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Abstract: Optical quality bioresorbable materials have been gaining interest in recent years
for various interstitial biomedical/medical application. An example of this is when the implant
gradually dissolves in the body, providing physiological information over extended periods of time,
hence reducing the need for revision surgeries. This study reports for the first time the in-house
fabrication of single mode (at 785 nm) calcium phosphate glass (CPG) based bioresorbable
optical fibers and investigates their suitability for microvascular blood flow monitoring using
diffuse correlation spectroscopy (DCS). Ex vivo experiments in liquid phantom and non-invasive
in vivo experiments on the human forearm muscle were conducted using multimode and single
mode CPG bioresorbable optical fibers. The retrieved flow index from the correlation curves
acquired using CPG fibers was in good agreement with that obtained using standard silica (Si)
fibers, both ex vivo and in vivo. The results demonstrate the potential of CPG optical fibers for
further exploration.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Optical quality bioresorbable materials are widely being explored for the design and development
of implantable devices to meet various clinical needs involving interstitial light delivery and
detection [1]. Recent studies demonstrate implantable and resorbable photonic crystal structures
and Fabry-Perot interferometer designs for continuous and precise measurement of intracranial
pressure and temperature [2], implantable optical probes to monitor neural activity, cerebral
temperature and oxygenation [3], and, optical wave guides for biochemical sensing [4]. Such
implants dissolve in the physiological environment over a controlled and clinically relevant
timescale, bypassing the need for surgical extraction, hence reducing the costs and the risks,
distress and pain to the patient [5]. The extended information on internal physiological parameters
acquired from these types of implants could inform about the local tissue health, pharmacological
drug-delivery schedules, surgical intervention procedures and the management of recovery and
rehabilitation [3].

A promising class of optical implants consists of implantable optical fibers, which can deliver
light deep into a localized area and collect the light that is reflected, scattered, or fluorescently
emitted from a tissue specimen, hence finding a wide range of potential biomedical applications,
including monitoring of different biomarkers important for diagnostic and treatment applications
[6]. Among various types of optical fibers that have been reported for different biomedical
applications [7], we focus on calcium phosphate glass (CPG) based optical fibers. CPG based
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materials are well-known for their bioresorbable property and have been widely investigated
over the past fifty years for various biomedical applications [8,9]. By suitably tailoring the
composition of the glass system, an optical quality (wide window of transparency from UV to
NIR region) CPG composition suitable for fiber drawing was developed in 2016 [10]. These
fibers dissolved in vitro in Phosphate Buffer Saline (PBS) solution and no clinical signs of adverse
effect was observed during the in vivo subcutaneous implantation of these fibers in rats [11]. Here,
we focus on the applications of CPG optical fibers in diffuse optical technologies for monitoring
tissue hemodynamics and metabolism.

CPG based multimode (MM) optical fibers have been recently validated for near-infrared time
domain diffuse optical spectroscopy (TD-DOS), a diffuse optical technique allowing continuous
monitoring of local tissue oxygenation (StO2), blood volume (i.e. total hemoglobin concentration,
THC), tissue composition and structure [12,13], paving the way for interstitial continuous
monitoring of tissue oxygenation.

TD-DOS is often associated with a different near-infrared diffuse optical modality, diffuse
correlation spectroscopy (DCS), to provide diversified and complementary information about
tissue hemodynamics and metabolism [14]. Differently from TD-DOS, which studies the delay
and distortion of short laser pulses due to the interaction with the tissue, DCS uses long coherence
continuous wave laser light and, by using single mode (SM) optical fibers, detects laser speckle
fluctuations induced by light scattering by moving red blood cells to quantify microvascular
blood flow in the deep tissue (>1 cm). Blood flow measurements with DCS have been well
validated and tested in numerous clinical scenarios [14-22]. Of particular relevance, DCS has
also been employed for interstitial applications, to monitor blood flow response during interstitial
human prostate photo dynamic therapy (PDT) [23,24], and to detect spinal cord ischemia during
surgery [25].

