81 x 61
cm). (c) Internal view of the system with optical chain arrangement on top and
detector console, supercontinuum laser in the middle.



An F2 glass Pellin Broca prism disperses the supercontinuum
light and a lens (f=150 mm) couples the minimum deviation
wavelength into an optical fiber (core diameter of 50 pm). The
wavelength tuning is achieved by the rotation of the prism. Due
to the nonlinear dispersion of the prism, the spectral bandwidth
ranges from 3 nm at 600 nm to 7 nm at 1350 nm. This selected
light in turn is split into two parts 95% and 5%, the former acts
as the source for sample measurement, while the latter as a
reference arm for the simultaneous IRF acquisition to correct
for drift and distortion. This strategy is elaborated in Subsection
C. Tunable circular neutral density (ND) filters are used in both
arms to adjust the power delivered, so as to avoid detector
saturation. A multimode fiber of 1 mm-core is used as the
collection fiber. The reference arm is combined back into the
sample light arm with a suitable delay to share the same
temporal window. A pellicle beam splitter in reverse
configuration was chosen for this purpose. We avoided using
dichroic or prism beam splitters, as our preliminary studies on
them suggested that pellicle could minimize unwanted
reflections and spectral distortions around the cut-off
wavelength.

The uniqueness of the system is its high and almost flat
responsivity (i.e. a figure of merit used in diffuse optics related
to light harvesting [34]) over the entire working range of 600-
1350 nm. To this purpose, we used two different detectors,
namely a Silicon Photomultiplier (SiPM) (Hamamatsu S10362-
11-050C) driven by a dedicated electronics developed at
Politecnico di Milano [35] and an InGaAs photomultiplier
(Hamamatsu ~ mod.H10330A-45). To  exploit  their
complementary spectral sensitivity (600-940 nm and 940-1350
nm, respectively), the signal is selectively directed onto the two
detectors using a 45/55 pellicle beam-splitter with the spectral
changeover point at 940 nm. Subsection B elucidates more on
the selection of detectors. Signals from both detectors are fed
into two TCSPC boards (SPC-130, Becker & Hickl, Germany),
which acquire and store time resolved data.

B. Detection Strategies

The choice of the optimal detection strategy (i.e. combination
of detectors and optical chain) was addressed exploiting the
Basic Instrument Performances (BIP) Protocol [34] which
identifies the key hardware features of a time-domain
spectroscopy system. In particular, the following figures were
considered: i) responsivity — assessed by considering the entire
instrumentation including fibers, optics, attenuators and defined
specifically for diffusion measurements, with distributed,
quasi-Lambertian emission; ii) temporal shape of the IRF, and
in particular its Full Width at Half Maximum (FWHM) and the
decay tail; iii) Dark Count Rate (DCR). To quantify the
responsivity, the BIP protocol prescribes to measure the signal
detected through a calibrated solid phantom that simulates a
diffusion environment. For the range 600nm to 850nm we used
the tabulated calibration factor reported in Ref. [34], while for
the other wavelengths we calculated the calibration factor
analytically using the information on the pa and ps’ of the
phantom derived using a broadband laboratory workstation

[36].

Five different time-resolved detectors, spanning a wide range
of characteristics, were tested with this Protocol. For the lower
Near Infrared (NIR) region (600-1000 nm) we considered a
thick-junction Single-Photon Avalanche Diode (SPAD, 180 um
active area diameter, Excelitas Technologies), a thin-junction
SPAD (100 um active area diameter, MPD), two Silicon
Photomultipliers (SiPM) by two different providers (1x1 mm?
active area, Excelitas Technologies, and 1x1 mm?, Hamamatsu)
operated with custom dedicated electronics from Politecnico di
Milano. For the upper NIR region (940-1350 nm) we tested an
InGaAs Photomultiplier Tube (PMT, Hamamatsu). The
desirable parameters are narrow IRF, low DCR, and high
responsivity. Fig.2 shows the Responsivity (Fig. 2a) and IRF
(Fig. 2b) of the detectors under study.

