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Abstract: Diffuse correlation spectroscopy (DCS), a popular optical technique for fast noninva-
sive measurement of blood flow, is commonly implemented using expensive fiber-coupled long
coherence length laser systems. Here, we report the development of a portable and fiber-less
approach that can be used as a low-cost alternative to illuminate tissue in DCS instruments. We
validate the accuracy and noise characteristics of the fiber-less DCS laser source, by comparisons
against traditional DCS light sources, with experiments on controlled tissue-simulating phantoms
and in humans.
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1. Introduction

Blood is a carrier of essential nutrients and oxygen to tissues in human body and quantitative
measurement of blood flow provides vital information about tissue health, viability and disease
states [1–6]. Over the past few decades, Diffuse Correlation Spectroscopy (DCS) [7–9] has
emerged as a popular optical method to quantitatively and noninvasively measure blood flow in
the clinic. DCS has been validated against a variety of ‘gold-standard’ blood flow measurement
techniques [10–13], and its utility has been demonstrated in clinical blood flow measurements in
the adult brain [8,9], pediatric brain [12,14], muscle [4,10] and spinal cord [15,16]. A typical
DCS instrument uses light from lasers with long coherence length to illuminate tissue through
long fiber optic cables. Fiber optic cables also collect and direct diffusely reflected light, a
few centimeters away from the illumination position on the tissue surface, to photon-counting
avalanche photo diode modules for detection. The use of these lasers and detection systems results
in a relatively expensive and bulky instrument, especially when compared to more commercial
and ubiquitous optical sensors based on Near Infrared Spectroscopy (NIRS). We and others
have recently made several technical improvements to the detection and processing of DCS
photon counts that have resulted in simpler and faster instruments. These include fast software
autocorrelators [17,18] and fast field programmable gate arrays/microcontrollers [19,20] for
measuring pulsatile blood flow, as well as new detection systems based on CCD cameras [21–23],
multipixel Silicon Avalanche Photodiode (SPAD) arrays [24] and single photo diodes [25,26].
However, the need to use heavy/bulky laser systems limit the portability of DCS instruments. In
this contribution, we report the development of a small, portable, fiber-less laser illumination
system that can be directly embedded into DCS measurement probes.

In DCS, estimates of blood flow are derived from diffusion-based analysis of the autocorrelation
of coherent fluctuations in light intensity backscattered from the tissue surface [8, 27,28].
Consequently, the phase coherence of the scattered field is an important factor in the design of
DCS instruments/light sources [28–30]. Diffusion theory and Monte Carlo simulations of light
transport [31] have shown that the minimum coherence length for DCS light sources must be
greater than the width of the pathlength distribution of photon travel in tissue – estimated to
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be five to ten times the source-detector separation [7,31] (e.g., 100 mm for a source-detector
separation of 10 mm). Nevertheless, since DCS instruments typically utilize long fiber optic
cables, laser sources with significantly longer coherence lengths (∼50 m) need to be used, in
order to compensate for additional length of photon travel through the fiber [8,17]. Given that
the coherence requirement is significantly lower than the laser sources traditionally used for
DCS measurements, a light source with relatively low coherence length could help simplify the
instrumentation, enable wearable designs, reduce system cost and power consumption. In this
study, we have designed one such small-form factor laser system, which we term fiber-less DCS
(FBDCS) using a single mode laser diode (coherence length ∼3.72 m) with a collimating lens
to couple light directly to the tissue surface, eliminating need for coherence length overhead
introduced by long fiber optic cables. In tissue simulating phantoms and in-vivo experiments, we
show that the FBDCS light source compares favorably with fiber-coupled wavelength stabilized
laser sources traditionally used in DCS, in terms of the accuracy and fidelity of estimated blood
flow indices, but also in terms of the signal-to-noise ratio of measured intensity autocorrelation
functions,

