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Abstract
We present a multi-dimensional TCSPC technique that combines multi-detector and multiplexing capability, and records
fast and virtually unlimited sequences of time-of-flight distributions. The system consists of four fully parallel TCSPC
channels. Each channel records simultaneously in up to eight detection channels. Up to four lasers and 32 source
positions can be multiplexed. The total count rate is up to 4 x 107 photons per second. Time-of-flight sequences can be
recorded with a resolution of 50 to 100 ms per curve. The system is operated within a single personal computer.
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1. INTRODUCTION

The technique known as diffuse optical tomography (DOT) is being developed to image the spatial distribution of
optical properties within highly scattering media. Biomedical applications of DOT generally involve illuminating thick
regions of tissue with near-infrared (NIR) light and detecting the diffusely transmitted or reflected light, or the
fluorescence of endogenous or exogenous fluorophores [23,43]. Typical applications of DOT techniques are optical
mammography, brain imaging, and non-invasive investigations of drug effects in small animals. Despite its relatively
poor spatial resolution, DOT has the benefit that the measured absorption coefficients are related to the biochemical
constitution of the tissue, such as haemoglobin concentration and blood oxygenation [12, 28]. If exogenous markers are
used the absorption or fluorescence delivers additional information about blood flow, blood leakage, ion concentrations,
or the binding state to proteins [13,24,31, 39].

The effects of scattering, absorption, and fluorescence are difficult to distinguish in steady state images of the diffusely
transmitted or reflected intensity. The distinction is much easier for pulsed or modulated illumination and time-resolved
detection. The shape of the time-of-flight distribution of the photons can then be used to separate between scattering and
absorption [10,12,21,42]. Moreover, the depth of scattering and absorption changes in the tissue can be derived from
time-resolved data [14,25,26,40]. The advantage of time-resolved detection is obvious if fluorescence is to be detected
[11,15,17,30,37,39]. The fluorescence lifetime of a fluorophore is, to a first approximation, independent of its
concentration, but depends on the local environment and the binding state [24]. Fluorescence measurements in DOT
target either intensity and lifetime changes induced by differences in the local environment parameters, or the study of
blood content and blood-flow dynamics by fluorophores that stay exclusively in the blood.

Clinical applications of optical tomography techniques are currently at the stage of tests on human subjects
[19,22,27,41]. Frequency-domain instruments using modulation techniques [10,29,30] and time-domain instruments
using time-correlated single-photon counting (TCSPC) [18,34,38,42] are both being evaluated. It is commonly believed
that frequency-domain techniques achieve shorter acquisition times, whereas time-domain techniques deliver a better
absolute accuracy of optical tissue properties.

A comprehensive overview of frequency domain DOT techniques is given in [10]. The benefit of the frequency-domain
techniques is their short acquisition times at high detection intensities. To obtain unambiguous results, the phase and the
amplitude of the signals have to be measured at a large number of modulation frequencies. Another problem is that
crosstalk between the amplitude and the phase is difficult to avoid, which makes it difficult to obtain absolute optical
tissue properties. A carefully designed system [33] has achieved a systematic phase error of 0.5° at 100 MHz. Another
system that compensates for the amplitude-phase crosstalk via a reference channel reached an rms phase error of  0.2° at
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100 MHz [32]. These phase errors correspond to a time shift of 14 ps and 5.5 ps rms, respectively. TCSPC [36] is
superior in terms of efficiency and sensitivity. Moreover, the effective detection bandwidth is much higher than for
frequency-domain systems. The amplitude-dependent shift of the instrument response function can be kept below 2 ps
peak-to-peak, or about 1 ps rms. However, the count rate of TCSPC is limited to a few MHz per TCSPC channel, which
is often considered a drawback. It should, however, be taken into account that TCSPC obtains a better signal-to-noise
ratio (SNR) from a given number of detected photons than any other technique. Therefore the limited count rate is less
important than commonly believed. The excellent results obtained with TCSPC-based DOT instruments under clinical
conditions [18,19,22,27,41] demonstrate the applicability of TCSPC.