Though the thin-junction SPAD has very narrow IRF,
comparable with SiPM, and the least DCR (Fig.2b), it lacks in
responsivity by more than an order of magnitude as compared
to other detectors (Fig. 2a). The reason of this behavior can be
mainly the small (0.1 mm diameter) active area. On the
contrary, the thick-junction detector has high responsivity
(comparable to SiPM detectors), but its IRF suffers from a
longer decay tail that can hamper the system performances [37].
Moreover, it has comparatively lower responsivity from 600 to
750 nm, where the absorption of hemoglobin is very high.
Again, this is due to the relatively small area (0.18 mm
diameter) of the detector, notwithstanding the higher photon
detection efficiency of the thick-junction SPAD (e.g. >60%
between 600 and 800 nm) as compared to the SiPM (~10% in
the same range) in the whole spectral region considered in this
study.

Due to lower responsivity, the selection of the thin-junction
SPAD cannot be a good option; neither would be the thick-
junction SPAD, as it suffers from long IRF tail along with
comparatively low responsivity at key high absorbing regions
of tissue. The two SiPMs have almost the same responsivity.
From the inset table in Fig. 2(b), slightly narrower IRF and
comparatively low DCR (60 kcounts per second, kcps) is
observed in the case of Hamamatsu SiPM. Further, we found
that Hamamatsu SiPM has slightly better linearity in retrieving
Maand W', compared to the other SiPM (data not shown). This
led us to the conclusion of choosing the Hamamatsu SiPM for
the lower NIR region. Finally, it is clearly seen from Fig. 2(b)
that the Hamamatsu NIR PMT shows very high responsivity in
upper NIR regions, forcing us to use this detector in the long
wavelength range.
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Fig. 2. (a) Broadband responsivity of detectors as function of wavelength:
SiPM Hamamatsu and NIR_PMT show high responsivity in the lower and
upper NIR regions respectively, and a good match at 940 nm. (b) IRF, with
table inset showing the time jitter FWHM and DCR of detectors: narrowest IRF
was observed for the thin junction SPAD and SiPM Hamamatsu.

The gradual reduction of SiPM responsivity at longer
wavelengths, accompanied by the abrupt increase in PMT
responsivity above 940 nm, suggests this wavelength as a good
change over point. Interestingly, in this configuration, the lipid
peak at 930 nm and 1040nm, the water peak around 980 nm
followed by the collagen peak around 1030 nm will see high
responsivity which enable good signal even with highly
absorbing tissues. In summary, the system was implemented
with SiPM (Hamamatsu) and InGaAs PMT (Hamamatsu) to
cover efficiently the broadband range of 600-1350nm with
changeover point at 940 nm.

C. Drift and Distortion Compensation Strategy

As it was elucidated in previous works [38], the stability of
the IRF plays an important role in the overall stability and
reproducibility of the system; even a slight drift or distortion in
shape can directly affect the estimated pa and ps' values. This
problem may get further amplified, if the system is moved from
a controlled laboratory environment to an unpredictable clinical
setting.

To make the system independent of possible drift and
distortions caused by the clinical environment, we laid a
reference arm to acquire the IRF along with the signal from the

tissue: the last 2 ns of an 8 ns-window are devoted to the parallel
acquisition of the IRF. This strategy is depicted in Fig. 3.
Besides its use to account for possible time drifts, the reference
can be exploited also as a substitute for the IRF used for fitting
the data — after an initial calibration of the relative delay
between the signal and the reference arms — thus resulting in a
quicker operational procedure.
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Fig. 3. Real time acquisition of the IRF, with diffused light signal in the
beginning of the temporal window followed by a narrow IRF starting from 6000
ps.

D. Measurement Operation and Timing

An optimized proprietary software equips the system to
analyze and display the M. and ps' data in real time. In
exploratory studies, the wavelength tunability from any coarse
to fine (5 nm) step size enables deeper understanding of narrow
absorption peaks. The self-learning algorithm records the laser
power attenuator tolerance of the in vivo location under study
and optimizes the measurement time of 3 s per wavelength for
first measurement to less 1 s per wavelength for consequent
measurements. The system takes approximately a minute to
acquire 76 wavelength over the broadband (600-1350 nm)
range with 10 nm as step size, including the real time display of
data and preserving the system performance at less than 3%
coefficient of variation (CV). The entire process of wavelength
tuning, power optimization, light collection, detector swapping
at 940 nm, and data processing is completely automated.

