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Abstract: Recently, multimodal imaging has gained an increasing interest in medical 
applications thanks to the inherent combination of strengths of the different techniques. For 
example, diffuse optics is used to probe both the composition and the microstructure of highly 
diffusive media down to a depth of few centimeters, but its spatial resolution is intrinsically 
low. On the other hand, ultrasound imaging exhibits the higher spatial resolution of 
morphological imaging, but without providing solid constitutional information. Thus, the 
combination of diffuse optical imaging and ultrasound may improve the effectiveness of 
medical examinations, e.g. for screening or diagnosis of tumors. However, the presence of an 
ultrasound coupling gel between probe and tissue can impair diffuse optical measurements 
like diffuse optical spectroscopy and diffuse correlation spectroscopy, since it may provide a 
direct path for photons between source and detector. A systematic study on the effect of 
different ultrasound coupling fluids was performed on tissue-mimicking phantoms, 
confirming that a water-clear gel can produce detrimental effects on optical measurements 
when recovering absorption/reduced scattering coefficients from time-domain spectroscopy 
acquisitions as well as particle Brownian diffusion coefficient from diffuse correlation 
spectroscopy ones. On the other hand, we show the suitability for optical measurements of 
other types of diffusive fluids, also compatible with ultrasound imaging. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

The worldwide growing research efforts and funding for multimodal imaging diagnostic 
devices highlight their importance as they permit to overcome limitations of the different 
single measurement techniques by combining their strengths, enabling in particular the 
acquisition of complementary morphological, compositional and/or functional information to 
maximize the diagnostic potential of a single examination [1]. Common techniques involved 
in this process include computed tomography, positron emission tomography, single-photon 
emission computed tomography and magnetic resonance imaging [2–7]. However, other 
solutions are being investigated to combine cheaper and safer (label-free, non-ionizing and 
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non-invasive) alternative techniques. Among those, diffuse optical techniques exploit the 
propagation of visible and near-infrared light inside biological tissues to obtain functional and 
constitutional information [8]. Diffuse optical spectroscopy (DOS), for instance, allows the 
assessment of absorption and reduced scattering coefficients of tissues. Thus, when 
performed at different wavelengths, functional parameters related to blood and tissue 
composition can be estimated from the absorption spectrum, while the scattering spectrum 
provides information about the microstructure like the density and size of biological cells and 
subcellular components [9]. Another complementary optical technique is diffuse correlation 
spectroscopy (DCS), which allows the estimation of the microvascular blood flow by 
measuring the speckle fluctuations of coherent light backscattered by biological tissues [10]. 
This can be useful in many clinical contexts related to neurology (e.g. to assess the cerebral 
blood flow) and oncology (e.g. to characterize microvascular blood flow in tumors). Both 
techniques can probe tissues down to a depth of few centimeters, but they suffer from limited 
spatial resolution due to the diffusive nature of tissues [11]. For this reason, the combination 
of optical techniques with any other technique capable of providing morphological 
information, like ultrasound (US) [12–18] or magnetic resonance [19–25] imaging, is 
considered a promising solution to improve the effectiveness of medical examinations. 

Diffuse optical techniques are well known to be prone to artifacts due to the motion of the 
probe holding both light injection and collection optical fibers (or alternatively holding 
directly the light source and the detector) or due to a not effective contact between probe and 
tissue [26,27]. In particular, both DOS and DCS measurements can be severely affected by a 
possible propagation of light in the air gap between probe and tissue under investigation. As 
the light injected and traveling inside the tissue is attenuated by different orders of magnitude 
before being re-emitted at the collection position, even a small fraction of light propagating 
directly from source to detector (i.e. not passing through tissue) can have detrimental effects 
on the measurement [28,29]. Hence, the combination of US imaging and optical techniques is 
particularly unlucky as an acoustically impedance-coupling fluid between probe and tissue is 
needed to improve the transmission of the US wave, but it can offer an undesired direct path 
for light from the injection to the detection point. 

This work has a double aim: i) to report a systematic investigation on the effect of direct 
light propagation on both DOS and DCS measurements using a standard water-clear US 
coupling gel; ii) to identify alternative fluids with suitable optical and ultrasound properties 
(in particular as will be shown some scattering contribution) preventing direct light leakage. 