2. TCSPC TECHNIQUE

Time-domain DOT requires a detection system with an instrument response function (IRF) width as short as 100 ps to
200 ps. The time-channel width should be shorter than 10 ps [35]. The time-of-flight distributions have to be recorded
simultaneously at a large number of detector positions [34,38]. For experiments with white light [2] and for fluorescence
applications multi-spectral detection may be required. The resolution of haemodynamic effects requires fast sequential
recording of a large number of time-of-flight distributions [26]. Moreover, different source positions and lasers of
different wavelength must be multiplexed. For small-animal imaging, optical scanning by fast, galvanometer driven
mirrors may be useful [17].

Multi-dimensional TCSPC

A suitable time-domain technique exists in form of the recently introduced multi-dimensional TCSPC technique. The
technique uses a multi-dimensional recording process. Photon counts versus the time-of-flight are build up in a
fluorescence decay or a time-of-flight distribution, as a function of either the time from the start of the experiment, the
detector channel number or detection wavelength, several multiplexed lasers or source positions, or the spatial
coordinates of a scanning area. Compared to early TCSPC setups [36], advanced TCSPC devices can be operated at
count rates of more than two orders of magnitude higher [3,4].

The typical configuration of TCSPC for DOT is shown in Fig. 1. At the input of the detection system are a number of
photomultipliers (PMTs), detecting signals from different positions on the sample or at different wavelength intervals.
In the subsequent router the single-photon pulses of the PMTs are combined into a common timing pulse line.
Furthermore, the router generates a digital ‘channel’ signal that represents the number of the PMT in which a photon
was detected. The TCSPC module measures the times of the single-photon pulses and receives the corresponding
‘channel’ data  words. Both variables are used as independent dimensions of the photon distribution to be built up. The
routing technique can be used with several individual PMTs [3, 34] and with a multi-anode PMT [6 ].

Measurement
Start

Stop

Sequencer

CFD

TAC ADC

CFD
from Laser

Time

Channel

PMTs

data register

Timing

d: Detector ChannelRouter

Experiment
 Trigger

Laser No.
l: Laser No., s: Source Positiondata register

Scan Clocks

L, S

D

tT

D

tT

D

tT

D

tT

Source Pos.

L=1 L=2 L=3 L=4

t: Time in TOF distribution or fluorescence decay

(Scanning Interface)

Fig. 1: Multidimensional TCSPC for DOT.
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An additional data register is provided for multiplexing several lasers or source positions. Diode lasers can be
multiplexed electronically at rates up to about 100 kHz [9]. In principle, fast fibre switches can be operated at rates in
the 100 Hz range. The TCSPC device accepts a data word that contains the number of the currently active laser and the
number of the active source channel. These numbers are used as independent coordinates of the recording process. One
or two additional dimensions are added by the sequencer block of the TCSPC device. The sequencer is a programmable
logical device. In DOT applications it is mainly used to record fast sequences of TOF curves. The sequencer then
delivers a data word representing the time from the start of the experiment or from an external experiment-trigger pulse.
In scanning applications the sequencer receives synchronisation pulses from an optical scanner and determines the
location of the beam in the scanning area [5]. For each photon, the TCSPC module determines the time, t, of the photon
in the laser pulse sequence, the detector channel number, d, the source position, s, the active laser, l, and the time from
the start of the experiment, T. These values are used to address a memory in which the detected events are stored. Thus,
the distributions of photon density are accumulated in the memory as a function of t, d, s, l, and T.

The data acquisition may run at any sequencing or multiplexing rate. It is only required that the sequencing and
multiplexing is either performed at clearly different rates or is synchronised. The sequencing and multiplexing rates can
even be higher than the photon count rate. This makes the recording process more or less random. As many sequencer
runs and multiplexing cycles can be accumulated as necessary to obtain an appropriate SNR. It should be noted that
multi-dimensional TCSPC does not use any time gating, wavelength scanning, or detector multiplexing. For count rates
up to a few MHz virtually all detected photons contribute to the result. Consequently, a near-ideal SNR for a given
signal intensity and acquisition time is obtained.