As an intermediate step towards the clinical use of implantable and resorbable optical fibers for
interstitial monitoring, in the present study, we conducted ex vivo and non-invasive in vivo DCS
measurements using in-house fabricated CPG fibers. Here, we have reported for the first time,
the in-house realization of SM CPG bioresorbable optical fibers at 785 nm for light collection in
DCS. These SM fibers, along with MM CPG fibers for light delivery, were evaluated for their
precision in retrieving the scatterer’s Brownian diffusion coefficient (Db) in liquid phantom,
where MM standard silica fibers and custom fabricated CPG fibers were alternatively used to
deliver the light, and SM silica and CPG fibers to simultaneously collect the diffused light. These
fibers were then also tested for their potential in in vivo non-invasive conditions, by monitoring
dynamic changes in blood flow index (BFI) during a vascular occlusion test (VOT) performed on
human forearm muscle. Lastly, high temporal resolution DCS in vivo acquisition on the human
forearm muscle were performed simultaneously using SM CPG and silica fibers, and the data
collected were analyzed and compared for their capability in detecting pulsatile blood flow signal.

2. Materials and methods

2.1. Optical fiber fabrication, characterization, and connectorization

Two types of bioresorbable CPG optical fibers, one MM and one SM were fabricated for this
study. Initially, two pairs of core and cladding glasses (one for SM and the other for MM fiber)
were synthesized through conventional melt-quenching method using high purity biocompatible
chemicals (P,05-Ca0-Nay;O-SiO,-MgO). The molar concentrations of CaO and MgO in the
glass composition were selected based on the previous study reported in [10], which demonstrated
a linear decrease in refractive index values with increasing MgO molar content as a substitute
of CaO. During glass synthesis, the goal was to achieve a refractive index difference between
the core and cladding glasses that would result in a numerical aperture NA comparable to that
of standard fibers employed in DCS applications (see section 3.1). The wavelength-dependent
refractive index n( 1) of the core and cladding glasses were measured at different wavelengths
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(633, 855, 1061, 1312, 1533 nm) through a Metricon 2010 prism coupler (Metricon corporation,
US) with an estimated error of +0.0005. Refractive index at 785 nm (i.e. the wavelength used
for DCS experiments, see section 2.2) was then obtained through interpolation using Cauchy’s
equation [26]. The numerical aperture NA of the SM and MM fibers was calculated as NA=+/
(nc,,,e2 - ncladdz), where n.,y is the refractive index of core glass and nj,4y is the refractive index
of the cladding [27].

The cores (rods) were then obtained by casting the melt into a cylindrical mold to form 12
mm diameter rods, while the claddings (tubes) were obtained through glass extrusion. The MM
core rod was then stretched into a 5 mm diameter rod and the SM core rod to a 0.4 mm rod to fit
them exactly into the holes of the extruded MM and SM cladding tubes. The rods were inserted
into their respective tubes to form rod-in-tube preforms. One-meter sections of MM optical
fiber were obtained by stretching the preform (drawing temperature: 671 °C, drawing speed: 55
cm/minute) while several meters of the SM fiber were collected on a winding drum (Drawing
temperature: 665 °C, drawing speed: 3 m/minute and tension: 27 g) during the drawing process.
Both operations were performed using a drawing tower developed in-house. The details about
these fabrication methods can be found in previous publications [10,28,29].

Optical microscopy using Nikon ECLIPSE E 50i (Nikon Instruments Inc, US) (equipped with
image analysis software ToupView) was performed on different sections of the fiber during the
drawing process to assess their dimensions and overall quality. Particular attention was given
to the assessment of the core/cladding interface quality, core alignment and the homogeneity
in the micrograph as these parameters can heavily influence optical loss. The attenuation loss
of the fabricated fibers were measured by cut-back method [30] on fiber samples of different
lengths at 660 nm. The V-number of the SM fiber was calculated using the theoretical formula
(V= 27” X (Feore) X NA, where A is the wavelength and r,,. is the radius of the core [27].

