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We demonstrate time domain diffuse correlation spectros-
copy at quasi-null source-detector separation by using a
fast time-gated single-photon avalanche diode without
the need of time-tagging electronics. This approach allows
for increased photon collection, simplified real-time instru-
mentation, and reduced probe dimensions. Depth discrimi-
nating, quasi-null distance measurement of blood flow in a
human subject is presented. We envision the miniaturiza-
tion and integration of matrices of optical sensors of
increased spatial resolution and the enhancement of the
contrast of local blood flow changes. © 2018 Optical
Society of America
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Time domain diffuse correlation spectroscopy (TD-DCS) is an
optical, non-invasive technique that makes use of pulsed, but
coherent, laser light to characterize the reduced scattering (μ 0

s )
and absorption (μa) coefficients, and blood flow at a depth of a
few centimeters [1,2]. TD-DCS was first proposed using short
(ps) laser pulses and non-linear optical gating [3] which was not
suitable for in vivo use. The demonstration of a viable system
for TD-DCS on phantoms and small animals was recently pro-
vided by introducing narrow time gates that enabled the use of
more compact laser sources and time-correlated single-photon
detection [1]. The first in vivo TD-DCS blood flow measure-
ments on humans were achieved using highly coherent, long
(hundreds of picoseconds) Ti:sapphire pulses which enabled
the use of broad gates [2].

The time-domain approach is beneficial since it increases
the sensitivity of DCS to deep blood flow [4]. Depth discrimi-
nation, the ability to separate localized hemodynamic changes
in deep tissue or layers from superficial ones, is achieved by
selectively considering, in reflectance geometry, the photons
with time-of-flight (TOF) within certain time gates of a few

picoseconds [1] up to a few nanoseconds [2]. In this geometry,
the use of a finite, non-null separation between the source and
detector results in a decrease of photon detection rate at any
gate [5]. Moreover, the source and detector optics distance
of a few centimeters results in bulkier probes. This classic ap-
proach has the advantage of mainly detecting photons with
long path lengths. The source-detector separation can be ad-
justed to alter the mean TOF. On the other hand, if the
source-detector separation is reduced (practically to zero, i.e.,
null separation), short TOF photons are orders of magnitude
more numerous than larger TOF ones [6,7]. As they carry in-
formation mainly from the shallowest layers of the probed tis-
sue, they are usually not of interest, making them a nuisance
since they could saturate most detectors and most time tagging
electronics. Therefore, at null- and quasi-null separation, the
selective gating of the long TOF, deep-reaching photons should
be at the detector level [8]. If this is possible, the null- and
quasi-null separation approaches provide various advantages
in signal-to-noise, spatial resolution, and probe ergonomics
[9]. The shape of sensitivity volume of the null separation
has recently been reviewed in [10].

In this Letter, we show that we can achieve quasi-null sep-
aration TD-DCS using fast-gated SPADs (fgSPADs) that can
be switched on and off in hundreds of picoseconds at every laser
pulse period and acquire photons only during gates of a width
of a few nanoseconds [10]. Then we use fgSPADs to recover the
blood flow index (BFI) from the auto-correlation curves at a
very short, ideally null, source-detector separation. We also re-
port that, by using gated detectors, time-tagging electronics are
not needed. In other words, common auto-correlators can be
used to obtain TD-DCS curves in real time with a dramatic
simplification of the detection electronics. This is an important
step towards the realization of compact matrices of TD-DCS
sensors.

Figure 1 shows our experimental setup. Briefly, we have used
a custom-made, high temporal coherence pulsed Ti:sapphire
laser operating in the active mode-locked regime (Fig. 1).
The pulse repetition rate was 100 MHz, and the wavelength
(λ) was 785 nm. We have split off a small fraction (<5%)
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of its light to a photodiode (OCF-401, Becker & Hickl,
Germany) whose output generated the synchronization signal.
Single-mode fibers (Neufern 780HP, 4.4 μm core diameter,
cutoff wavelength 730 nm) were used for light collection. A
SPAD detector (PDM, Micro Photon Devices, Italy) was used
in a free-running (i.e., was not time gated) mode to carry out a
standard DCS measurement at a source-detector separation (ρ)
of 12 mm. This value was chosen to mimic our previous work
[2]. Another SPAD, built in-house [11], was gated and
synchronized with the photodiode signal. It was used to collect
photons at short distances from the source. Since the maximum
gating frequency allowed by this SPAD is 50 MHz, we have
developed a fast circuit (SYNC divider) that reduces the num-
ber of synchronization pulses by accepting just one in two.

The arrival time of the photons was recorded by a time-cor-
related single photon counter (TCSPC) module (Pico Harp 300,
PicoQuant, Berlin, Germany). A hardware (HW) correlator
(Correlator.com, U.S.) computed the intensity auto-correlation
curves of two independent channels every 2 s in real time.