The time resolution is determined mainly by the transit time spread of the detectors. With microchannel-plate PMTs the
width of the IRF is typically 25 ps to 30 ps (FWHM) [5]. The detectors typically used for DOT deliver an IRF width of
140 ps to 180 ps [3]. Moreover, the time-of-flight functions in the individual d, T, s, and l channels are resolved into a
large number (typically 256 to 4096) time channels. Consequently, the signals are adequately sampled to satisfy the
Nyquist criterion. The time-of-flight functions or multi-exponential fluorescence decay profiles are therefore
unambiguously resolved.

Dual-Memory Architecture

In the configuration shown in Fig. 1 the product of the number of detector channels, D, the number of multiplexed
lasers, L, and source positions, S, and the number of sequencer steps, N, is limited by the available memory space.
Currently, for the largest TCSPC modules and a number of time-channels of 1024 per curve, the maximum product
D.L.S.N is 16,384 [8]. By triggering the sequencer synchronously with the stimulation and accumulating over a large
number of stimulation events very fast, reasonable long sequences can be recorded. However, in DOT it is difficult to
remove the effect of the heart beat or motion artefacts from the accumulated data. Therefore it is usually preferred to
record a continuous sequence of TOF data over a large number of stimulation events. Fig. 2 shows how a virtually
infinite sequence of TOF data is recorded.
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Fig. 2: Continuous recording of a TOF sequence by memory swapping.
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The TCSPC device contains two identical memory banks of the structure shown in Fig. 1. While the measurement
system records a sequence of photon distributions into the first memory bank the host computer reads the data of the
second bank. When the first bank is filled the banks are swapped and the recording continues. As long as the readout is
faster than the data acquisition a virtually unlimited, gap-free sequence of TOF data is obtained. Depending on the
number of time channels, detectors, and source and laser multiplexing channels, gap-free recording can be achieved for
sequencer rates as fast as 1 ms to a few 100 ms per TOF distribution. The technique was originally developed for single-
molecule detection and DNA sequencing in a microcapillary flow setup [7]. It is therefore often termed “continuous
flow” mode.

Pile-up effect

A single TCSPC channel is unable to record a second photon during a single signal period. Arrival (and loss) of a
second photon is more likely to occur during the later part of the period, and therefore the recorded distribution is
distorted. Pile-up distortion becomes noticeable if the count rate exceeds a few percent of the pulse repetition rate.
Classic pile-up was the dominating source of signal distortion in early TCSPC experiments. The excitation sources of
that time had repetition rates of a few 10 kHz. Therefore severe pile-up occurred at count rates higher than a few kHz.
The currently used diode, titanium-sapphire, or fibre lasers have repetition rates of 50 to 80 MHz, and consequently pile-
up effects are considerably reduced. The pile-up-distortion is predictable and correctable [36]. For a single-exponential
fluorescence decay function the influence of the pile-up on the recorded lifetime can be explicitly calculated. The
recorded lifetime, τrec, for a lifetime, τ, of the fluorescence decay and an average number of photons, P, per signal period
is:
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The maximum reasonable count rate of a TCSC channel of 100 ns dead time is about 5 MHz. For a typical lifetime of
500 ps and  a laser repetition rate of 50 MHz the pile-up error is 12.5 ps. This is not more than the amplitude-phase
crosstalk in good frequency-domain systems [32,33]. In multi-dimensional TCSPC the pile-up error is further reduced
by the multi-detector technique. Several photons arriving during one signal period are more likely to be detected in
different detector channels than in the same one. The router recognises such events and rejects both photons [8].