E. Data analysis

TR temporal profiles are analyzed using analytical models
based on the Diffusion Approximation to the Radiative
Transport Equation with extrapolated boundary conditions
[39]. The theoretical model is first convolved with the IRF
(acquired by facing each other the injection and collection
fibers), then the drift among the temporal barycenter of the
reference curve and the one of the reference acquired with the
IRF is calculated. According to this drift the theoretical model
is temporally shifted. A nonlinear Levenberg-Marquardt
optimization algorithm is finally applied for the estimation of
Haand ps' that minimize the 2 merit function [40]. Signal lower
than 80% of the peak on rising edge and lower than 1% on the
falling edge is neglected. A dedicated online fitting tool is used
to display the measured optical parameters in real time along
with the acquisition. Thus, smooth visualization of the spectra



is available in real time during the measurements even for the
shortest acquisition times compatible with an acceptable CV

I1l. CHARACTERIZATION AND PERFORMANCE ASSESSMENT

The MEDPHOT protocol [33], a well-established protocol in
the time-resolved photon migration domain, defined and agreed
by 21 European laboratories belonging to 8 different countries,
was used for the characterization and performance assessment
of our system. The protocol quantifies the instrument
performances in retrieving the absorption and scattering
properties of a diffusive homogeneous medium. Differently
from BIP, the hardware performances are not tracked. Rather,
the system is considered as a black box and only the final output
in terms of retrieved . and s’ are considered as measurands,
over which the protocol is designed. More specifically, the
MEDPHOT protocol assesses 5 figures, which are: a) accuracy
in the retrieval of the absolute value of the optical properties, b)
linearity in the relative tracking of optical changes, c) noise in
the uncertainty of the retrieved optical coefficient, d) stability
in the measured properties over short (minutes) and long
(hours) time spans, €) reproducibility in measurements repeated
identically in different days.

The protocol is implemented using a set of 32 solid phantoms
made by a matrix of epoxy resin [41] with 4 concentrations of
TiO2 powder and 8 concentrations of black toner to vary " and
HUa in steps of about 5 cm* and 0.05 cm respectively, spanning
a wide range of ps’ from 5 to 20 cm™ and P, from 0 to 0.4 cm™.

In our study, we extracted a subset of 16 phantoms,
combining in a matrix form 4 increasing absorption coefficients
(0.05 to 0.35 cm?, respectively identified by numbers 2, 4, 6
and 8) with 4 increasing reduced scattering coefficients (5 to 20
cm?, respectively identified by letters A, B, C and D). All
measurements were performed over the broad operating
spectral range of 600-1350 nm with 10 nm as step size.
Reflectance geometry with 2 cm as source-detector separation
was used for the measurements.

Only for the first test (accuracy) we opted to use a liquid
phantom, made of a water solution of Intralipid for two reasons.
First, there is not yet acknowledged international consensus on
the absolute characterization of the optical properties of the
MEDPHOT solid phantom kit, with the last multi-laboratory
exercise yielding still a 10-20% discrepancy among different
laboratories [33]. Secondly, because water — the main absorber
in a pure water solution of Intralipid, with no added ink — is well
characterized spectrally and provides a straightforward way to
span more than 2 decades in pa over the whole 600-1300 nm
range, providing a highly challenging test.

A. Accuracy

Fig. 4. shows the absorption spectrum of a 1% (solid fraction)
aqueous solution of Intralipid (blue squares) compared with the
water spectra provided by D.J.Segelstein in the 600-710 nm
range [42] (red line), by L. Kou et al. at 710-1100 nm [43]
(black line), and Hale and Querry over entire broadband range
600-1350 nm [44] (green line). The water spectrum measured
with our system is in good agreement with the published data
and is generally comprised within the separation of the three

reference spectra. There are significant discrepancies only for
very low absorption (pa < 0.004 cm™) — yet well below what
normally expected in tissues — and for very high absorption
(Ma> 1 cm™) because of lack of signal. There is also a clear
difference around 1120 nm, which could be due to a bandwidth
effect [45]. Indeed, the steepness of the water spectrum in that
region combined with the increased bandwidth of the filtered
supercontinuum (> 5 nm) can lead to a decreased fitted L.
However, it should also be taken into account that a limited
number of data points is available from Ref. [44], leading to a
coarse spectral sampling.

