Diffuse optics using a dual window fast-gated counter
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1. Introduction

In the last decades light has become attractive as a
noninvasive tool to investigate diffusive media [1].
In particular, great effort has been devoted in the
development of systems exploiting time-resolved
approaches to diffuse optics due to the different ad-
vantages provided by this technique. The most im-
portant one is its intrinsic capability of encoding
depth information in time. Early-arriving photons
are those that travelled only in the superficial layer
of the medium while photons arriving later have
visited deeper structures [2].

For this purpose, time-resolved diffuse optical
spectroscopy (TR-DOS) is proposed in different clini-
cal applications [3] such as brain monitoring [4,5],

muscle oximetry [6], breast cancer detection [7-11],
breast density assessment [12], monitoring neo-
adjuvant chemotherapy [13], and the study of
osteoporosis [14]. In recent years, both industries
and researchers have shown a rising interest in
scaling TR-DOS setups in order to create low-cost,
portable, and fully noninvasive devices for clinical
diagnostics and monitoring (e.g., optical mammogra-
phy and functional brain imaging).

Applications of TR-DOS extend also to nonmedical
fields such as assessment of fruit quality [15], wood
characterization [16], and analysis of pharmaceuti-
cal tablets [17]. Also in these cases, industries re-
quire compact and low-cost instruments.

Along the path toward compact and low-cost devi-
ces, the enormous growth in photonics components
for light sources (e.g., compact-pulsed laser diodes)
and detectors [e.g., single-photon avalanche diodes
(SPAD)] meets this request of scaling both size and
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cost, whereas the most challenging element to be
scaled is the time-correlated single-photon counting
(TCSPC) system.

In this paper we demonstrate the possibility to
use a novel dual-window fast-gated counter (device
architecture and basic performance assessment al-
ready presented in [18]) which has enhanced perfor-
mances with respect to other commercially available
gated counters [19-21]. It can be used as a simpler
yet comparable solution with respect to a standard
TCSPC setup. This equivalence is investigated also
in the case of small source-detector distance (p) ap-
proaches [22]. Indeed, we have demonstrated that
null-p provides better contrast, spatial resolution,
and signal intensity as compared to large-p measure-
ments in the case of time-resolved diffuse optical
imaging in reflectance geometry, provided that an ef-
ficient gate is applied to extract the few late deep-
travelling photons out of the burst of early-swallower
photons [23].

In this work performances of the gated counter ap-
proach have been validated in different measure-
ments: (i) contrast produced by a localized totally
absorbing inclusion; (ii) absorption coefficient varia-
tion in bilayer structures; (iii) absorption coefficient
estimation in homogeneous media; and (iv) in vivo
arterial occlusion on healthy volunteer.

This paper is organized as follows: Section 2 deals
with the experimental setup and data analysis;
results and their discussion are shown in Section 3;
finally, in Section 4 we summarize the work and
discuss future perspectives.

2. Materials and Methods

A. Experimental Setup

The experimental setup is shown in Fig. 1. The light
source is a pulsed laser prototype based on a four-
wave mixing process at 710 nm wavelength, featur-
ing 30 ps time duration pulses, 40 MHz repetition
rate, and 120 mW maximum average power
(Fianium Ltd, UK). Light exiting from the laser is
properly attenuated by means of a variable optical
attenuator and then injected into the sample through
a 400 pm core optical fiber. Back-diffused photons are
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Fig. 1. Schematics of the setup: VOA, variable optical attenuator;
SPAD (FR or FG), free-running SPAD or fast-gated SPAD; “timing

electronics” device is a fast-gated counter or TCSPC board.

then collected at a given source-detector distance
with a 1 mm core fiber and focused onto the photo-
detector. We use a reflectance geometry with differ-
ent distances between source and detection fibers,
depending on the aim of the experiment.