2. Materials and methods

2.1 Tested fluids

In this work we tested 5 different fluids (see Fig. 1) serving as an interface between probe and 
phantom. More in detail, we considered two commercially-available US gels: a water-clear 
one (Cogel Ultrasound, Comedical s.r.l., Italy) and a turbid one (Polysonic Ultrasound Lotion, 
Parker Laboratories Inc., USA). We also tested the water-clear US gel after addition of a 
home-made 1% w/w dispersion of TiO2 particles to make it turbid. Finally, we used two 
commercially-available body lotions: one with high viscosity (labeled hereinafter “Body 
lotion 1”, Cutimed® Protect, BSN Medical GmbH, Germany) and one with low viscosity 
(labeled hereinafter “Body lotion 2”, Tena Skin Lotion, Tena S.p.A., Italy). 
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Fig. 1. Top: probe used for the measurements. Bottom: fluids used as contact interface between 
probe and sample where (a) is a commercially-available water-clear gel; (b) is a water-clear gel 
with TiO2 addition; (c) is a commercially-available turbid US gel; (d) and (e) are body lotions 
with low and high viscosity respectively (body lotion 2 and 1, respectively). 

2.2 DOS measurements 

Setup 

The DOS measurements were carried on using a state-of-the-art time domain broadband 
diffuse optical spectroscopy system [30]. It is based on a supercontinuum source (Fianium 
Whitelase S360, NKT Photonics, Denmark), which provides picosecond optical pulses (at 60 
MHz repetition rate). The wavelength selection was performed by means of a rotating prism 
whose movement was software-controlled. The monochromatic light was then injected into a 
50 μm-core fiber and then sent to a fiber-to-fiber u-bench holding a stack of variable optical 
attenuators to tune the amount of light injected in the sample. Finally, from the output of the 
u-bench, photons were sent to the sample through a 100 μm-core fiber. Using an optical 
switch, two different points were sequentially illuminated, permitting measurements at two 
distinct source-detector distances (SDD). The re-emitted photons were collected using a 1-
mm-core optical fiber set at 2 cm and 3 cm distance from the 2 source fibers, respectively. 
Then a doublet lens imaged with unit magnification the fiber tip onto the detector (a 1 mm2 
area SiPM, for further details see [31]). The recording of the distribution of times-of-flight 
(DTOF) was achieved using a Time-Correlated Single-Photon Counting board (SPC130, 
Becker&Hickl GmbH, Germany). Both injection and collection fibers were hosted into holes 
in an aluminum probe (see Fig. 1). The fibers were not touching directly the sample, but were 
in contact with a small glass window (0.55 mm thick gorilla glass), which was glued inside a 
recess in the aluminum plate to avoid any fluid accumulation under the fibers’ tips, thus 
avoiding possible artifacts during the measurement. Separate glasses (each one covering a 
single fiber tip) were fixed inside different recesses in the aluminum plate, not protruding 
from it and actually resulting in a flat probe surface. The use of separate glasses was chosen 
to prevent direct paths between source and detector fibers. It is worth noting that this solution 
was preferred with respect to the direct contact between fibers and phantom under 
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investigation also because the direct contact of the fiber tip is not possible in a real combined 
optical-ultrasound probe for medical imaging, due to the need to avoid the presence of small 
gaps where bacteria can proliferate and to the need for the probe to be waterproof for 
adequate cleaning. A possible alternative for covering the fiber tips is to consider a thin film 
of Mylar or an absorbing thin film like a gelatin or acetate cut-off filter (e.g., Kodak Wratten 
filters). The former interface has already been validated in diffuse optics [32] as it provides 
the sufficient amount of scattering to break possible direct light propagation between source 
and detector. The latter can prevent direct light propagation thanks to its absorption 
coefficient. These solutions are preferable when a unique window has to be used to cover all 
the fiber tips, but its use on real optical-ultrasound probes is prevented by their fragility. 
Additionally, even if direct light propagation in the Mylar film or Wratten filter is not 
possible, the light short circuit can still occur, as a matching fluid between film (or filter) and 
tissue under investigation is required to couple the ultrasound signal with the tissue. 