The MM fiber was FC-PC connectorized at one end, to directly connect it to the DCS laser unit.
For the connectorization, the protocol explained in [31] was followed. The other end of the fiber,
that extends towards the sample, was cleaved (cleaver CT-106, Fujikura, Japan) to have a clean
and flat fiber cross-section. After the cleaving and connectorization processes, the MM fiber
length was 90 cm. From the long original SM fiber collected on the winding drum, two sections
of 15 cm were cut and cleaved. These short sections of SM fiber were chosen to compensate for
their higher optical loss over the length of the fiber, which will be later detailed in section 3.1.
The first section was FC-PC connectorized at one end as explained previously for MM fiber. For
the DCS measurement convenience, this FC-PC connectorized section was then connected to a
one-meter FC-PC silica patch cord (780 HP, Thorlabs, US) using FC-PC mating sleeve (this is
referred to as configuration-1 in the following sections of the paper, see section 2.3), for being
connected to the DCS detection system. Due to the very small core size (< 5 um diameter) of
the SM fiber, any slight misalignment between the cores of the CPG SM and patch cord can
be possible due to the manual connectorization, creating additional optical loss. To ensure a
better core alignment and thus the reduced optical loss, the second 15 cm section obtained from
the original CPG SM fiber was spliced to a commercial one-meter SM fiber pigtail (780 HP,
Thorlabs, US) using a CO; laser splicer (LZM-100, Fujikura, Japan), where the automated core
alignment between the fibers is possible (fiber configuration-2, see section 2.3). Details of these
two fiber configurations used in the measurements are depicted in Fig. 1(a).

2.2. DCS set-up

A custom built DCS device was used for the experiments combining emission at 785 nm from
a single longitudinal mode continuous wave laser iBEAM SMART 785, Toptica, Germany)
with four detectors (SPCM-AQ4C, Excelitas, Canada) and a four-channel hardware multi-tau
correlator (custom product, HemoPhotonics S. L., Castelldefels, ES) for real time calculation
of the intensity temporal autocorrelation function g, [32]. In the experiments reported here,
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Fig. 1. (a) Schematic representation of the two fiber configurations used on the detection
side (as detailed in Table 1) and of the custom fiber holder. In configuration 1, FC-PC
connectorized SM CPG fiber is connected to the FC-PC 780 HP SM commercial patch
cord using an FC-PC mating sleeve. In configuration 2, SM CPG fiber and a 780 HP
SM commercial fiber are connected through a hybrid splice using a CO, laser splicer. (b)
Schematic representing the positioning of fiber’s tips over the custom-made fiber holder for
the ex vivo experiments (‘S’ represents the source fiber and ‘D’ represents the detection fiber
where source fiber position is represented in circle and detection fiber’s position using stars).
(c) Schematic of the ex vivo measurement set-up in semi-infinite medium geometry, where
the fiber tips are placed at the liquid phantom surface, and in infinite medium geometry where
the fibers are immersed in the liquid phantom. (d) Fiber arrangement and the experimental
set-up during the in vivo vascular occlusion test.

only two detection channels were used. The laser light was injected through a MM fiber of 200
um core and the diffuse reflectance collected through SM fibers at 785 nm. As anticipated in
the previous sections and reported in detail in the following sections, for ex vivo and in vivo
experiments we used alternatively as source fiber a commercial three-meter silica MM fiber
(FT200 EMT, Thorlabs, US) and an in-house manufactured MM CPG fiber (see section 3.1), and,
as detection fibers, a commercial three-meter SM fiber (780 HP, Thorlabs, US) and an in-house
manufactured SM CPG fiber.

2.3. Ex vivo measurement

Ex vivo measurements were performed on a liquid phantom which consists of an emulsion of
lipid droplets (Lipofundin 20%, B. Braun Melsungen AG, Germany) in purified water. The
concentration of Lipofundin 20% in water was chosen to obtain a reduced scattering coefficient
(us) of 5 cm~! and water absorption at 785 nm as described in [33].

The liquid phantom was placed in a black plastic phantom box (25 cm(l), 15 cm(b), 18 cm(h))
with the top side open to allow access of the custom-made fiber holder, as represented in the
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schematics of Fig. 1(c). The phantom study consisted of nine independent measurements, as
reported in Table 1, where eight of them in semi-infinite medium geometry, with fiber tips laying
on the liquid surface, and one in infinite medium geometry, with fibers immersed eight centimeters
into the liquid, as reported in Fig. 1(c). For the semi-infinite medium geometry measurements
(points 1 to 8 of Table 1), signals were simultaneously acquired from two detection fibers (one
CPG and one silica) placed in the reflectance geometry. The detection fiber tips were positioned
symmetrically with respect to the silica and CPG source fibers, as shown in the schematic in
Fig. 1(b). During each measurement, light was emitted from a single source fiber, i.e., silica
MM and CPG MM alternatively. During the experiments, MM and SM CPG bare fiber tips were
placed inside standard ceramic ferrules (with bore sizes 440 pm and 270 pum respectively) which
were fixed to the probe (Fig. 1(a)). Measurements were repeated at two different source-detector
distances (p = 1.8 cm and 1.15 cm) in both detection fiber configurations-1 and 2.