For the small p approach, we use a fast-gated SPAD
in order to increase the dynamic range of the
measurements. This is possible since the peak of
early photons is rejected (by keeping the detector
OFF) and then the SPAD is fast turned ON (in about
200 ps switching time) to record only late photons.
For further information on this technique, see
[24,25]. On the other side, for the larger interfiber
distances, we use a free-running (i.e., not gated)
SPAD module since the peak of early photons is lower,
hence gating the time-resolved curve is not essential.
Both SPADs have a diameter of the active area of
100 pm. The free-running SPAD is a commercial de-
vice (PMD series, Micro Photon Device S.r.1., Bolzano,
Italy) while the fast-gated one is the custom device
described in [26].

The detector provides a start signal to the timing
electronics synchronous with each detected photon.
Concurrently with the optical pulse, a synchroniza-
tion signal is provided by the laser and is then di-
vided into two paths.

One is used as a trigger for the gate pulse gener-
ation of the fast-gated SPAD module, while another
one is provided as a stop pulse for the timing elec-
tronics (alternatively, a TCSPC board SPC 130,
Becker & Hickl GmbH, Germany, or the proposed
fast-gated counter).

B. Fast-gated Counter

The novel fast-gated counter provides two program-
mable windows whose temporal distance can be ar-
bitrary chosen by means of the “inter-gate time”
parameter (see Fig. 2). The two gates are set in the
desired time position with respect to the rising edge
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Fig. 2. Schematic representation of the proposed fast-gated
counter parameters that can be changed by means of dedicated
software [18]. The first pulse (blue) is the laser synchronization
signal while the other curves represent various TR-curves which
can be gated by means of two windows whose width and reciprocal
delay can be tuned.



of the time-resolved curve by acting on the “shift”
parameter. An increase of this value causes a delay
in reading the avalanche pulse with respect to the
sync signal. Such a delay results in a temporal shift
of the whole curve toward longer times with respect
to the counting windows position, as schematically
depicted in Fig. 2. Each window can vary its time du-
ration independently from the other one, in a range
between 70 ps and 10 ns at 10 ps steps.

The maximum throughput achievable with the
fast-gated counter is about 100 Mcps.

C. Measurements and Data Analysis

Most experimental data acquired are analyzed ex-
ploiting gating of the time-resolved curve (TR-curve).
In the following, data analysis used for different kind
of measurements will be detailed. All parameters set
in the gated counter for the different experiments are
summarized in Table 1.

1. Heterogeneous Phantom: Relative Absorption
Changes

a. Contrast Measurements. In this experiment the
sample consists of a calibrated liquid phantom made
by a mixture of Intralipid, water, and India ink. Pro-
portions between components are chosen to have at
710 nm an absorption coefficient (1) of 0.1 cm™! and
a reduced scattering coefficient (i) of 10 cm™!.

To simulate an inhomogeneity we use totally ab-
sorbing inclusions [27] with volumes of 25 and
200 mm?, equivalent respectively to a u, variation
(Aug) of 0.025 cm™ and 0.2 cm™! over a volume of
1 cm?®. The equivalence relation between totally ab-
sorbing objects and realistic optical perturbations
was exploited in [27].

The inclusion is moved in depth by means of a mo-
torized translation stage. The position refers to the
center of the inclusion, and it ranges from 2.5 mm
beneath the surface of the phantom up to 50 mm
deep at steps of 2.5 mm (except for the 200 mm? in-
clusion measured at 20 mm interfiber distance which
ranges from 5 to 50 mm). Measurements are per-
formed at 5 mm and then 20 mm interfiber distance
using, for each case, both a TCSPC board and the
fast-gated counter.

