A compact dual-channel system for time-domain NIR spectroscopy of muscle
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1. Introduction

In 1977, Jobsis demonstrated that it was possible to employ near-infrared (NIR) light to perform noninvasively
measure of blood and tissue oxygenation [1,2]. Initially, Near-Infrared Spectroscopy (NIRS) was utilized for
clinical investigation of cerebral oxygenation and hemodynamic response to a wide range of stimuli in the human
brain [3]. Later the interest was focused on the study of the oxidative metabolism in healthy and pathological
subjects [4]. Today commercial NIRS instruments working in continuous-wave and frequency-domain are on the
market, whereas time-domain NIRS systems are still in a laboratory stage. This approach is based on the use of
picosecond pulsed lasers, sensitive photodetection devices and fast acquisition electronics. With this method is
possible to discriminate the absorption and scattering coefficient, to quantify the hemodynamic parameters, and to
get information about depth-dependent attenuation even for a measurement with a single source-detector distance
[5]. For imaging studies were developed several multichannel time-resolved systems [6]. For other clinical
applications, for which is important to monitor the pathophysiological changes, it’s more suitable an instrument
with a limited number of channels, e.g. to clinical monitoring of tissue oxygenation during muscle rehabilitation [7]
and to monitoring patient during treatment. The use of a limited number of channels moreover reduces the size and
the cost of the instrument. We present the development of a compact two wavelengths and two channels time-
resolved NIRS system. The system is based on a novel approach consisting of space-multiplexing of the two
wavelengths in order to exploit the full temporal dynamic range of the acquisition boards, thus increasing the signal
to noise ratio and avoiding wavelengths cross-talk with respect to the typical approach based on time-multiplexing.

2. System description: materials and methods

Most of the Time-domain NIRS systems are typically based on time-correlated single-photon counting (TCSPC) to
acquire the distribution of photon time-of-flights (DTOF) [8]. They make use of the principle of time-multiplexing
of the wavelengths [6-9], according to which, the optical pulses at different wavelengths are delayed one respect to
the other by optical fibers of proper length (see Figure 1). Then, a fiber optic coupler [9,10] or a fiber optic splitter
[11,12] is used to time-multiplexing the laser pulses at the two wavelengths, that is to allow recording of the DTOF
within the same TCSPC sweep. Whit this configuration measurements can be performed simultaneously at the two
wavelengths, but problems of crosstalk between the pulses can arise, which might hamper the overall performance
of the system. A first source of crosstalk is the superposition in time of the DTOFs. To avoid pulse overlap, the
delay between wavelengths must be less than the inverse of the laser repetition rate. Nonlinearity in the time-to-
amplitude converter (TAC) might also reduce the available time-interval in the TCSPC apparatus. In case of large
source detector distance and/or low absorption coefficient the DTOFs are rather broad and this would result in
partial overlapping of DTOFs. Another source of crosstalk arises when the count rate is high and there are
significant changes in the count rate of one of the wavelengths. In this case, to minimize the crosstalk it’s necessary
to keep low the count rate with an overall reduction of performances.
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Fig. 1: Time-multiplexing of the wavelengths.
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Fig. 2: Space-multiplexing of the wavelengths.

To overcome these limitations, we have developed a novel approach based on space-multiplexing of the two
wavelengths (see Figure 2). By means of an optical 2X2 switch, the two wavelengths are injected alternatively in
the two channels. In order to exploit the full temporal and dynamic range of the acquisition boards, we acquire one
wavelength in each detection line and in each temporal window. In this way measurements are performed with two
independent but temporally parallel channels. Using this approach we obtain an increase of the signal-to-noise ratio
avoiding wavelength cross-talk with respect to the typical approach based on time-multiplexing of the wavelengths.
This method has only the disadvantage that the two wavelengths are not simultaneously measured in the same point.
This problem is overcame by using an elevated switching rate (>20 ms), so that hemodynamic changes during brain
activation or muscle work can be followed with acquisition times less than 1 s. In figure 3 the complete scheme of
our instrument is presented. As light sources are used a couple of pulsed diode lasers, operating at 690 nm and 829
nm, with 80 MHz repetition rate and 1 mW average power (PDL, Picoquant GmbH, Germany). During
measurements on biological tissue it’s necessary the use of variable attenuators to equalize the signal at the two
wavelengths or during acquisition of the instrument response function (IRF) to avoid damage of the detectors. The
laser heads are therefore connected to multimode graded index fibers (50/125 pum) by means of a custom-made
coupler which combines a neutral density attenuator (NT43-770, Edmund Optics GmbH, Germany), with variable
attenuation in the range 0-80 dB, and a standard FC fiber optics coupler. A stepper motor (440-436, RS
Components, Italy) is used to automatically control the variable attenuator. Before going into the sample, light
pulses, go through the optical 2X2 switch (LEONI Fiber Optics GmbH, Germany). After migration in the diffusive
medium the remitted photons are collected by two custom-made fiber optic bundles (Loptek Glasfasertechnick
GmbH, Germany), composed of plastic optical fibers with total dimension of 3 mm. Signals are attenuated, after the
bundle, by a system similar to the one in the acquisition section and coupled to the cooled photomultiplier tubes
(PMC-100, Becker&Hickl, Germany) with a proper optical system. The acquisition of time-resolved reflectance
curves is accomplished by 2 parallel and identical boards (SPC130, Becker&Hickl, Germany) for time-correlated
single photon counting (TCSPC), placed in a PCl-box (PCI-Cardbox 2F, IBP Instruments Gmbh, Germany)
interfaced with a laptop. Each board has two independent banks of memory, for speeding data transfer to PC
memory. A protocol for standardization of diffuse optical instrument performances, developed within the
framework of the European Thematic Network “Medphot” [13], was applied to determine linearity, accuracy, noise,
stability and reproducibility of the NIRS-TR set-up.
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Fig. 3: Scheme of the complete system. On the left: source block (PDL, external laser driver). On the right:
detection block (PMT: photomultiplier tubes, TCSPC: Time-Correlated Single Photon Counting boards).

3. In vivo experiments

We realized preliminary in vivo measurements to test the use of the system for tissue oximetry studies. We arranged
simultaneously one source and one detector on each arm, at a relative distance of 2 cm. The protocol consisted in 60
s baseline, 60 s task (venous occlusion on the left forearm muscle) and 120 s recovery with an acquisition time of



0.5 s. We are interested in the changes of the hemodynamics parameters (oxygenated hemoglobin: O2Hb,
deoxygenated hemoglobin: HHb, total hemoglobin: tHb = O2Hb+HHDb, tissue saturation: SO2 = O2Hb/tHb). As
expected, during the whole experiments no significant changes occur in the right arm (not occluded), while a
significant increase in HHb and in O2Hb hemoglobin is reported (figure 4). An increase of the tHb in the left arm
occurs during all the venous occlusion: new oxygenated blood can enter in the occluded part through arteries,
whereas the deoxygenated blood can’t go out througt the veins. SO2 have a slight decreasing.
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Fig. 4: Hemodynamic changes in the left (occluded) and right (not occluded) arm during venous occlusion.

4, Conclusion

We have designed, developed, and characterized a compact dual-wavelength dual-channel system for time-resolved
diffuse NIR spectroscopy. We have tested our instrument during preliminary in vivo measurements. Our perspective
is to use it to monitoring the oxygenation of muscle and brain in ill patients.
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