Table 1. Details of the ex vivo measurements
performed on the liquid phantom.

p (cm) Source (S) Detector (D)
1 18 Silica
2 com CPG Configuration-1
— (Semi-infinite
3 L15cm Silica geometry)
4 CPG
5 Silica
—— 1.8cm .
6 CPG Configuration-2
— (Semi-infinite
7 L15cm Silica geomelry)
8 CPG
Configuration-2
9 1.5cm CPG (Infinite geometry)

In the case when the fibers are immersed in the liquid phantom (infinite medium geometry,
measurement 9 in Table 1) to simulate the interstitial acquisition, only one measurement was
performed with a single pair of source and detector fibers, where the light is injected through a
MM CPG fiber and collected through a SM CPG fiber in configuration-2, ata p =1.5 cm (see
Fig. 1(c)).

Each experiment consisted of the acquisition of 120 g, curves with one second average time
each (total measurement duration of two minutes). The intensity of the injected light was
attenuated using a manual optical attenuator which is part of the DCS system to obtain the
detected photon count rate < 400 kHz in all the measurements, in accordance with detector and
autocorrelator specifications. A dark count < 0.5 kHz was ensured before each measurement, by
covering the set-up with a black, light-proof curtain.

2.4. In vivo measurement

To test the capability of CPG fibers in tracking changes in blood flow, we have performed a
vascular occlusion test (VOT) by monitoring the blood flow in the forearm muscle (brachioradialis
muscle) during a short period of induced ischemia [32,34] on one healthy human subject. The
measurements were conducted according to the guidelines of the Declaration of Helsinki and
approved by the local Ethic Committee (ref. ICFO_HCP/2012/1). The subject was asked to sign
the informed consent form.

The VOT test protocol consisted of three phases, which include the acquisition of an initial
baseline signal for three minutes, an arterial occlusion phase, i.e. ischemia, induced by inflating
a typical arm blood-pressure cuff placed on the biceps at a cuff pressure of 180 mmHg for three
minutes, and a final recovery phase of five minutes after rapidly releasing the cuff pressure. The
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laser power injected into the tissue was limited to 27 mW to respect the maximum permissible
exposure in accordance with the International Organization for Standardization (ISO) and the
American National Standards Institute (ANSI). The photon count rate and g, curves were recorded
with an integration time of one second. The CPG source fiber and the pair of detection fiber
(silica and FC-PC connectorized CPG, that is, configuration-1) were placed symmetrically 1.8
cm apart as reported in Fig. 1(d).

Lastly, we performed a five-minute measurement on the same subject forearm muscle at rest,
with an acquisition rate of 38 Hz (integration time of 26 ms), to test the possibility of capturing
the hemodynamics of the entire cardiac cycle by detecting the pulsatile blood flow [35]. The
fiber configuration was the same as the VOT experiment, reported in Fig. 1(d).

2.5. Data analysis

All the acquired data from the DCS measurements were analyzed using MATLAB R2022a (The
MathWorks Inc., Massachusetts, US). The measured intensity autocorrelation function (g») was
converted to field autocorrelation function (g;) using the Siegert relation g5 (1) =1+ 8 |g1(7)|?,
where £ is a parameter mainly related to the collection optics of the experiment and to the number
of speckles in the detection area and 7 is the delay time [14]. For the measurements 1-8 in Table 1,
and in in vivo measurements, this g; was fitted with the solution of the correlation diffusion
equation for a semi-infinite medium, to retrieve respectively Db and BFI, while only for the
measurement 9 in Table 1, where the fibers are immersed in the phantom, fitting was performed
with solution of the electric field correlation diffusion equation for an infinite homogeneous
medium [14]. To reduce the number of fitting parameters in the fitting procedure, the reduced
scattering coefficient u,” and the absorption coefficient u, were set as fixed values (u;’=5cm™!,
Ua=0.025cm™Y and B was calculated as the mean of the estimates at the second (400 ns), third
(600 ns) and fourth (800 ns) lag times of g, curves with a weighted value of 1.5, 1 and 0.5
respectively [36]. In addition, in order to consider diffusing photons, only the first part of the g,
i.e., g1 (T)>0.7 was considered to retrieve Db [37].