For this application we acquire counts with both
timing electronics (TCSPC and the fast-gated
counter) in two regions of the curve, one “early”

Table 1. Parameters Set on Fast-Gated Counter

Measurements

Contrast Bilayer u, Assessment In vivo

Parameter (ns) (ns) (ns) (ns)
Delay of gate 1 with ~ 1.10 1 0.65 1.14
respect to TR peak

Gate 1 width 0.5 0.5 0.05 0.5
Inter-gate time 0.54 1.04 0.1 3.22
Gate 2 width 0.5 0.5 0.095 1.3

and one “late.” We choose the first gating window
(early gate) delayed by 1.1 ns from the TR-curve peak
in order to discard the very short travelling photons.
The position of the second gating window (late gate)
has to be as late as possible to record late photons
but with a sufficient signal-to-noise ratio (SNR). To
fulfill those conditions we use the late part of the
curve where the counts are at least 10 times higher
than the dark count rate. We set the inter-gate time
parameter in order to open the gate windows 500 ps
before this level of signal is reached.

When using the TCSPC board, the same time win-
dows of those set in the fast-gated counter are used to
compute contrast.

For both the fast-gated counter and TCSPC board,
once the integral of the counts in selected gates is
computed, we calculate contrast for each gate accord-
ing to the following equation:

_ No-N
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where N is the mean number of counts acquired for
the homogeneous measurements in the gate consid-
ered, while N is the number of photons detected
within the same time window but when the pertur-
bation is present.

b. Bilayer Phantom. We also tested the fast-gated
counter on a bilayer phantom to see its usefulness
in another application where there is no need to rec-
ord the whole TR-curve.

To build a bilayer liquid phantom, a black poly-
vinyl chloride tank is used for this experiment [27]
where two regions are created by inserting vertically
a Mylar foil. On the external side, two transparent
windows are present in the vertical wall. Thanks
to them, it is possible to couple fibers and so to inject
and collect retrodiffused photons with a reflectance
geometry.

In this experiment calibrated additions of ink in
the first layer (thickness is 1 cm) are done starting
from y, = 0.1 cm™!. On the other side, the absorp-
tion coefficient of the second layer (5 cm thick) is
kept constant and equal to 0.1 cm™!. The scattering
properties are kept the same for both the first and
the second layer phantom (i, = 10 cm™!). Measure-
ments are performed only at a source detector
distance of 20 mm wusing a free-running SPAD
module.

First, we compute the Ay, exploiting both the first
(early, ) and second (late, 7;,) gate for each addition
of ink according the following equations:

N(zg)
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where N is the number of counts registered when no
ink is added to the top layer phantom, N represents
counts registered after each addition of a calibrated
quantity of ink, and % is a proportional coefficient.

We then use the method proposed in [28] to evalu-
ate the Ay, in the deeper layer, and we compute it
according the following equation:

(@) _ N(zz) N(zgp)
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2. Homogeneous Phantom: Absorption Assessment

To test the capability of the device to recover homo-
geneous properties just collecting photons within two
time gates, we use four series (called A, B, C, and D),
each one composed of eight solid phantoms made
of a resin matrix of toner and TiO, particles [29].
Phantoms of the same series cover a range of absorp-
tion values (from 0 up to 0.38 cm™! at steps of about
0.07 cm™!) with a fixed reduced scattering coefficient
(u, =5,17,10.5, and 14 cm™! at 710 nm for A, B, C,
and D series, respectively). The nominal values of op-
tical properties of those phantom series are used as a
reference for comparison with those measured using
the fast-gated counter. Mean error in optical proper-
ties assessment of the reference phantom using a
broadband time-resolved diffuse spectrometer pre-
sented in [30] has been calculated around 12%.

We acquire measurements in reflectance geometry
with an interfiber distance of 20 mm and using a
free-running SPAD as detector.

To recover information about the absorption coef-
ficient we use the approach proposed in [31]. We
exploit the tail slope of the TR-curve where the scat-
tering contribution is supposed to be negligible, and
We express y, as

nd[R(?)]
Ha = =0 dt

for t - oo, (5)

where R(t) is the analytical expression of the TR-
reflectance curve for a given interfiber distance. To
compute the derivative of the TR-curve, we record
the number of counts accumulated on two very close
(nearly 100 ps) windows on the tail of the curve, then
we calculate the differential ratio. We compute the
speed of photons in the medium exploiting the refrac-
tive index (n) of resin (which is the main component
of the phantom). From those simple calculations, we
recover an estimation of the absorption coefficient of
the measured phantom.