Multi-module technique

The pile-up effect and the degradation of the detector response limits the effective (recorded) count rate to about 5 MHz
per TCSPC channel. Moreover, the dead time of the currently used TCSPC devices is of the order of 100 ns. Thus, the
devices lose about 50% of the detected photons at a detector count rate of 10 MHz. Higher count rates can be achieved
by operating several TCSPC channels in parallel. Four parallel channels can be operated in a single standard PC. A four-
channel system for optical tomography is described in [3], and a similar system for laser scanning microscopy in [4].
Applications to DOT are described in [26,27,41,42].

3. TEST OF THE SYSTEM

Timing stability of the detectors

For count rates in the MHz range the instrument response of a TCSPC system is not necessarily independent of the
count rate. Systematic timing shifts may occur as a result of count-rate-induced temperature and voltage variations in the
electronic system. However, the most critical parts of the system are the PMT and its voltage divider. Changes in the
count rate induce changes in the voltage distribution across the dynodes and, consequently, changes in the transit time.
The IRF stability of a number of different PMTs was tested with an SPC-144 TCSPC module and a BHL-600 diode
laser (both Becker & Hickl, Berlin). The pulse repetition rate was 50 MHz. The best results were obtained with the
Hamamatsu H5773 photosensor modules. Fig. 3 shows eight IRF recordings for (recorded) count rates from 30 kHz to
4 MHz. The measurements were stopped when the peak of the curve reached 65,535 counts. Neither in the linear plot
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(left) nor in the logarithmic plot (right) is any change in the IRF shape apparent. The first moments of all recordings are
identical within 2 ps. The surprisingly high timing stability may in part be a result of the Cockroft-Walton voltage-
divider design of the H5773 modules [20].

   
Fig. 3: IRF of an H5773-20 photosensor module for different count rates ranging from 30 kHz to 4 MHz. Linear scale (left) and
logarithmic scale (right). The shift of the IRF is <2 ps and not discernible in the curves.

Signal quality

Fig. 4 shows 20 time-of-flight curves selected from a longer sequence. The curves were recorded using a single H5773-
20 detector connected to one channel of an SPC-134 four-channel TCSPC package (Becker & Hickl, Berlin). The
acquisition time was 100 ms per curve. Each curve was resolved into 1024 time channels of 9.8 ps. The light source was
a diode laser of 2.5 mW average power, 785 nm wavelength, and 50 MHz repetition rate. The left sequence was detected
with a source-detector distance of 8 cm, and the right sequence with a distance of 5 cm. The count rates were 1.8 x
105 s-1 and 4.5 x 106 s-1 respectively. These correspond to average numbers of 18,000 and 450,000 photons recorded per
curve. The relative standard deviations of the photon numbers are 7.5 x 10-3 and 1.5 x 10-3. The standard deviations of
the first moments, m1, are approximately 800 fs and 4 ps. These values are of the same order as the haemodynamic
response of the brain to motor stimulation. Consequently, the haemodynamic response can be recorded by averaging
over a moderate number of stimulation events [26,27].

         

Fig. 4: 20 steps of a TOF sequence recorded at an adult human head by TCSPC memory swapping. Acquisition time 100 ms per
curve, 1024 time channels per curve, time channel width 9.8 ps. Count rate 1.8⋅105 s-1 (left) and 4.5⋅106 s-1 (right)

Phantom experiment

An imaging probe for optical topography experiments was constructed, which consists of an array of eight detector fibre
bundles and two source fibres mounted on a thin rectangular aluminium plate. The arrangement, shown in Fig. 5, was
similar in design to the probe used by Franceschini et al [16] to image functional activation of the motor cortex. The
lower surface of the plate was lined with a soft, light-absorbing foam, 10 mm thick, with suitable holes for the sources
and detectors. To evaluate the probe, a solid epoxy resin phantom was built in the form of a slab, with dimensions 170 x
90 x 59�PP��DQG�ZLWK�XQLIRUP�RSWLFDO�SURSHUWLHV�RI�� s �  1.0 mm-1�DQG� a = 0.01 mm-1. A hole, 10 mm in diameter, was
drilled across the slab at a constant depth of 15 mm below the top surface. A cylindrical epoxy resin rod was made with
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a length of 110 mm, which fits exactly within the hole. The rod has the same optical properties of the slab except for a
section 10�PP�LQ�OHQJWK�LQ�WKH�PLGGOH�RI�WKH�URG�ZKLFK�KDV�RSWLFDO�SURSHUWLHV�RI�� s � ���� mm-1�DQG� a = 0.1 mm-1 (i.e.
ten times greater absorption). The rod may be moved within the hole, enabling the position of the high absorption
section to be moved from one side of the slab to the other.