2. Theory

2.1. Diffuse correlation spectroscopy (DCS)

We briefly review the principles behind DCS and direct the reader to several excellent reviews on
the topic for a more comprehensive discussion [7–9,27]. In DCS, tissue is illuminated by light
from a coherent laser source, and the backscattered light, which has diffused through tissue, is
collected and recorded a few centimeters away from the source on the tissue surface. The detected
intensity is the interference of light travelling through several pathlengths in tissue; interaction of
these light pathlengths with moving particles (i.e., red blood cells) result in temporal fluctuations
in the intensity, which are analyzed to estimate blood flow. Formally, the dynamics of temporal
intensity fluctuations (I(t)) are quantified as a normalized temporal autocorrelation function g2(τ)
[7]–

g2(τ) =
⟨I(t)I(t + τ)⟩

⟨I(t)2⟩
(1)

where, τ is the correlation delay or lag. The Siegert relation [32] establishes the relation between
the normalized electric autocorrelation function g1(τ) and the normalized light intensity temporal
autocorrelation function g2(τ),

g2(τ) = 1 + β|g1(τ)|
2 (2)

where, β is an instrumentation factor that accounts for speckle averaging, light polarization, and
laser coherence. In DCS, diffusion of the electric field autocorrelation function is modelled with
the Correlation Diffusion Equation, the solution to which for semi-infinite homogeneous tissue
geometry is given by,

g1(τ) =
rbexp(−KD(τ)r1) − r1exp(−KD(τ)rb)

rbexp(−KD(0)r1) − r1exp(−KD(0)rb)
(3)

where, KD (τ)2 = (µa + 6µ′sk2
0 F)v/D, F is the blood flow index to be estimated, r2

1 = (l2tr + ρ2)
and r2

b = ((2zb + ltr)2 + ρ2) are constants with ltr = 1/(µa + µ
′
s ),the transport mean-free path,

zb = (2ltr (1 + Reff ))/3(1 − Reff ) , Reff the effective reflection coefficient that accounts for the
refractive index mismatch between the surrounding medium (nout) and tissue (n), µa and µ′s, the
tissue absorption and reduced scattering coefficients, k0, the magnitude of the wave vector in
tissue, and ρ, the source detector separation.
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2.2. Coherence length considerations for DCS light source

Since blood flow contrast in DCS arises from temporal fluctuations in the intensity of the
backscattered speckle interference pattern, the coherence length of the laser source (lc) is an
important design consideration. For photon correlation measurements based on quasi-elastic
light scattering, the dynamics of intensity fluctuations is a function of flow (dynamic scattering)
when lc is greater than the difference between maximum and minimum photon travel distance in
tissue [31,33]. In DCS, the detected speckle pattern is from the coherent addition of an ensemble
of light pathlengths. Therefore, the coherence length of DCS light sources should be sufficiently
long to account for the spread of light pathlengths from source to detector in tissue, and be greater
than the difference between maximum and minimum distance the photon travels inside the tissue
[7,31]. While the exact probability distribution of light pathlengths can be estimated for different
tissue geometries using analytical [27] or computational methods [34,35], a simpler alternative is
to utilize the differential pathlength factor (DPF), which when multiplied by the source detector
separation (ρ) yields the average distance travelled by the photon inside tissue [34,36,37]. Delpy
et al. [36], measured the DPF to be 5.3 ± 0.3 for rat brain at 783 nm and ∼6 for the human
brain at 744 nm; DPFs are typically larger for longer wavelengths [36]. Furthermore, the DPF is
independent of source-detector separation for ρ>2.5 cm [36]. Accounting for the variation of
DPF with wavelength and tissue optical properties, we conservatively suggest that the coherence
length of DCS light sources be at least 10∼15 times that of the source detector separation. Most
practical DCS systems utilize source-detector separations up to 3 cm [8,9,38,39]. Thus, the
minimum coherence length of a DCS light source should be 35∼50 cm. Note that while most
DCS instruments use lasers at a wavelength of 785 nm, these calculations can be readily extended
to other wavelengths by use of appropriate values for the DPF.