Measurements and data analysis 

As previously stated, the presence of direct light can distort the DTOF shape thus severely 
impairing DOS measurements and leading to an erroneous retrieval of the optical properties 
(absorption – μa – and reduced scattering – μs’ – coefficients) of the medium under analysis. 
To prove the suitability of the fluids, we performed measurements over a wide range of 
optical properties. To this extent, we acquired μa and μs’ spectra from a set of homogeneous 
solid phantoms based on epoxy resin with calibrated quantities of black toner and TiO2 
powder to tune the absorption and reduced scattering coefficient, respectively [33]. Those 
phantoms are part of a phantom kit proposed more than 10 years ago for the implementation 
of the MEDPHOT protocol for the characterization of diffuse optical instruments [33]. The 
MEDPHOT protocol aims in particular at evaluating the performance of diffuse optical 
systems in recovering optical properties of homogeneous highly scattering media. As the 
phantoms are part of a growing effort of standardization of performance assessment 
procedures in the field of diffuse optics, they have been measured many times in the past with 
standard black optical probes, without matching fluids or glass windows. Hence, many 
reference measurements can be found in the literature (see for instance [30,33–39]). Here we 
used 16 phantoms (out of the 32 phantoms composing the MEDPHOT kit), featuring all 
possible combinations of 4 μa values (nominal values at 800 nm: 0.05, 0.15, 0.25 and 0.35 
cm−1) and 4 μs’ values (nominal values at 800 nm: 5, 10, 15 and 20 cm−1). For each phantom, 
measurements were acquired in 6 conditions. Firstly, we used all the 5 fluids (one at the time) 
between the reflective metal probe and the phantom surface. In each case, few milliliters of 
fluid were spread on the phantom surface. Then, the probe was pressed on the phantom to 
reach the contact between the probe and the phantom, squeezing out most of the fluid, leaving 
under the probe just a residual thin layer. Due to the limited thickness of the fluid layer, the 
possible presence of absorption peaks in the fluid (e.g., at 980 nm for water-based gels) is not 
expected to give any significant effect on the recovery of the optical properties of the 
phantom as it can only result into a signal intensity attenuation, while using the time-domain 
diffuse optical technique the information is provided by the signal shape. After cleaning both 
phantom and probe, for comparison purpose, we used a thin adhesive black velvet tape 
interface (thickness of about 300 µm) glued to the probe surface without any fluid in between 
(yielding what we consider as a reference measurement). The tape had three windows of the 
same size as the glass windows (around 11 x 10 mm2), thus not hiding possible effects of the 
glass on the measurement. This interface is often used for standard DOS measurements, as it 
prevents direct light propagation. 

For each phantom and in each condition, DTOFs in the range from 600 to 1100 nm (in 
steps of 10 nm) were acquired and, for each wavelength, 5 repeated measurements of 1 s each 
were recorded. With the same acquisition scheme also the Instrument Response Functions 
(IRFs) were saved. As dictated by the BIP protocol [40], to acquire the IRF injection and 

                                                                      Vol. 10, No. 8 | 1 Aug 2019 | BIOMEDICAL OPTICS EXPRESS 3902 



collection fibers were faced using a stable holder and, a thin layer of Teflon was inserted in 
between to fill all the propagation modes in the collection fiber, thus adequately duplicating 
the conditions of phantom measurements. In all cases, the target count-rate was about 500 
kcps. 

To retrieve the optical properties of each phantom, the recorded DTOFs were fitted to the 
analytical model of a semi-infinite diffusive medium obtained under the diffusion 
approximation [41]. The fitting range was set from 50% of the peak on the rising edge to 1% 
on the falling edge of each DTOF. To improve the robustness of the fitting procedure, the 5 
repetitions were summed and the background subtracted. Non-idealities of the system were 
taken into account convolving the analytical model to the experimental IRF. 

In order to quantitatively assess the discrepancy in the retrieval of optical properties when 
using a coupling fluid with respect to the reference measurement (i.e., using the black velvet 
to prevent light channeling), we compute the relative percentage error (ε%) as: 
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where µ can be either the absorption or the reduced scattering coefficient. 