The fgSPAD, nominally, has a 100 ps timing resolution and
was connected to the TCSPC. For each detected event, the
TCSPC recorded two time tags: the delay with respect to
the laser synchronization signal and the overall (laboratory)
arrival time with a coarser 20 ns timing resolution. A low volt-
age transistor-transistor logic (TTL) translation stage built us-
ing emitter coupler logic standard components was used to
invert and amplify the nuclear instrumentation module output
of the fgSPAD to make it compatible with one channel of the
HW correlator. The TTL output of the free-running SPAD
(coarser timing resolution, 250 ps) was connected directly
to another channel of the HW correlator. The FoCuS-point
software (SW) correlator [12] was modified and used in
post-processing of the time-tagged data to compute the corre-
lation curves with 2 s integration time.

The fgSPAD gate was open for 4 ns and synchronized with
the laser pulse repetition frequency. The delay between the
opening of the gate and the pulse emission (Δt0) is by defini-
tion zero when it coincides with the peak of the laser pulse. In
order to calibrate this, we have acquired an instrument response
function (IRF) with the source and detector fibers facing each
other, separated by a <0.2 mm thick diffuser and with a high
attenuation of the source in order to avoid detector saturation.

The protocol was approved by the Ethical Committee of
Politecnico di Milano and was conducted in agreement with

the Declaration of Helsinki. The subject gave written consent
before participation.

The probe was made of a black foam matrix. The detector
fiber tips were separated by ρ � 12 mm (long separation) and
ρ � 2.85 mm (quasi-null separation).

We have placed the probe gently on the brachioradialis
muscle of a healthy subject (female, 26 years old). We have
limited the laser power by using an optical attenuator to meet
the maximum permissible exposure limit for human skin. We
have estimated the superficial (skin and fat) thickness with a
plicometer to be 13 mm. After 3 min of baseline measurement,
the tourniquet, placed right below the shoulder joint, was
inflated up to a pressure of 180 mmHg, well above the arterial
pressure of the subject, and was released after 3 more minutes
had passed.

We have fitted the electric field auto-correlation curves
(g1�τ�, τ is the correlation delay time) to the model described
in [2], evaluated numerically, given by the equation

g1�τ� �
Z

∞

Δt0
R�t� exp�−kτt�dt, (1)

where k � 2μ 0
s vk20αDB , v is the speed of light in the medium

(assumed constant), k20 is the square of the wavenumber of light
in the medium, αDB is the BFI, DB is effective Brownian dif-
fusion coefficient of the moving scatterers, (i.e., red blood cells),
and α is the ratio of moving to static scatters. R�t� is the theo-
retical, time-resolved diffuse reflectance [13]. We note that
Eq. (1) is not valid when photons that underwent only few
scattering events are considered. The integration over the
photon TOF (t) is carried out from Δt0 � 0 for the ungated
ρ � 12 mm case while, in the case of the quasi-null separation,
Δt0 was estimated prior to the cuff occlusion experiment by
adjusting the fgSPAD delay while monitoring the TOF distri-
bution (DTOF).

A separate time-resolved reflectance spectroscopy experi-
ment with the same source and a free-running detector at
12 mm separation on the same location in the arm was used
to measure the optical properties (μa and μ 0

s ) that have been
then used for computing R�t� in Eq. (1). We have fitted
the DTOFs at the large source-detector distance with a homo-
geneous model for photon diffusion with extrapolated boun-
dary conditions [5], taking into account the measured IRF,
and estimated the reduced scattering and absorption coeffi-
cients to be μ 0

s � 10.3 cm−1 and μa � 0.14 cm−1.
In the IRF measurement configuration, we have set an ini-

tial, negative Δt0, allowing the whole pulse to be resolvable
within the gate [Fig. 2, orange line].

The effective width of the gate was measured to be 4 ns
between the rising and falling edge at 1∕104 of the maximum
intensity. We note that the imperfections at large TOFs after
the closing of the gates are due to imperfections that are typical
of fgSPAD [14] and are well below the signal level. The full
width at half-maximum of the IRF was 350 ps. Given the
performance of our system in terms of timing resolution, all
the other contributions to the width of the IRF (for example,
detector timing resolution, resolution of the timing electronics,
and other less relevant effects) are negligible. We estimate that
the laser pulse width is close to this value. We have then placed
the probe on the arm, increased the delivered power to the
maximum permissible exposure limit, and started recording
the count rate at the detector. The time delay Δt0 then was

Fig. 1. Diagram of the experimental setup. The 12 mm source-de-
tector separation detector is used as the standard to which the quasi-
null separation TD-DCS is compared against.
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increased in order to reject most of the photons that underwent
shorter path lengths. The delay was finally set at Δt0 � 512 ps
[Fig. 2, blue line].