For evaluating the precision and reliability of the measurements with different fiber combina-
tions, the standard deviation (o) of the g, at each T was calculated and plotted along with the
averaged g» curve (g») from each measurement. To better visualize the variations among the
averaged g, and g; curves from different fiber combinations, their residuals (r) were plotted with
respect to the g, and g; curves from Si-Si fiber combination. The ratio of o(t) to the g,(t) was
also calculated and plotted in percentage which is reported as coefficient of variation (CV) [38],
together with the theoretical model expectations [39].

Lastly, in vivo “fast” blood flow measurements acquired with an acquisition rate of 38 Hz
were analyzed to test the capability of the CPG fibers to detect blood flow pulsatile signal [35].
Blood flow signals obtained from both fibers (see Fig. 1(d)) was filtered (low pass Butterworth
IIR filter of order 3 with 6 Hz cutting frequency, Matlab function “butter”’) and normalized, and
the Fourier spectral amplitude was calculated separately for every minute of the five-minute
acquisition. Signal-to-noise-ratio (SNR) was then calculated, for every minute of acquisition, as
the ratio of the Fourier spectral amplitude at the heartbeat frequency, and the background value
(i.e. between the first and second harmonic of heart rate frequency [36]. Values reported are the
average and standard deviation within the 5-minute acquisition.

3. Results and discussion

3.1. Optical fiber fabrication and characterization

The refractive indices of core and cladding glasses, dimensions (see Fig. 2), NA and optical loss
of the SM and MM in-house manufactured CPG fibers are reported in Table 2. A homogeneous
cross section and a good interface adhesion between core and cladding can be observed in Fig. 2
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both for SM and MM fibers, demonstrating the thermo-mechanical compatibility between the
core and cladding glasses.

Fig. 2. Optical microscope images of the cross sections of (a) SM and (b) MM fibers
realized in-house.

Table 2. Refractive indices of the core and cladding glasses, diameter, numerical aperture
and optical losses of the SM and MM fibers fabricated.

Fiber | Core/cladding | Refractive Index Diameter(d) (=1 | Numerical Aperture | Optical loss (dB/cm)

(£0.0005) um)
Core 1.5293 4.7

SM 0.11 0.60
Cladding 1.5254 130
Core 1.5312 220

MM 0.21 0.027
Cladding 1.5173 400

To the best of our knowledge, this is the first time that the realization of a SM CPG fiber at 785
nm is being reported. We mention here that, achieving SM CPG fiber near visible wavelength
comes with overcoming the associated challenges during the fabrication process. Firstly, CPG is
particularly sensitive to compositional variations, which can lead to significant refractive index
fluctuations, making it difficult to achieve the necessary small index difference (see Table 2).
Similarly, the manufacturing process for CPG of melt quenching (mentioned in section 2.1) is at
the limits of precision when trying to achieve a very small refractive index difference. Minor
inconsistencies in temperature, mixing, or material purity during glass synthesis can result
in a refractive index that deviates from the desired value. Finally, the fiber drawing process
requires precise control of temperature, tension, and speed to maintain the desired core and
cladding dimensions. CPG is more sensitive to thermal fluctuations compared to silica, and
maintaining the required small core size during drawing is at the limits of process control. Any
slight variations during drawing can lead to deviations in core size, resulting in fibers that do not
maintain SM propagation.

Despite these challenges, the NA of the SM and MM CPG fibers was found to be very close
to the NA values of the commercial silica SM and MM fibers employed in this study (0.13 and
0.22 respectively) for a reliable comparison. The V-number of the SM fiber at 785 nm was then
estimated to be 2.05, confirming the SM propagation condition (V-number < 2.405).