2.3 DCS measurements 

Setup 

The DCS measurements were performed using a custom DCS device built at ICFO. The DCS 
device source consists of a single longitudinal mode continuous wave laser (iBeam smart 785, 
Toptica, Germany) emitting at 785 nm. Light was injected in the phantom through a 
multimode fiber (200 µm core) and the diffused reflectance was acquired through two fiber 
bundle consisting of 4 single mode fiber each. The detection part is characterized by 8 single-
photon avalanche diodes (SPCM-AQ4C, Excelitas, Canada). The intensity temporal 
autocorrelation function g2 of each channel was calculated by an 8-channel digital correlator 
(correlator.com – USA). Source and detection fiber bundle tips were placed at a distance of 2 
and 3 cm in reflectance geometry, using the very same probe as used for the DOS experiment 
and described above. 

The liquid phantom for the DCS experiment consists of an emulsion of lipid droplets 
(Lipofundin 20%, B. Braun Melsungen AG, Germany) in water. The concentration of 
Lipofundin 20% in water was chosen in order to obtain a reduced scattering coefficient of 10 
cm−1, and water absorption, as described in ref [42]. The reduced scattering coefficient of the 
phantom was then verified through DOS measurements. The liquid phantom was placed in a 
black plastic phantom box. The frontal wall of the container has a transparent Mylar window 
(whose use in diffuse optics has been validated in Ref [32]) of approximately the same 
dimension as the fiber holder, thus allowing the injection of laser light into the liquid and the 
collection of the diffused signal. 

Measurements and data analysis 

The acquired intensity temporal autocorrelation functions g2 were transformed into electric 
field temporal autocorrelation functions g1, which were fitted with the solution of the 
correlation diffusion equation for a semi-infinite medium, in order to retrieve the particle 
Brownian diffusion coefficient (Db) [10]. In the DCS fitting routine the absorption and 
reduced scattering coefficients of the liquid phantom were kept fixed in all cases (µa = 0.026 
cm−1 and µs’ = 10 cm−1). The fluids and black velvet tape were used with the same procedures 
described for DOS measurements. In each case, 20 repetitions of the DCS acquisitions were 
recorded in order to compute mean and standard deviation of the recovered Db. 
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2.4 Ultrasound imaging experiment 

Ultrasonic imaging experiment was carried out on a quality assessment US phantom 
(Gammex 404GS LE with 0.5 dB/cm/MHz attenuation from Sun Nuclear Corporation) using 
a Verasonics L22-14v high-frequency linear array, having an 18-MHz center frequency, 75% 
relative bandwidth (~80 µm wavelength) and an elevation focal length of 18 mm. The probe 
was driven by a 256 channels Vantage (Verasonics, Inc., Kirkland, WA), which is an 
ultrasound open platform intended for research. The imaging mode used is Plane Wave 
Compounding consisting of a transmit of 31 plane waves (unfocused) tilted from −15° to 15° 
(1° angular resolution) followed by a synthetic beamforming of all radiofrequency data (on all 
channels) acquired during each transmit to achieve the image reconstruction process. Imaging 
process was based on the speed of sound (SoS) in the US phantom (1540 m/s), which 
correspond to the average SoS in human soft tissues. Transmitted pulse consisted of one cycle 
at 15.625 MHz with 30 V peak amplitude. Same settings are used in both transmit and receive 
for all acquisitions. 

The goal of the experiment is to assess the ability of all studied coupling fluids to ensure 
proper acoustic coupling for ultrasonic imaging. Main required qualities for a good acoustic 
coupling are low attenuation that keep optimal depth of penetration and SoS matching with 
the explored medium (the same if possible) to reach best possible spatial resolution and also 
avoid spatial distortions. Following the same approach used for DOS and DCS measurements, 
where the potential detrimental effect of the fluids on optical measurements was maximized 
by using a highly reflective probe, the US imaging experiment was designed to emphasize the 
potential detrimental effects of the coupling fluids in order to identify the best coupling agent. 
Thus, the US probe was moved away from the phantom interface and was tilted by about 18° 
to both have enough coupling fluid thickness (till 5 mm) that emphasizes attenuation, and 
have significant varying coupling agent thickness to emphasize artifacts stemming from SoS 
mismatching. The use of a high frequency probe provides also more sensitivity to phase 
aberration stemming from the coupling agent in case of SoS mismatching with the explored 
medium. 