3. Instrumentation

3.1. Fiber-less laser diode source for DCS (FBDCS)

Considering the coherence requirements of a DCS source, our approach was to build a custom
fiber-less laser source (FBDCS) using a single mode diode laser. Figure 1(A) shows a schematic
of our FBDCS source. Light from a single mode laser diode (L785P090, Thorlabs, NJ, 785 nm,
90 mW, 5.6 mm TO can package) is collimated with an aspheric lens (355230-B, Thorlabs, NJ;
4.51 mm focal length, 0.55 NA) to yield a 1.5 mm laser beam for use as an illumination source.
The laser and lens are aligned and packaged in a custom 3-D printed ABS enclosure (Proto
Labs, Inc., USA). The enclosure provides electrical and thermal isolation between the diode and
tissue. In our prototype, the diode was driven by current from a standard laser diode controller
(LDC205C, Thorlabs, NJ). At typical operating currents (120 mA) we measured the output power
of the system to be 65 mW (72% collimation efficiency). Figure 1(B) shows a realized prototype
of the FBDCS source, with the laser diode connected to the current controller using a standard
ESD protected strain relief cable (SR9C-DB9, Thorlabs, Newton, NJ).

The laser diode was typically operated near its rated operating current (120 mA) without
an optical isolator. Therefore, unpredictable laser mode hops can occur due to feedback at
optical interfaces during measurements. However, as our DCS measurements below validate,
the laser coherence length during the relatively short DCS correlation interval of relevance
(typically < 1 ms) is likely to be in excess of ∼1 m. To verify the coherence properties of the
laser, we measured the optical linewidth of the laser diode, in its intended mode of operation,
with scanning Fabry-Perot interferometer (Thorlabs, SA30-73, 1.5 GHz FSR), utilizing 10 ms
sweeps of the full spectral range. The spectrum from four measurements were averaged and
fit to Lorentzian model [40], to measure a frequency bandwidth of 12.8 MHz (full width half
maximum, FWHM), and a spectral bandwidth of ∆λ = 2.61 × 10−14 m. The coherence length
was then calculated as lc = λ2/(2 ∗ π ∗ ∆λ) = 3.72 m, here λ = central wavelength and ∆λ is
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Fig. 1. Fiber-less laser diode source for DCS. (A) Schematic of the Fiber-less laser source
(FBDCS) with an optical assembly consisting of a laser diode (L785P090), a collimating
lens enclosed within a custom 3D printed enclosure. (B) A prototype showing the FBDCS
source with collimation assembly.

optical bandwidth. Thus, selected single mode diode satisfies the coherence requirements for
DCS experiments (>50 cm). To further validate that the laser diode is sufficiently coherent within
the timescale of our intended DCS experiments, we measured DCS intensity autocorrelation
curves from a solid phantom (75019, ISS Inc., µa = 0.158 cm−1 and µ′s = 5.2 cm−1 at 690 nm
and µa = 0.154 cm−1, µs

′ = 4.4cm−1 at 830 nm). Light travelling through the solid phantom
would experience no dynamic scattering events - thus any decay of the intensity autocorrelation
function would be an effect of loss in phase coherence of the source or noise. Figure 2 shows the
average intensity autocorrelation curves collected from a solid phantom; data were collected at
5 Hz for 10 min, photon intensity at source-detector separations of 1 cm, 2.5 cm and 3.5 cm were
∼500 kHz, ∼100 kHz and ∼10 kHz respectively. Autocorrelation curves at each SD separation
does not decay over the duration of the DCS experiment (0.1 ms). Laser coherence length
measurements and experiments on the solid phantom directly and indirectly validate that the
selected single mode diode satisfies the coherence requirements for DCS experiments.

Fig. 2. Plot showing DCS intensity autocorrelation curves (g2(τ)) acquired from a solid
phantom using the FBDCS source at three source-detector separations. The solid phantom had
optical properties of µa = 0.158 cm−1 and µ′s = 5.2 cm−1 at 690 nm and µa = 0.154 cm−1

and µ′s = 4.4 cm−1 at 830 nm. Results shown are an average of 10 min data collected at a
frequency of 5 Hz. A total of 3000 autocorrelation functions were averaged.