The higher loss reported for the SM fiber in Table 2 can be reduced by optimizing the extrusion
parameters as explained in [28], yielding a better quality extrudate (cladding tube) in future
trials. For compromising this comparatively higher loss reported for SM collection fiber to have
sufficient optical signal for DCS measurements, we used shorter (15 cm) sections of CPG SM
fiber to collect the scattered photons, connected to the detector via a one-meter SM-commercial
silica patch-cord or pigtailed as detailed in section 2.1. The rationale for this choice is based on the
possible future applications in long term interstitial monitoring in real clinical scenarios, where
meters of implantable optical fiber are not required. Indeed, a short section of the bioresorbable
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fiber can be implanted in the region of interest, and the fiber edge protruding outside the body
can be terminated with a standard connector and connected to a standard silica patch cord to
perform blood flow measurement. This concept has been previously validated in mice [40], using
standard commercial MM fibers for long-term optogenetic application.

3.2. Exvivo experiments

In Fig. 3 and Fig. 4, the results of all the ex vivo measurements carried out in semi-infinite
geometry are reported. Figure 3 corresponds to the measurements performed in configuration-1
while Fig. 4 corresponds to the measurements performed in configuration-2 (see Table 1). The
two rows in both the figures corresponds to the measurements with two different source-detector
separations, 1.8 and 1.15 cm respectively. Each panel in these figures consists of four curves,
representing the simultaneous signal acquisition from two SM detection fibers (one silica and
one CPQG), where silica and CPG MM fiber are alternatively used to deliver the light, as detailed
in section 2.3.

(a) (b) (c)
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Fig. 3. column 1: g, curves averaged over two-minute acquisition (standard deviation is
reported as shaded error bars). In (a) curves from measurement 1 and 2 (see Table 1) are
reported together with their residual  with respect to the Si-Si fiber combination. In (d) g»
curves and residuals from measurement 3 and 4 are reported. Column 2: Corresponding
coeflicient of variation CV of each g, curve calculated over two-minute acquisition (in
parenthesis the average detected photon count rate) together with theory expectations (dashed
lines). Column 3: Corresponding g curves averaged over two-minute acquisition (standard
deviation is reported as shaded error bars) with their residual r respect to the Si-Si fiber
combination.

In both Fig. 3 and 4, in the first column, the averages of all the 120 g, curves (two-minute
acquisition) recorded during each measurement are plotted along with their standard deviation
as shaded error bars. In the second column, the coefficient of variation CV of the g, curves is
plotted at each delay time 7 together with DCS noise theory expectations [39]. Lastly, in the third
column the corresponding average g; curves are reported, along with their standard deviation.
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Fig. 4. column 1: g, curves averaged over two-minute acquisition (standard deviation is
reported as shaded error bars). In (a) curves from measurement 5 and 6 (see Table 1) are
reported together with their residual r with respect to the Si-Si fiber combination. In (d) g
curves and residuals from measurement 7 and 8 are reported. Column 2: Corresponding
coefficient of variation CV of each g, curve calculated over two-minute acquisition (in
parenthesis the average detected photon count rate) together with theory expectations (dashed
lines). Column 3: Corresponding g;curves averaged over two-minute acquisition (standard
deviation is reported as shaded error bars) with their residual r respect to the Si-Si fiber
combination.

In addition, columns one and three also contain separate panels with plots of residuals r with
respect to the g, and g; curves from Si-Si fiber combination.

Plots of g, and g; show high accordance between the measurements obtained in all the different
fiber combinations and configurations (except for the g, with CPG source and detector fibers
(see Fig. 4(a)), as it will be discussed later on). In all the combinations reported here, g, and
g1 residuals with respect to the standard Si-Si case result comparable to g, and g; error bars
(i.e. < 5%). We note that the g; curves reported in Fig. 3 and 4 show slightly elevated tails respect
to the asymptotic zero value expected from theory for long delay times: this could be due to a
possible little contribution in the autocorrelation curves of stray laser light reaching detection
fibers while not being diffused by the phantom. Additionally, possible slight S estimation
inaccuracies could also contribute.

Plots of the CV qualitatively follows the expectations of the theoretical model of DCS noise
[38,39], with a decreasing step function due to the multi-tau arrangement of the correlator.
Deviations from the model depend on experimental/environmental conditions and from the fact
that the model fails for correlator bin time intervals comparable or larger than the decay time
(condition that occurs for larger delay times 7), and for higher count-rates [39,41]. As expected,
the precision of the DCS measurement increases as the count rate increases, e.g., ranging from
~ 3% (at 65 kHz count rate) to < 1% (at 300 kHz). In all the cases reported, CV is < 5%, an
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acceptable precision target for many DCS in vivo applications [38]. In addition, plots of the
CV show a lower precision (due to the lower detected photon count rate) for the measurements
performed with SM CPG detection fibers, highlighting higher optical loss of such fibers. This
issue is accentuated in Fig. 3, where the short SM CPG fiber section of 15 cm is connectorized
through an FC/PC connector to a standard silica patch cord.