Two regions of the phantom were imaged. First one is made of two cysts of different 
diameter (4 and 8 mm) to appreciate contrast resolution and geometric fidelity. Second one 
consists of few thin wires to appreciate spatial resolution and geometric fidelity also. The 
regions of interest are in both cases located between 15 to 20 mm depth. 

3. Results and discussions 

3.1 DOS measurements 

Figure 2 (Fig. 3) and Fig. 4 (Fig. 5) report the graphs of the absorption and reduced scattering 
spectra obtained on the 16 phantoms at 2 cm (3 cm) source-detector distance using all 
coupling fluids as well as the black velvet (standard condition). More in detail, for each row 
(fixed μs’) the spectra for 4 phantoms with increasing μa (columns) are reported. In each 
graph, colors encode the different fluids used as well as the standard condition. 

The absorption spectra (see Fig. 2 and Fig. 3) clearly demonstrate a huge deviation of the 
μa recovered when using the water-clear gel with respect to the standard condition (black lines 
in all the graphs). In particular, for phantoms with higher scattering (rows) and higher 
absorption (columns) the measured μa is highly underestimated. It has to be noted that for a 
given phantom the discrepancy between the value of absorption recovered (i.e. given panel in 
Fig. 2 and Fig. 3) with the water-clear gel and the other fluids is not constant. For example, in 
Fig. 2, the phantoms reported in the last two columns (i.e. with higher absorption) clearly 
show that for shorter wavelengths (e.g. 600 nm), the absorption coefficient recovered when 
using the water-clear gel is in some cases close to the value recovered in the other conditions 
(higher scattering) while other times is far from this value. This variability also within the 
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same phantom can be due to parameters which are non-perfectly under control (e.g. thickness 
of the fluid layer) whose effect is greatly enhanced when using water-clear gel. 

The deviation in the recovered spectra can be found also in the retrieved μs’ with the 
water-clear gel. Indeed, Fig. 4 and Fig. 5 show that, for both SDDs, the reduced scattering is 
highly underestimated and the spectral decrease trend is lost. As for absorption, this effect is 
more evident for higher values of μa and μs’. 

It has to be noted that for phantoms with high absorption/reduced scattering coefficients 
measured at SDD = 3 cm, the recovered spectra are not meaningful since they are dominated 
by noise. This is a well-known and expected behavior due to the low number of recorded 
photons which leads to a poor dynamic range of the measurements, thus impairing the fitting 
procedure. 

Looking at Fig. 4 and Fig. 5, it is also possible to appreciate a slight overestimation of μs’ 
for body lotion 1, which can be observed in all situations. This behavior can be attributed to 
the high viscosity of the fluid, which can be due to a high concentration of solid scattering 
particles in the fluid, thus resulting in an extremely high scattering. 

All these considerations are confirmed also by Figs. 6 to 9 where the relative error in the 
recovered optical properties with respect to the “reference measurement” (i.e. with black 
velvet) are reported. It is clearly noticeable that for all fluids (except for water-clear one and 
body lotion 1) the error is almost negligible, provided that the recovery of the optical 
properties is robust enough (e.g. there is enough signal to fit the data). On the other hand, the 
water clear gel shows a high relative error (> 50%) in both absorption and reduced scattering 
coefficients, which is larger for high absorbing/diffusing phantoms. For what concerns “body 
lotion 1”, we notice a not negligible error (ranging from 10% to 30%) in the reduced 
scattering coefficient, which is more evident for the less diffusive phantoms (first row of Fig. 
8 and Fig. 9). 