3.2. Optical probe and diffuse correlation spectroscopy instrument for validation exper-
iments

We designed and realized a custom optical probe and DCS instrument to validate the performance
of the FBDCS source against a traditional fiber coupled DCS source. Figure 3(A) depicts the
schematic of the validation probe with two sources: the red circle denoting the position of
the FBDCS source and the red square denoting the position of a multi-mode fiber (GIF625,
Fiberoptic Systems Inc, USA). The multi-mode fiber was connected to a traditional fiber coupled
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wavelength stabilized source (WSS) (Toptica Photonics, iBeam Smart, 785 nm, 120 mW, lc>50
m). The probe was configured with three source detector (SD) separations, diagonal distances
of 1 cm, 2.5 cm, and 3.5 cm from both sources. At each detector position (denoted by black
squares), one or more collocated single mode fibers coupled light to a standard DCS detector
(Avalanche photo diode modules, SPCM-AQ4C, Excelitas). Both source and detection fibers
were affixed to a prism at the proximal end for ease of light-tissue coupling. DCS autocorrelation
functions were computed from all detectors simultaneously using a custom software correlator
[17]. Autocorrelation functions derived from the same source-detector position were averaged.
Experiments were performed by sequentially illuminating the tissue with the two sources.

Fig. 3. Custom optical probe used in validation experiments. (A) Schematic of the validation
probe consisting of the fiber-less DCS source (red circle) and traditional wavelength stabilized
fiber coupled DCS source (red square) at equal distances from three DCS detector fibers
(black squares) placed 1 cm, 2.5 cm, and 3.5 cm away. (B) A prototype of the experimental
validation probe incorporating the laser source and detector fibers.

Figure 3(B) depicts a realized prototype of the validation probe manufactured by methods
described elsewhere [41]. Briefly, prism coupled single (for detectors) and multi-mode (for
WSS source) fibers along with the FBDCS source were placed per the schematic in a custom
3D printed mold (RenShape SL 7820, Proto Labs, Inc., USA). A two-part silicone elastomer
(VytaFlex, Smooth-On, USA) was mixed with carbon black (JAC-JPX1640, Jacquard,USA) and
poured into the mold and cured for 12 hours to realize the validation probe.

4. Experiments and results

4.1. Blood flow index (BFI) estimated using the FBDCS source is comparable to a
wavelength stabilized laser in a tissue simulating phantom

We first demonstrate that the FBDCS source can measure DCS intensity autocorrelation functions
at multiple source-detector separations and validate the blood flow indices (BFI) estimated using
the FBDCS as the light source by comparison to traditional DCS sources. The optical probe
(Fig. 3) was used to measure intensity autocorrelation functions from a tissue simulating liquid
phantom. The liquid phantom was prepared from Intralipid (20% emulsion, Sigma-Aldrich, MO),
India ink and distilled water, to realize a sample with absorption coefficient µa = 0.1 cm−1 and
reduced scattering coefficient µ′s = 10 cm−1 at 785 nm. DCS intensity autocorrelation functions
were recorded from both sources (FBDCS and WSS) asynchronously for 120 seconds each, at an
acquisition frequency of 10 Hz. A blood flow index (F) was computed by fitting the measured
intensity autocorrelation functions to the solution of CDE in Eq. (3). The measurements were
performed at room temperature.

Figure 4 displays representative DCS intensity autocorrelation functions measured from the
liquid phantom at three source-detector separations, ρ = 1 cm (blue curve), 2.5 cm (red curve),
and 3.5 cm (green curve). These curves are a 50-frame average of intensity autocorrelation
functions measured at 10 Hz. The average photon intensity was 490 kHz, 43 kHz, and 4
kHz at each source-detector separation, respectively. An exponential decay of the intensity
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autocorrelation function is observed, typical of Brownian motion of fat particles in the intralipid.
Notably, these curves were comparable to those measured with the WSS.

Fig. 4. Representative DCS intensity autocorrelation functions recorded using the fiber-less
laser diode source (FBDCS) from a tissue simulating liquid phantom at source detector
separations of 1 cm (blue curve), 2.5 cm (red curve) and 3.5 cm (green curve). Autocorrelation
curves were recorded at 10 Hz. Each curve is an average of 50 temporal frames with each
frame corresponding to DCS photon count acquisition over 100 ms.