This higher loss is mainly due to the insertion loss in the area of the connector. Slight
misalignments between the fiber cores which are of very small size (<5 um) undergoing the
manual connectorization process are possible creating additional optical loss, as previously
mentioned in section 2.1, resulting in lower detected photon count rate. We mention that this
issue is directly linked to the in-house manufacturing process and can be easily solvable by
recurring to professional connectorization.

On the other hand, in the cases where the SM CPG fiber is spliced (Fig. 4), the precision
is higher due to the automatic core alignment during hybrid splicing by the CO; laser splicer,
sensibly reducing optical loss with respect to the manual connectorization process.

In Fig. 5 the 8 values obtained by averaging all the 8 from all the 120 acquisitions, are reported
together with their standard deviation. The vertical dashed line separates the two detection
configurations and the vertical solid lines separate different measurements in each configuration
following the numbering of Table 1. Within the error bars, we do not detect any significant
difference between all the configurations of fibers (including the infinite medium experiment),
except for the CPG-CPG combination in measurement 6 (configuration-2) where the measured
B is lower (8=0.41 £ 0.013) possibly due to some light leaks in the fibers. In any case, these
detected differences in S do not affect significantly the quality of the g; curve utilized for fitting
the data, as shown in Fig. 4(f). They indeed show the similar characteristics and decay rates,
demonstrating the reliability of measurements irrespective of the fiber combinations used.

0.6
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Fig. 5. Estimated § with error bar (standard deviation o) from all the ex vivo measurements
conducted.

Figure 6 shows the retrieved Db from all the ex vivo measurements along with their standard
deviation. As for Fig. 5, the numbering in the figure corresponds to the measurement order
reported in Table 1. Within the two configurations in semi-infinite geometry, considering the
error bars, we observe no significant differences in Db obtained from simultaneous measurements.
Also, as expected, the estimation is more precise for the measurements with higher photon count
rates. Variation in the retrieved Db within and across the different measurement configurations
could have stem from the differences in the real and estimated values of input parameters, above all
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the source-detector fiber tip separations p, and the reduced scattering and absorption coefficients
1" and u, used in the fitting procedure.

[
1
~ 2 | ‘
73]
NE i
01.5 - : : J
) ! []
) 1 i ] {: 5} ty 1
= 1} 'z § 1
0 1
Q :
05 1 2 3 4 | 5 6 7 8 9 A
Configuration -1 Configuration - 2
Semi-infinite Infinite

Fig. 6. Estimated Brownian diffusion coefficient with error bar (standard deviation) from
all the ex vivo measurements conducted.

As the bore size of the standard commercial ceramic ferrules used were larger than the diameter
of the custom-made SM and MM CPG fibers (see section 2.3), a complete control of the fiber tip
position was not possible during the measurement. This may have caused that the fibers moved
slightly inside the ferrules contributing to variations in real p value from the estimated value.
About the optical properties of the phantom, we mention here that their real values were not
quantified but estimated through the recipe reported in [33]. This could have led to differences
between estimated and real values, which can amplify differences due to slightly different source
detector separations when retrieving Db in the fitting procedure.

Lastly, Fig. 6 also reports the Db related to the experiment performed with the fibers immersed
in the liquid phantom (i.e. infinite medium geometry). Even in this case, considering the error
bars, we do not detect significant differences between this Db and the ones of all the other fiber
configurations tested. Again, the main variations could be due to not perfect control of the fiber
positioning (above all depth of the tips) during the experimental procedure and possible phantom
degradation (we report here that this measurement was performed on the same phantom but the
day after the semi-infinite medium geometry measurements).

3.3.  In vivo experiments

In Fig. 7, we report the results (blood flow index BFI and detected photon count rates) of the
vascular occlusion test performed to validate the capability of the CPG fibers to detect dynamic
changes in blood flow.