At the quasi-null separation, we have acquired 2.5 × 108
photons over 660 s at a mean count rate of 379 kHz, which
is well within the limits of the fgSPAD, TCSPC, and HW cor-
relator dynamic ranges. The tagged photon file saved by the
TCSPC was 950 megabytes. We have acquired in parallel
318 intensity auto-correlation curves of 2 s integration time
with the HW correlator for each channel. One of the eight
channels correlated the signal detected by the fgSPAD at the
quasi-null source-detector separation. Another channel proc-
essed the signal from the free-running SPAD at ρ � 12 mm
with a mean count rate of 228 kHz. The data files to store
the correlation of both channels occupied less than 3 megabytes
in total. This demonstrates the efficiency of using a HW cor-
relator, even for TD-DCS.

In Fig. 3, three representative auto-correlation curves from
the gated detector at the quasi-null distance are reported from
the baseline, occlusion, and hyperaemic peak (HE) periods.
Two curves are shown for each measurement. In one case

(continuous line), we have computed the auto-correlation from
the time-tagged data acquired by the TCSPC by using the SW
correlator while, in the other (dashed line), it has been com-
puted by the HW correlator. The residual differences between
the curves are compatible with the ∼1 s precision of the syn-
chronization between the acquisition time of the TCSPC and
the HW correlator and the effect of experimental noise, show-
ing the suitability of the HW correlator for TD-DCS.

In Fig. 4, we report the relative blood flow index (rBFI)
normalized to the first 40 s (baseline, 100%) of the arm cuff
experiment. The gray shaded area marks the duration of the
arterial occlusion in the arm. The two lines represent measure-
ments of the blood flow indices at the large (ungated, blue) and
the quasi-null (gated, orange) source-detector separations. We
have achieved a good signal-to-noise ratio and a two-second
time resolution. The intercept of the intensity correlation curve
(β) values averaged at 0.26� 0.03 for the gated quasi-null
separation and at 0.21� 0.02 for the ungated long separation
showing, once more, the benefit of the long-coherence, pulsed
laser as detailed in [1,2]. The features of the baseline (0-180 s),
occlusion (180 s-360 s), and the HE (360 s-420 s) are well
evident and correspond to large differences in the rBFI, as
expected from the literature [15].

Quantitatively, the estimated BFI dynamics at the quasi null
source-detector separation is in good accordance, albeit, slightly
noisier, with the measurement at ρ � 12 mm during most of
the experiment. Furthermore, the quasi-null separation rBFI
shows notably a ∼37% higher HE during reperfusion, and a
faster decay towards the baseline. This is expected since the
gated, quasi-null separation measurement probes selectively
deeper into the more metabolically active and reactive muscle
tissue, as was observed in multi-distance measurements [15].

We note that we report our results for a very short source-
detector separation of <3 mm. However, as previously demon-
strated, there are no major differences between this very short
(“quasi-null”) and the ideally null distance [16,17]. Truly null
source-detector separation is beyond the scope of this proof-of-
principle experiment, but was demonstrated in the past for
time-resolved experiments [8].

In summary, we have reported in vivo experiments from an
adult volunteer using quasi-null separation TD-DCS, together

Fig. 2 IRF of the system (orange line) and a typical distribution of
photon TOFs (DTOF, blue line) detected by the fgSPAD at quasi-
null distance (ρ � 2.85 mm) on the arm during the baseline period.

Fig. 3 Example auto-correlation (g1) curves computed from the
gated, quasi-null separation sensor from the HW (dashed line) and
SW (solid line) correlators. Three periods are shown at the baseline
(blue), the occlusion (red), and the HE (yellow).

Fig. 4 rBFI during the arm cuff experiment, fitted from the HW
correlator output. Two channels are represented, one for the gated,
short separation detector (thin orange line), and one for the ungated,
long separation detector (thick blue line).

2452 Vol. 43, No. 11 / 1 June 2018 / Optics Letters Letter



with the feasibility of using a much simplified instrumentation
on the detection side for TD-DCS. The usage of a common
HW correlator does not require time tagging electronics,
and the storage, as well as the processing, of large photon
time-tagged files. In the future, the calculation of the blood
flow can be embedded in the firmware of the HW correlators
in real time. The reduction of the distance between the source
and detector paves the way to integrated, miniaturized probe
assemblies as few square millimeter patches on the tissue. In
time-resolved spectroscopy applications, it has been demon-
strated that the use of small, quasi-null source-detector distan-
ces allows an increase in the collection of photons and a higher
contrast for the detection of localized changes [11,16]. We
could now move towards achieving the same for DCS, with
localized changes of blood flow, e.g., in the case of localized
functional activation of the brain as suggested in [6].
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