In order to have mostly the same SNR in both
gates, we take the second window larger (95 ps) than
the first one (50 ps), thus yielding nearly the same
count-rate.

3. In Vivo (Arterial Occlusion) Measurements

We perform a proof-of-principle measurement of an
arterial occlusion in the forearm of a healthy subject.

The occlusion is induced with a sphygmomanometer
cuff which can squeeze the forearm of the subject.

The measurement task is divided into three
phases: rest (20 s), occlusion (20 s), and recovery
(35 s). In the first part of the task no pressure is ap-
plied by the cuff, and the blood flow is not altered;
thus a baseline condition can be recorded. After
20 s of rest, pressure applied by the cuff is rapidly
increased up to 200 mm Hg in order to block circula-
tion in both arterial and venous vessels. The same
pressure is kept during the entire occlusion phase
which lasts around 20 s. After that, cuff pressure
is removed in order to come back to physiological
conditions, and a period of recovery (35 s long) is ob-
served. This last phase is longer than others in order
to better assess how the overall hemoglobin quantity
changes after occlusion removal.

Contrast here is calculated following Eq. (1) where
N is the mean number of counts acquired during the
rest phase.

3. Results and Discussion

A. Heterogeneous Phantom: Relative Absorption Changes

The contrasts calculated using the TCSPC board and
the fast-gated counter on both gates for 25 and
200 mm? inclusions and a source-detector distance
of 20 and 5 mm are shown in Fig. 3.

For both inclusions, we see that we have higher
contrast using the early gate only when the inclusion
is put beneath the surface by a few millimeters. On
the other hand, for deeper position of the inclusion,
the late gate allows higher contrast, thus achieving a
better localization of the inclusion. This behavior is
in complete agreement with theory and simulations,
as explained in [23].

Also the contrast profile at the two different
source-detector distances is in agreement with
theory. Indeed, using a short source-detector dis-
tance, the sensitivity profile allows us to detect shal-
low inclusions also. If the distance between source
and detector is increased (e.g., 20 mm), the sensitiv-
ity profile assumes the typical “banana” shape, which
is not able to probe very superficial area, thus lead-
ing to uncertainties in recovering the presence of an
inclusion beneath the surface.

In all cases studied, there are no significant
differences in terms of computed contrast and con-
trast-to-noise ratio between the TCSPC technique
and fast-gated counter.

Figure 4 shows the reconstructed Ay, retrieved for
a bilayer phantom holding the same scattering coef-
ficient and an increased absorption in the first layer.
The Ap, is assessed with and without applying the
method proposed in [28].

In the first (top) layer (magenta line) we can see an
increase in Ay, that is reflected in the second (bot-
tom) layer if the method is not applied (dotted blue
line). Conversely, if Eq. 4 is used (blue solid line), the
absorption coefficient for the bottom layer does not
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present any significant change in agreement with
the fact that no ink is added.

These experiments highlight the usefulness of the
fast-gated counter: in these cases there is no need to
record the whole TR-curve (as TCSPC does), but,
with the proper algorithm, only the total number of
counts in two time gates is needed. Therefore a fast-
gated counter can strongly simplify and reduce costs
of a typical TR setup leading to a good estimation of
U, changes in depth occurring in a bilayer structure
when absorption coefficient variations can occur also
within the top layer (e.g., functional brain imaging).