O Our Measure
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Fig. 4. Absorption spectrum of water as measured in a 1% aqueous solution of
Intralipid using our system (blue squares) or reported in literature in Ref. 42
(red line), Ref. 43 (black line), and Ref. 44 (green line).

B. Linearity

Fig. 5 shows the results of the linearity test. This figure is
divided into four sub diagrams: Fig. 5(a) and (d) plot the g, and
s’ against their expected conventional true values, whereas Fig.
5(b) and (c) depict the coupling of pa.and W' with respect to
each other. A solid line (linear fit) interpolates the plotted
values. From Fig. 5(a), the interpolated curves of 4 different
phantom series are almost overlapping, proving the
independence of absorption estimates from scattering
properties. Similar behavior is found for scattering which is
shown in Fig. 5(d). Almost zero slope of fitted lines in Fig. 5(b)
and (c) reconfirm the non-coupling nature of the system for a
wide range of s’ and pa. Importantly, apart from the benefits of
understanding the coupling and nonlinear behavior of the
system, linearity plots can be used to compensate for
wavelength specific coupling behavior between p. and ps'.
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C. Noise

A set of 20 repeated measurements were performed on
phantom B2 (nominal g, = 0.05 cm™, and s’ = 10 cm™) for 12
different photon count rates. Fig. 6 shows the coefficient of
variation (CV) of the retrieved Ws' and pa upon increasing the
Total Counts. It is clearly seen that the total counts affect
differently ps" and pa; for a given total counts s’ seems to have
a relatively better CV than pa. The saturation in CV for . at
high total counts, suggests that a higher count rate is not going
to improve drastically the system performance over a given
signal threshold. Operating the system around 600 kcounts per
second is the best condition to stay around 2% CV. When the
system is operated at full single-photon counting statistics (i.e.
whenever the signal is not dramatically low) this means that 1 s
acquisition time per wavelength is sufficient.
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D. Stability

Fig. 7(a),(b) display the stability of the system in retrieving
Ma and s’ for 10 hours of continuous measurements. Every 15
minutes the phantom B2 (same as above) was scanned over the
entire broadband range (600 nm-1350 nm) at steps of 10 nm.
There seems not to be major systematic drifts in the retrieved
properties over the long-term measurements, while short-terms
(<1 h) fluctuations are in the 3% range. It has to be observed
that the stability would be strongly impaired if the reference
stabilization were not performed.

E. Reproducibility

The reproducibility was calculated by measuring the same
phantom B2 in the same reflectance geometry with 2 cm as
source detector separation under the same experimental
conditions on 60 different days. A CV lower than 4% (both for
Ms' and W,) at all wavelengths was observed.

IV. PRELIMINARY IN VIVO MEASUREMENTS

The developed system carried out its first successful in vivo
trials on the human abdomen, manubrium, and forehead. The
human subject’s protocols were approved by the Hospital
Clinic Barcelona ethical board. All subjects were informed
about the study and associated risks and have signed a consent



form.

Measurements were performed in reflectance geometry with
2 cm source detector separation. Each in vivo measurement with
pre-calibrated attenuator position took approximately 1 minute
to acquire the 76 wavelengths of a broadband (600-1350 nm)
spectrum. Fig. 8(a) shows the in vivo broadband absorption
spectrum of the three locations. To estimate the concentration
of various tissue constituents, the measured spectrum was fitted
with the linear combination of tissue constituent spectra over
the 600-1100 nm range (Beer law). The thick solid line in Fig.
8(a) shows the spectrum obtained by linear combination of
tissue constituent spectra. Major tissue absorbers, namely water
(H20), lipid, collagen, oxy and deoxy- hemoglobin (HbO, and
Hb) and their corresponding absorption spectra were used for
this purpose. A power law derived empirically from Mie theory,
us’:a(k/ko)'b, with Ao = 600 nm, was used to fit the scattering
spectrum in the range 600-850 nm. The corresponding values
of the scattering amplitude (a) and power (b) are tabulated in
Table 1.
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Fig. 8. (a) In vivo absorption (u,) and (b) reduced scattering (i) spectra of
human abdomen, manubrium and forehead. Thick solid lines show the linear
combination fit of tissue absorption spectra in (a), and the fit to the empirical
approximation of Mie theory in (b).

Table. 1. Tissue composition (concentration of lipids, water and collagen in
mg/cm?), blood parameters (tHb and SO,), and scattering parameters (a and b).