Figure 5 displays the estimated blood flow indices from the liquid phantom for each source.
Figures 5(B), 5(D) and 5(F) show the time courses of the flow index over the duration of the
experiment at source detector separations of ρ = 1 cm, 2.5 cm and 3.5 cm respectively. In
each plot, the flow index measured by the FBDCS source is indicated by the red curve, while
those measured with WSS is in blue. The curves have been smoothed with a 20-frame moving
average filter. At all three source-detector separations, the flow indices measured by the FBDCS
compares favorably with those measured with the WSS, highlighting that a fiber-less diode laser
source can accurately and quantitatively estimate blood flow. A more quantitative comparison
of the respective blood flow indices is depicted in the scatter plots in Figs. 5(A), 5(C) and
5(E). Here, the blood flow index measured with the FBDCS source is plotted along the x-axis,
while those measured with the WSS are along the y-axis. The distribution of flow indices are
symmetric about the mean (indicated by the dashed red lines) in both directions, indicating good
one-to-one agreement between the sources. Table 1 summarizes the mean and standard deviation
of flow indices estimated from the liquid phantom using both fiber-less (FBDCS) and wavelength
stabilized sources (WSS). A two-sided two-sample ttest (MATLAB, Mathworks, USA) revealed
no statistically significant difference in the mean flow measured by the two sources (p>0.05) for
1 and 2.5 cm source detector separation. Statistical testing was not reliable for measurements
at 3.5 cm due to higher incidence of noise. Note that the measurements are noisier at longer
source-detector separations (both sources) because of a decrease in measured photon intensity.
The differences in estimated blood flow index at 3.5 cm source detector separation could be due
to the FBDCS source having slightly wider illumination area than the wavelength stabilized
source. As a result, the FBDCS source could appear to be an extended illumination source rather
than a point source (as assumed by the analysis models). This mismatch could cause estimates of
blood flow index to deviate slightly at larger source detector separations.
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Fig. 5. Comparison of flow measured from tissue simulating phantom using the fiber-less
(FBDCS) and wavelength stabilized (WSS) laser sources. Time courses of flow indices
measured at source detection separations 1 cm, 2.5 cm and 3.5 cm are shown in (B), (D) and
(F) respectively. Panels (A), (C), and (E) show scatter plots comparing the flow measured
with one source against the other. The scatter plots highlight that the mean flow measured
with the two sources are in good agreement, with symmetrical spreads in flow estimates
along both dimensions.

Table 1. Flow indices measured from liquid phantom using both
fiber-less (FBDCS) and wavelength stabilized sources (WSS).

Source-detector separation
Flow index F (cm2/s )

FBDCS WSS

1 cm (0.89 ± 0.04) × 10−8 (0.89 ± 0.04) × 10−8

2.5 cm (0.84 ± 0.13) × 10−8 (0.87 ± 0.18) × 10−8

3.5 cm (0.75 ± 0.19) × 10−8 (0.84 ± 0.19) × 10−8
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4.2. Signal-to-noise ratio of intensity autocorrelation function measurements are com-
parable between FBDCS and WSS

Our second validation experiment concerns the signal-to-noise ratio of intensity autocorrelation
functions measured using the fiber-less source (FBDCS). The DCS correlation noise model offers
a framework to evaluate the signal-to-noise ratio (SNR) of the measured intensity autocorrelation
function as a function of measurement integration time (or measurement speed) and measured
photon intensity [42]. Accordingly, we define noise (σ(τ)) as the standard deviation of the
intensity autocorrelation function g2(τ) and SNR(ζ(τ)) as ζ(τ) = (g2(τ) − 1)/σ(τ). DCS
intensity autocorrelation functions were recorded from the tissue simulating liquid phantom with
the fiber-less DCS source, at source detector separation of 1 cm. In separate measurements,
the optical power of the laser was varied to effect a measured photon count rate of 30kHz,
100kHz and 300kHz. At each power level, intensity autocorrelation functions were recorded at
different integration times ranging from 1ms to 100ms. Figure 6 shows the noise and SNR of the
measurements for 20 µs and 40 µs delay times. Figure 6(A) shows the representative decrease
in variability of g2(τ) with increasing integration time at delay time of 20µs. Figures 6(B) and
6(C) show the noise and SNR of the g2(τ) measurements at τ = 20µs respectively; Figs. 6(D)