In addition, high throughput (up to 100 Mcps) is
another important feature of this device. It has to
be compared with the maximum count-rate of 8 Mcps
achievable with a TCSPC board [32]. In fact, even
if detectors capable of high throughputs do exist
[33-37], the conversion time of the timing electronics
is limited, and not all pulses corresponding to a de-
tected avalanche are properly converted from the
TCSPC board itself. This results in a much lower
throughput than the real count-rate given by the
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Fig. 4. Recovered changes of absorption coefficient in top layer
(magenta line) and bottom one (blue line) with and without correc-
tion for early photons (respectively solid and dotted line).

detector (e.g., at 8 Mcps count-rate, TCSPC through-
put is around 4 Mcps). The higher throughput of the
fast-gated counter allows us to increase the total
number of photon counts for a given acquisition time
with respect to a TCSPC system, thus potentially re-
sulting in a higher SNR of the measurement.

B. Homogenous Phantom: Absorption Assessment

Eight series of calibrated solid phantoms are mea-
sured to prove the capability of the fast-gated counter
to recover the absorption coefficient of a medium and
also to assess the linearity of recovered p, values.
In Fig. 5 are shown results obtained from the data
analysis explained in Section 2.C: the black line
represents the expected values, while the recovered
coefficients for A, B, C, and D series are shown in col-
ors. For all measured phantoms, the standard
deviation of the computed p, is low and not easily no-
ticeable in graphs. We can also notice a systematic
error on the accurate assessment of the absolute
u, related to the scattering coefficient, with a general
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Fig. 5. Measured absorption coefficients (blue, green, magenta,
and cyan lines) versus reference (black line) value for all phantom
series (respectively, i, = 3.5, 7, 10.5, and 14 cm™! at 710 nm).



underestimation for i, > 10 cm™! and an overestima-
tion for y, < 7.5 cm™! with a mean error (computed
for yu, > 0.1 ecm™) of 11% for all series except for A
series (mean error 20%). Such an error in the pu,
measurement is still acceptable for applications
where the knowledge of optical properties is needed
(e.g., breast density for cancer risk assessment).

For other applications (e.g., fruit harvesting or oxi-
metry) the assessment of Ay, is crucial, and so the
linearity of the recovered absorption coefficient is a
fundamental feature. In Table 2 we report results
of the linear interpolation of recovered y,. We exclude
from the fitting process y, > 0.3 cm~! where the dif-
fusion approximation is not perfectly valid.

The fit accuracy is very high (R? larger than 0.99
for all series), thus the computed values have a
good linearity. The slope of the fitted curve has a
value which is close to 1 with a maximum error of
about 12% (for B series), thus allowing a good Ap,
estimation even if the nominal value is under- or
overestimated.

Looking at the intercept value of the fitted curves
listed in Table 2, is possible to verify that for p; <
10 cm™! there is an overestimation of u, while for
4. > 10 cm™! values are generally underestimated.

This coupling between p, and u; is probably due
partly to the inaccuracy of the approximation in
Eq. (5) for finite values of £, and partly to the effect
of convolution with the instrumental response func-
tion (IRF).

We can conclude that also in applications where
the main goal is to quantify the relative changes of
Hg (e.g., differences between two situations: rest and
task period), the fast-gated counter is suitable.

The small width provided by the fast-gated counter
is one of the most interesting features of this novel
device, since other commercial gated counters cannot
generate windows below 1 ns [19] (in some cases 5 ns
[20,21]), thus not allowing, for example, use of the
approximation of Eq. (5) to compute u, or Ay,.

However, the experimental conditions chosen for
those trials are not particularly challenging, since
the combination of optical properties and interfiber
distance cause the time-resolved curve to be well
distinguished from the IRF that could otherwise af-
fect the exponential decay. Nonetheless, the chosen
parameters are typical of a diffuse spectroscopy mea-
surement in the 600-900 nm range on biological
tissues in vivo.

C. In Vivo Measurement

Figure 6 shows the contrast recorded using the gated
counter during the in vivo cuff-occlusion on the arm.

Table 2. Fitting Results

Phantom Series R2 Slope Intercept
A 0.9987 1.00 +0.06
B 0.9930 1.04 +0.02
C 0.9973 1.12 -0.04
D 0.9930 111 -0.04
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Fig. 6. Contrast computed during the arterial occlusion experi-
ment. In magenta, photons revealed during the first gate while
in blue are represented those accumulated within the second win-
dow. Lower SNR of contrast for the late gate is due to a smaller
count-rate.