The figure shows a noisier signal obtained from the CPG detection fiber with respect to the
silica one. This is associated with the lower detected photon count rate due to the higher loss
of the CPG fiber (for practical experimental purposes, in the in vivo experiments, we used the
FC/PC connectorized one, that is configuration-1, which shows higher loss). However, in all the
phases of baseline, occlusion, and recovery, the BFI curve retrieved using the CPG SM fiber
exhibited similar characteristics as of the curve acquired using the standard silica SM fiber. This
demonstrates the suitability of CPG fibers to monitor rapid changes of blood flow, with quality
comparable to standard commercial fibers.

Exemplary results of “fast” blood flow measurements are reported in Fig. 8(a), where we show
an exemplary fifteen second window taken from a five-minute acquisition on the forearm muscle,
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Fig. 7. Estimated blood flow index in cuff-occlusion test, together with the detected photon
count rates for the three phases (baseline, occlusion, recovery).

highlighting the blood flow pulsatile signal due to heart beats. The measurement, acquired both
with the silica and CPG fibers, reflects a structured signal with peaks and dips that coincide
with each other. These peaks and dips correspond to the systolic and diastolic phases of the
cardiac cycle. Indeed, Fourier analysis, reported in Fig. 8(b), highlights a principal peak in
correspondence of the frequency of approximately 1 Hz, corresponding to the subject heartbeat
frequency. As detailed in section 2.4, to compare the capability of the two different fibers
used to detect pulsatile signal, we have calculated the signal to noise ratio as the amplitude
at the heartbeat frequency divided by the background. The value obtained for the CPG fiber
(SNRcpg =2.49 +0.15) results to be only slightly lower than the one obtained for the silica fiber
(SNRs;j =3.16 £0.37). This is due to the lower detected photon count rate with the CPG fiber (75
kHz + 4 kHz) than the silica fiber (105kHz + 6kHz).
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Fig. 8. (a) Exemplary 15s extract of blood flow highlighting fluctuations due to the pulsatile
nature of blood flow (b) Fourier Amplitude Spectrum P(f) of BFI waveform obtained

considering 5 min acquisition.

We conclude by mentioning that the pulsatile measurements performed both with CPG and
silica fibers are not able to resolve the complete cardiac cycle including the dicrotic notch as



Research Article Vol. 15, No. 11/1 Nov 2024 / Biomedical Optics Express 6396 |

Biomedical Optics EXPRESS A

reported in [35]. To do this, a better signal to noise ratio is needed (in both cases, silica and
CPGQG), which is commonly obtained by using multi-channel detection systems in combination
with single mode fiber bundles [38,42].

4. Conclusions

In this study we reported for the first time the fabrication and the use of single mode and
multimode bioresorbable CPG fibers for diffuse correlation spectroscopy. Our measurements
demonstrate that the DCS system based on bioresorbable fibers is suitable for recovering the Db
of the liquid phantom both in the semi-infinite and infinite medium geometries, with similar
quality to the standard commercial fibers. The results from the in vivo vascular occlusion test and
high-speed pulsatile measurements suggest the suitability of CPG based bioresorbable optical
fibers in tracking rapid changes of blood flow along with the potential of capturing the entire
cardiac cycle from high temporal resolution data, with a quality comparable to standard silica
fibers. These results demonstrate that the use of CPG fibers for diffuse correlation spectroscopy
is feasible and represents an interesting perspective for interstitial monitoring of microvascular
blood flow using implanted bioresorbable fibers. This can find important implications for
example in real time monitoring of therapy effectiveness or following up the evolution after
surgical interventions. Combining DCS with different near-infrared spectroscopic techniques
for which the bioresorbable fibers have been previously validated [12,13], within a single
resorbable photonic platform in future can bring immense potential in retrieving continuous
complementary physiological information which can be collectively used for planning, optimizing
and in predicting or monitoring the outcomes for example in interstitial photodynamic therapy
[43].

The future work will focus on continuous long-term (over a period of few weeks) ex vivo
measurements to assess the signal stability over time with the degradation of the fiber. Finally,
the preliminary results obtained from the ex vivo and non-invasive in vivo measurements reported
here are promising in terms of designing and performing future in vivo validation experiments
using CPG fibers in animal models for interstitial hemodynamic monitoring.
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