Fig. 6. Experimental measurement of signal-to-noise ratio of DCS intensity autocorrelation
functions with the fiber-less DCS (FBDCS) source. (A) Representative fluctuation of the
measured autocorrelation function at delay time 20 µs for integration times 1ms, 10ms,
50ms and 100ms. Longer integration time increases the averaging of measurements and
reduces noise. (B) and (D) Noise in measurement of g2(τ) for delay times 20 µs and 40 µs
respectively. (C) and (E) SNR of g2(τ) measurements for delay times 20 µs and 40 µs
respectively. The noise and SNR estimates for photon count rates of 30 kHz, 100 kHz and
300 kHz are marked with blue, red and black markers respectively, while the corresponding
solid lines are fits to a DCS correlation noise model.
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and 6(E) show the corresponding curves for τ = 40µs. In each panel, measurements at 30kHz,
100kHz and 300kHz are indicated by blue, red and black markers, while the solid blue, red and
black lines are fits to a DCS correlation noise model [42]. As expected, the noise of correlation
measurements decreases (and SNR increases) with increase in integration time and photon count
rate. At 30kHz photon count rates, a SNR of 1 is achieved at integration times of 20 ms for
σ = 20 µs and 40 ms for σ = 40 µs. These results are similar to those obtained with standard
DCS instruments [17,42].

Figure 7 compares the noise and SNR of g2(τ) measurements obtained with FBDCS and WSS
sources. Noise and SNR were estimated from sequential measurements of g2(τ) with the FBDCS
and WSS source, with source optical powers varied to effect a 100 kHz photon count rate at the
detector (source-detector separation of 1 cm). Figure 7(A) and 7(B) displays a plot of noise and
SNR of g2(τ) at τ = 20µs; data from the FBDCS/WSS source is indicated with red/blue markers
respectively, while the solid lines represent fits to a DCS correlation noise model. The noise and
SNR measured with the two sources are remarkably similar, with the FBDCS source showing
marginally higher noise at lower integration times.

Fig. 7. Comparison of noise (A) and signal-to-noise ratio (B) of DCS intensity autocorrela-
tion functions measured using the fiber-less source (FBDCS, red markers) and the wavelength
stabilized source (WSS, blue markers). Solid lines are fits to a DCS correlation noise model
[37].

4.3. Blood flow dynamics measured in-vivo with FBDCS is comparable to those meas-
ured with WSS

Finally, we characterized the ability of the fiber-less DCS source (FBDCS) to measure blood
flow dynamics in-vivo and validated it by comparison with a wavelength stabilized source (WSS).
We measured deep tissue changes in blood flow in the arm of a healthy volunteer during an
arm-cuff occlusion study. All experimental protocols were approved by the Institutional Review
Board at the University of South Florida. Figure 8 shows the experiment setup. Briefly, the
validation probe (Fig. 3) was placed on the forearm of a healthy volunteer. A blood pressure cuff,
connected to a tourniquet system (A.T.S. 4000, Zimmer, USA), was placed around the bicep and
used to produce transient cuff ischemia. The validation probe was connected to a standard DCS
instrument as described earlier. The cuff-occlusion protocol consisted of a 2-minute baseline,
followed by a 1-minute cuff ischemia where the blood pressure cuff was inflated to 200mmHg,
and finally a 2-minute post occlusion recovery. The protocol was repeated twice, with tissue
being illuminated by FBDCS in the first trial and the Wavelength Stabilized Source (WSS) in the
second. A 10-minute resting period between trials was observed to restore the arm blood flow to
baseline. DCS intensity autocorrelation functions were recorded at 10 Hz and were fit to Eq. (3)
to derive estimates of blood flow. The source power of both the lasers (FBDCS and WSS) were
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adjusted to illuminate the tissue with 50 mW optical power; this yielded an average photon count
rate of 700, 45 and 6 KHz at 1, 2.5 and 3.5 cm source-detector separations respectively.