To prove that the water-clear gel allows the propagation of direct light between source and 
detector positions, the DTOFs for the phantoms with the lowest and highest absorption and 
reduced scattering coefficients (corner panels of Figs. 2-5) measured at 800 nm for the water-
clear gel are reported in Fig. 10 and Fig. 11 (respectively for SDD of 2 and 3 cm), together 
with those obtained for the turbid gel, the body lotion 1 and the standard condition. It is 
evident that for the water-clear gel there is a distortion of the curve as well as an anticipation 
of the peak (more evident for larger value of μs’). All those features are compatible with the 
hypothesis of direct light leakage, which causes a spurious peak before the “true” diffusive 
one (i.e. due to photons re-emitted from the medium). Moreover, the discrepancies are more 
marked for phantoms with higher scattering and absorption (i.e. longer photon paths and 
delayed detection and stronger attenuation), thus making the direct light propagation more 
evident. On the other hand, as expected from results reported above, there are no significant 
differences between the standard condition and the turbid gel. This hypothesis is confirmed 
by Fig. 10 as the raw curves obtained with body lotion 1 (cyan ones) are generally 
characterized by lower signal as well as a broadening and shift to longer times with respect to 
standard situation and turbid gel. 

Additionally, Fig. 11 clearly confirms that, in the absence of direct light propagation, the 
signal for phantoms with high absorption and reduced scattering coefficients is low, thus 
leading to a low signal-to-noise ratio which impairs the fitting procedure, as discussed before. 
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Fig. 2. Graphs of recovered absorption spectra for all the 16 phantoms at SDD = 2 cm. For 
each phantom, the results obtained using all 5 fluids and the black velvet (different colors, see 
labels) are reported. 

 

Fig. 3. Graphs of recovered absorption spectra for all 16 phantoms at SDD = 3 cm. For each 
phantom, the results obtained using all 5 fluids and the black velvet (different colors, see 
labels) are reported. 
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Fig. 4. Graphs of recovered reduced scattering spectra at SDD = 2 cm for all 16 phantoms. For 
each phantom, the results obtained using all 5 fluids and the black velvet (different colors, see 
labels) are reported. 

 

Fig. 5. Graphs of recovered reduced scattering spectra at SDD = 3 cm for all 16 phantoms. For 
each phantom, the results obtained using all 5 fluids and the black velvet (different colors, see 
labels) are reported. 
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Fig. 6. Graphs of relative error in the estimate of the absorption coefficient over the whole 
spectrum at SDD = 2 cm for all the 16 phantoms. For each phantom, the error with respect to 
the black velvet is reported for all the 5 fluids. 

 

Fig. 7. Graphs of relative error in the estimate of the absorption coefficient over the whole 
spectrum at SDD = 3 cm for all the 16 phantoms. For each phantom, the error with respect to 
the black velvet is reported for all the 5 fluids. 
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Fig. 8. Graphs of relative error in the estimate of the reduced scattering coefficient over the 
whole spectrum at SDD = 2 cm for all the 16 phantoms. For each phantom, the error with 
respect to the black velvet is reported for all the 5 fluids. 

 

Fig. 9. Graphs of relative error in the estimate of the reduced scattering coefficient over the 
whole spectrum at SDD = 3 cm for all 16 the phantoms. For each phantom, the error with 
respect to the black velvet is reported for all 5 the fluids. 
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Fig. 10. Raw DTOF curves recorded at 800 nm with SDD = 2 cm, and corresponding to the 
outmost plots of Fig. 2 and Fig. 4 (i.e. lowest/highest scattering on first/second row and 
lowest/highest absorption on the first/second column) when using water-clear gel (orange line), 
turbid gel (green line), body lotion 1 (blue line) and black velvet (black line). To better 
enlighten the effect of the direct light also the IRF (gray line) is reported in each graph. 

 

Fig. 11. Raw DTOF curves recorded at 800 nm with SDD = 3 cm, and corresponding to the 
outmost plots of Fig. 3 and Fig. 5 (i.e. lowest/highest scattering on first /second row and 
lowest/highest absorption on the first/second column) when using water-clear gel (orange line), 
turbid gel (green line), body lotion 1 (blue line) and black velvet (black line). To better 
enlighten the effect of the direct light also the IRF (gray line) is reported in each graph. 

3.2 DCS measurements 

We have measured the liquid phantom in the same 6 different configurations of the probe-
phantom interface already tested for DOS measurements. 