The detector fibre bundles were eight of the 32 available on the UCL time-domain imaging system, known as
MONSTIR [38]. Four bundles were coupled to one 8-anode MCP-PMT and four to another. However, instead of using
the usual MONSTIR TCSPC electronics, the pre-amplified outputs of the MCP-PMTs were connected to one of the
TCSPC engines on an SPC card via an 8-channel router. This enables data to be recorded continuously, without the
read-out time of several seconds between sources which had previously inhibited the use of MONSTIR for fast, optical
topography studies of functional activation.

The probe was placed on the phantom, with the foam in contact with the top surface. The high-absorbing section of the
rod was initially located at position A, as indicated in fig. 5. Each source (780 nm, 10 mW) was then activated for five
seconds while time-of-flight data was recorded at each detector position simultaneously. The rod was then moved so that
the high-absorbing section was translated to position B. Both sources were again activated for five seconds each while
another set of data was recorded. The whole process was then repeated ten times.

SourceSource
Detectors DetectorsDetectors

Rod with absorbtive
inclusion, d=10mm, l=10mm

90mm

59mm

170mm

15mm

        
Fig. 5: A probe consisting of eight detectors (open circles) and two sources (filled circles) mounted on a solid slab phantom. A rod
located 15 mm below the top surface contains a high-absorbing section which was translated to positions A and B.

Measurements of integrated intensity and mean flight time were calculated from the histograms of photon flight times
recorded by each detector for each source, and averaged for the ten repeated acquisitions. Intensity ratios and differences
in mean flight time generated from the two sets of data were then employed to reconstruct three-dimensional (3D)
images of the slab, representing the change in absorption. A fast, linear algorithm was employed. The Jacobian was
calculated using the finite element method [1] and inverted following Tikhonov regularisation.

 
Fig. 6: Horizontal (transverse) slices across the three-dimensional image representing the change in absorption as the rod was moved
from position A to position B. The slices correspond to 7.5 mm (left), 17.5 mm (middle), and 27.5 mm (right) below the top surface
of the phantom. The actual depth of the rod corresponds approximately to the middle slice. Measurement and reconstruction artefacts
contribute to the top slice.

A 3D image representing the change in absorption as the rod was moved from position A to position B is shown in fig. 6
as a series of three slices representing depths of 7.5 mm, 17.5 mm, and 27.5 mm below the surface. As expected, the
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images reveal a localised region of increased absorption and a localised region of decreased absorption due to the
translation of the high-absorbing region of the rod.

4. SUMMARY

Multi-dimensional TCSPC is a promising signal acquisition technique for diffuse optical tomography. A single TCSPC
channel is able to simultaneously acquire the signals of several detectors. Moreover, several lasers and source positions
can be multiplexed at high rate. Sequences of time-of-flight data can be recorded at a rate of 100 ms per curve. A single
TCSPC channel can be operated at a count rates of several 106 photons per second. Four TCSPC channels can be
operated in parallel in a single standard PC. With H5773-20 detectors, the instrument response functions remain stable
within 2 ps for recorded count rates as high as 4 x 106 photons per second. The technique appears suitable for static
brain imaging by a large number of detector channels and multiplexed source channels. Moreover, the fast sequential
recording capability makes the technique exceptionally useful for imaging haemodynamic effects in the brain. Other
potential applications are fluorescence detection in DOT, small-animal imaging, and combinations of DOT with fast
optical beam scanning.
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