In vivo Hb HbO, tHb | SO, Lipid Water Collagen Bkg
Location M) | (um) (uM) | (%) | (mg/em?®) | (mg/cm?®) | (mg/cm?) [ (ecm?) | 2 b
Abdomen 3.2 13.9 17.1 | 81% 676 221 7 0.04 |10.80.99
Manubrium | 16.2 42.4 58.6 | 72% 329 552 17 0.13 |10.9|0.84
Forehead 5.6 24.2 | 29.8 | 81% 174 590 43 0.04 (13.0(1.41

Also the concentration of lipid, water, and collagen in mg/cm

3 and the micromolar concentration of Hb and HbO, are
tabulated in Table 1, together with the total hemoglobin content
tHb = HbO; + Hb and oxygen saturation level SO, = HbO/tHb.
Manubrium, with a relatively superficial bone marrow tissue,
exhibits high tHb concentration (58.6 uM) compared to other
locations. The adipose nature of the abdomen is reflected with
high lipid content (676 mg/cm?®). Signal from collagen, present
in bone connecting tissue, due to skull, is seen evident (43
mg/cm?®) in the forehead region. Background (Bkg) in Table 1
is an estimation of possible missing components in our tissue
spectra collection. SO, percentage oxygen saturation stays
around 80%, with a minimum value of 72% in manubrium. The
measured spectra were fitted only in the 600-1100 nm range
since we lack complete spectral information on some of the
main tissue absorbers beyond 1100 nm. Still there are
interesting spectral features in the 1100-1300 nm range and we
are working to consolidate reliable reference spectra for
collagen and for Hb and HbO; in that long wavelength region.
Possibly, other tissue constituents, with feeble spectral features
at lower wavelengths could also play some major role in this
extended region.

Decreasing scattering upon increasing wavelength is
expected. As shown in Fig. 8(b), significant coupling between
Ma and s’ is observed at long wavelengths (above 1100 nm),
where W is high at all measurement locations. This effect is
attributed to well-known limitations of the Diffusion theory in
the interpretation of data collected in the present experimental
conditions (high Ha and comparatively low '), and was
partially observed also in the linearity test, yet on a more limited
range of .. It is worth noting that this is independent of the
instrumentation performance and better results could be
obtained, for example, fitting to a library of Monte Carlo
simulations [46]. Actually, the scattering spectrum can
effectively be modeled with the simple power law
(approximation to Mie theory). Thus, reliable information can
be obtained even when the Diffusion model is applied, provided
that a low-absorption subset of the entire spectral range is
considered (e.g., 600-900 nm) to fit the power law. Solid black
lines in Fig. 8(b) show this empirical Mie theory fit to the
measured L'

From Fig. 8(b), all measured in vivo locations seem to have
roughly similar ps’ values. Specifically, the forehead shows a
higher scattering amplitude (a ~ 13, indicating higher density
of scattering centers (i.e., cellular interfaces and subcellular
organelles), whereas the other two locations have similar values
around 11). The forehead is also characterized by a higher
scattering power b, as expected for scattering centers of smaller
equivalent size (b = 1.41, while both other tissues have b < 1)
[47].

Since the typical measurement time is around 1 minute for



the whole spectrum, it is possible to foresee a use of the system
also to monitor dynamic changes in vivo in the time-scale of
minutes/hours. Still, depending on the specific application, a
dedicated characterization would be needed on the minimum
measurement time required not to distort the reconstructed
spectrum because of the transient optical values during the scan.

V. CONCLUSION

We developed and characterized the first system for diffuse
optical spectroscopy that combines portability and suitability
for clinical use with time domain operation (for accurate
estimate of optical properties and, in turn, tissue composition
and microscopic structure) with continuous spectral tuning over
the unprecedented broad range of 600-1350 nm. First in vivo
broadband time resolved measurements on the human
abdomen, manubrium, and forehead are presented, revealing
the spectral features of the key tissue constituents in this wide
range and permitting to quantify their content. This instrument
can be used in exploratory clinical studies aiming at full spectral
characterization of either pathological or physiological
conditions with an aim to noninvasive, optical diagnosis of
disease. Translation to point-of-care, compact and cost effective
portable devices is expected to become feasible in the next years
due to the impressive growth of photonics components [48].
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