Figure 12 shows the average measured Db related to the different configurations with error 
bars due to the acquisition noise. Figure 12 highlights that the same particle Brownian 
diffusion coefficient as measured with the probe covered with black velvet is retrieved, in the 
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limit of experimental error, using all the probe-phantom interface fluids, except for the water-
clear gel. This last configuration causes a 30% underestimation of the Db, due to direct light 
channeling between source and detector fiber bundle tips. DCS measurements highlight that 
the light channeling due to the water clear gel is responsible for a higher error when 
determining the Db with longer source-detector separations (where the signal in the detector 
due the diffused photons has a lower intensity). Additionally, a larger variability of the Db is 
obtained for the body lotion 1: this may be due to higher concentration of scattering particles 
(as enlighten in Sect. 3.1) thus resulting in a lower signal and higher variability as reported in 
Table 1. 

 

Fig. 12. Particle Brownian diffusion coefficients retrieved for the DCS phantom with the 6 
different probe interface materials. 

Table 1. Averages and standard deviations of the photon counts (in kcps) in DCS 
measurements for each experimental condition 

 SDD = 2 cm  SDD = 3 cm 
Material Average St. Dev.  Average St. Dev. 
Water-clear gel 210.72 14.55  308.27 16.12 
Water-clear gel + TiO2 83.02 5.06  161.69 15.62 

Turbid gel 91.65 4.96  183.54 8.28 

Body lotion 1 48.76 5.79  98.28 0.96 
Body lotion 2 87.62 6.04  174.40 8.69 
Black velvet 168.82 10.07  309.83 10.54 
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Fig. 13. US images acquired on both cysts and wires regions of the Gammex 404GS phantom 
(top and bottom rows respectively) with the several fluids (columns). The topmost white line 
corresponds to the US phantom entrance as the probe is tilted. DR = 40 dB. 

3.3 Ultrasound imaging experiment 

Figure 13 shows the images (cysts and wires B-scans, rows) acquired using the various fluids 
already tested for DOS and DCS (columns). All B-mode images are displayed with 40 dB 
dynamic range (DR). B-scans through commercial gels (water-clear gel and turbid gel) can be 
taken as reference since they exhibit, among all other fluids, the best coupling features. 
Indeed, good SoS matching is revealed by the well preserved circular shape of the cyst and 
the good wires resolution, as well as low attenuation is shown by the high overall brightness 
intensity in the image. Finally, the presence of the reduplication artifact of the gel/phantom 
interface confirms that both US attenuation and SoS in the coupling agent are well suited for 
acoustic coupling. 

The water-clear gel with TiO2 appears to be also an interesting candidate as spatial and 
contrast resolution, as well as spatial fidelity with regard to the reference images, are well 
preserved. Indeed, the width of the wires remains as thin as on the reference B-scan and 
darkness of the cyst with regard to the speckle brightness intensity is similar to the reference 
image thus indicating that the spatial and contrast resolution are preserved. On the other hand, 
body lotions are more attenuating medium, especially Body Lotion 1, but they seem to exhibit 
nevertheless a good SoS matching with those from soft tissue as no distortions are noticeable 
on either the cysts nor the wires. Indeed, a decrease in the overall brightness intensity in the 
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image is a good indicator of the gel attenuation provided that it has effectively a good SoS 
matching. 

4. Conclusions 

In this paper, we analysed the effect of several types of possible US-coupling fluids to be 
used in multimodal diffuse optical and ultrasound measurements. We clearly noticed that a 
water-clear gel can generate a direct light propagation between source and detection, thus 
impairing both diffuse optical spectroscopy and diffuse correlation spectroscopy 
measurements. On the contrary, we proved that diffusive fluids can successfully be used to 
prevent direct light propagation. However, high viscosity fluids can distort optical 
measurements and reduce the quality of ultrasound investigation. A commercially-available 
turbid ultrasound gel, as well as an home-made dispersion of scattering particles into a water-
clear commercially-available US gel, demonstrated the best performance in both optical and 
ultrasound measurements, representing for this reason the best choice as coupling materials to 
be used in case of multimodal optical-US investigations. 
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