It is clearly noticeable that there are different
task-related trends. During the rest phase, the con-
trast is pretty stable. On the other hand, when the
occlusion starts, an increase in contrast is present
and it is followed by a sudden fall some seconds after
cuff release. Considering that at 710 nm there is a
larger sensitivity to deoxygenated hemoglobin (due
to different absorption of oxy- and deoxygenated he-
moglobin, OoHb and HHb), the contrast trend is in
agreement with literature [38]. Indeed, during the
occlusion phase an increase in HHb is observed.
As soon as the cuff is released, a fast overshoot of
OyHb is recorded followed by a slow return to base-
line conditions.

With this experiment we can demonstrate that
using the novel fast-gated counter it is possible to
monitor transients occurring during, for example, a
muscle oxygenation.

4. Conclusions and Future Perspectives

In this work we proposed the use of a fast-gated
counter in order to simplify the processing electron-
ics in TR-DOS measurements where traditionally
the TCSPC technique is adopted.

We first demonstrated the equivalence in term of
achievable contrast between a fast-gated counter and
a more expensive TCSPC board when detecting a
localized optical perturbation. We then showed that
using counts accumulated by the fast-gated counter
during only two time gates, absorption changes in a
bilayered phantom can be retrieved. Seemingly, the
slope of the photon temporal distribution as recov-
ered from the two gated counter gates is sufficient
to assess the absorption coefficient of a homogeneous
phantom. Finally, in vivo cuff-occlusion measure-
ments on the arm were performed, enlightening the
capability of the proposed fast-gated counter to prop-
erly register transients due to physiological response
to an occlusion.



The limitations of the present approach could de-
rive for particularly challenging applications, as for
instance in case of very high absorptions—causing
important effects of the nonideal IRF—or for scatter-
ing changes that could affect the two-gate absorption
estimate. Nonetheless, in standard cases, as those
presented here, the device is mostly effective.

The very high throughput of the fast-gated counter
allows increasing the power injected in the sample
without significant measurement distortions. Such
a high throughput represents an important differ-
ence with respect to standard TCSPC devices where
the maximum count-rate is also limited by the
Poisson distribution. This allows increasing the
power injected (within the intrinsic limits set by
safety regulations for in vivo measurements) and so
to enhance SNR or reduce measurement time with
respect to other classical spectroscopy setups. The
limit in the maximum achievable count-rate is now
represented by the detector. The use of an array of
detectors, for example, can overcome this limitation,
thus enabling the use of the fast-gated counter at its
best potential.

In addition the previous advantages, the use of a
fast-gated counter allows reducing setup complexity,
dimensions, and cost. On one hand, the TCSPC tech-
nique can provide information about the whole TR-
curve, but on the other hand, for some applications
there is no need to acquire the whole distribution
of remitted photons. In those cases, the overall num-
ber of counts collected within two gates can be suffi-
cient, and so a fast-gated counter can represent a
valid alternative.

The fast-gated counter could be simplified even
further by squeezing it onto a single application-
specific integrated circuit. Once the miniaturization
is done, a microcontroller can also be integrated in
the same circuit as the fast-gated counter so as to
perform data analysis directly on the chip. In this
way, for example, calculation of Ay, (in both homog-
enous or bilayer phantom) or even p, assessment can
be done without need of any computer and postpro-
cessing analysis. Such a miniaturization, together
with compact laser sources (as, for example, com-
pact-pulsed lasers) and detectors (e.g., compact
SPAD modules) would lead to a portable, on-field,
real-time, and low-cost TR-DOS instrumentation.

For all those reasons, multiple and multidiscipli-
nary fields can take advantages of this fast-gated
counter as, for example, high throughput parallel
imaging systems for brain monitoring or optical
mammography and also for fruit harvesting analysis.
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