Fig. 8. Schematic illustrating the in-vivo cuff-occlusion experiment. The validation probe
(Fig. 3) was placed on the forearm of a volunteer, with the detectors centered on the radial
artery and two sources illuminating the artery from either side. The distal end of the
validation probe was connected to a standard DCS instrument. An arm cuff (connected to a
tourniquet system) was wrapped around the bicep to effect transient cuff-ischemia.

Figure 9 shows representative 20 second time course of forearm blood flow measured at
baseline using the fiber-less source. Blood flow pulsatility is observed in measurements at both
1 cm (blue curves) and 2.5 cm (red curves); waveform features similar to an ECG-QRS peak
along with the dicrotic notch is clearly resolved. These results are similar to previous pulsatile

Fig. 9. Representative time courses of pulsatile blood flow (baseline) measured on a
subject’s forearm using the fiber-less DCS source. Flow data was acquired at 10 Hz. Blood
flow pulsatility was observed at both the 1 cm (blue) and 2.5 cm (red) source-detector
separations.
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arm blood flow [17,43] measured with traditional fast DCS instruments and serves to highlight
the sensitivity of the FBDCS source to dynamic blood flow changes in vivo.

Figure 10 shows the blood flow dynamics measured due to the cuff-occlusion experiment.
Here, the blood flow time courses have been smoothed with a 20-frame moving average filter.
Figures 10(A), (C) and (E) show the measured blood flow at 1, 2.5 and 3.5 cm source-detector
separations, while Figs. 10(B), (D) and (F) show the respective relative blood flow changes. In
all panels, blood flow measured with the FBDCS source is depicted in red, while those measured
with the WSS source is in blue. Two black vertical lines denote the occlusion period. Flow
measurements realized by the FBDCS source accurately track a nearly 100% reduction in blood
flow due to cuff-occlusion and a transient hyperemic response. These results are similar to those
obtained in similar studies, as well as the comparison flow changes measured with the WSS
source on the validation probe. Minor deviations may be explained by the two sources sampling
slightly different tissue volumes. Note that the cuff-occlusion and hyperemic response is resolved
at the 3.5 cm source-detector separation despite the significant noise presence.

Fig. 10. Blood flow dynamics due to in-vivo arm cuff occlusion. Panels (A), (C) and (E)
show the time courses of blood flow measured source-detector separation of 1 cm, 2.5 cm,
and 3.5 cm; panels (B), (D) and (F) show the corresponding relative blood flow changes.
In all panels, red lines indicate measurements with the fiber-less DCS source, blue lines
indicate measurements with the wavelength stabilized source and vertical black lines indicate
occlusion period. The flow indices at SD separation 3.5 cm are noisy due to low photon
count rates (both sources). Minor deviations in the flow measured by the two sources can
be attributed to the positional difference of the sources relative to the radial artery and
asynchronous acquisition.
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5. Discussion

Traditionally, DCS instruments have used laser sources with very high coherence length, in part
to compensate for light travelling through multiple pathlengths in long fiber optic cables. While
these wavelength stabilized laser diode modules are relatively easy to use (often fiber-coupled
and ‘turnkey’), they can be bulky and expensive. In this contribution, we have demonstrated that
DCS blood flow measurements can be reliably and accurately performed with a low coherence
length (less than 5 m), off-the-shelf, single mode diode laser. While these are not the first
DCS measurements with low-coherence light source, to our knowledge, this is the first time
such lasers have been rigorously tested and validated for DCS blood flow measurements. By
direct comparisons to fiber-coupled long coherence length wavelength stabilized lasers, we show
that our implementation of a fiber-less source (a) is accurate in estimating DCS blood flow
indices at source-detector separations of up to 3.5 cm, (b) measures DCS intensity autocorrelation
functions at signal-to-noise ratios comparable to wavelength stabilized sources, and (c) can
measure dynamic changes in blood flow in humans. The performance of the two sources is nearly
identical for source-detector separations of 1 and 2.5 cm, but deviate slightly at 3.5 cm. This
is primarily due to the significantly reduced photon intensity and subsequent increase in noise.
When corrected for signal intensity, the signal-to-noise ratio of both sources are identical. We
also note that the FBDCS assembly has a height of ∼30 mm and width of ∼50 mm but weighs
only around ∼50 gm (slightly heavier than that of a traditional DCS probe). The weight of the
FBDCS source is not high enough where pressure from the probe will cause restrictions to blood
flow in tissue. Furthermore, in a standalone FBDCS setup (i.e., without validation DCS probes
present) the size and weight can be reduced to similar level of a DCS probe.

A few prior studies have utilized fiber-less designs for DCS blood flow measurements, using
both traditional long coherence length lasers as well as low-coherence diodes. Lin et. al. reported
the development of a dual-wavelength non-contact DCS flow-oximeter system [44,45], where the
laser source was collimated and projected to the tissue surface via a scanning mechanism. While
these systems did not use fibers to illuminate the tissue, they still utilized long coherence length
lasers. Furthermore, the scanning mechanism and lens system resulted in a large/bulky system.
By contrast, our approach features a smaller, portable, wearable laser source for DCS blood
flow measurements. Huang et. al. [22], and Liu et. al. [46] have utilized low-coherence length
(<1 m) off-the shelf laser diodes for wearable blood flow measurements with DCS instruments
based on diffuse speckle contrast analysis. In these implementations, the laser diode was coupled
directly to the skin without use of collimation lenses. Notably, these experiments were limited to
source-detector separations of less than 2 cm, and they did not directly compare DCS intensity
autocorrelation measurements with traditional DCS sources and detectors.

Our approach directly couples light into tissue via a collimation lens placed in front of the
laser diode. The use of a collimation lens is critical because the natural divergence of laser
diodes is typically too high to yield measurable signal at the detector, especially at large source
detector separations. Furthermore, when operated at operating powers of ∼100 mW, the heat
generated in the laser diodes may cause thermal tissue damage. Therefore, continuous real-time
monitoring of flow with these sources would require efficient thermal isolation between the laser
diode and tissue surface. The designed collimation setup efficiently provides this thermal and
electrical isolation, thereby permitting operation at higher optical powers. As a result of these
design choices, our FBDCS source can measure blood flow at 3.5 cm source detector separation
and is safer for use on clinical populations. We note that the width of the collimated beam
may result in an extended-source illumination, rather than point-source illumination, leading
to speckle averaging at the detector and reduced β. Therefore, narrow beam diameters are
preferable provided the laser irradiation is within ANSI limits [47]. Since the collimation system
provides electrical and thermal protection, care should be observed to use appropriate materials
in fabrication of these components.
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There are several advantages to using a fiber-less diode source for DCS blood flow measurements.
First, it greatly simplifies instrument design and can reduce the cost of DCS sources by as much
as 100-fold. Indeed, our approach brings DCS sources to the cost and accessibility of commercial
Near Infrared Spectroscopy devices. Second, since the design of the source greatly reduces
coherence requirements, it can be readily adapted to perform DCS blood flow measurements
at longer wavelengths (e.g., 1064 nm [39]), where wavelength stabilized sources may be cost-
and technologically restrictive. Third, cost and size advantages of the fiber-less source makes it
an attractive alternative for large scale Diffuse Correlation Tomography experiments to image
blood flow in tissue. Furthermore, the fiber-less source can be readily incorporated with newer
speckle contrast-based detection technologies to effect portable/wearable deep tissue blood flow
monitors.

6. Conclusion

We have reported the development of a fiber less, low power laser source capable for deep
tissue blood flow measurements with DCS. We have validated this new laser source against
gold-standard, state-of-the-art fiber-coupled wavelength stabilized lasers typically used in DCS
instruments. Our results show that the fiber-less DCS source can quantitatively measure blood
flow at signal-to-noise ratios that are comparable to traditional DCS sources. The development
of this low-cost DCS light source will greatly simplify DCS blood flow instruments and will pave
the way for wearable deep-tissue blood flow monitors.
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