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Abstract

:

Optical techniques based on diffuse optics have been around for decades now and are making their way into the day-to-day medical applications. Even though the physics foundations of these techniques have been known for many years, practical implementation of these technique were hindered by technological limitations, mainly from the light sources and/or detection electronics. In the past 20 years, the developments of supercontinuum laser (SCL) enabled to unlock some of these limitations, enabling the development of system and methodologies relevant for medical use, notably in terms of spectral monitoring. In this review, we focus on the use of SCL in biomedical diffuse optics, from instrumentation and methods developments to their use for medical applications. A total of 95 publications were identified, from 1993 to 2021. We discuss the advantages of the SCL to cover a large spectral bandwidth with a high spectral power and fast switching against the disadvantages of cost, bulkiness, and long warm up times. Finally, we summarize the utility of using such light sources in the development and application of diffuse optics in biomedical sciences and clinical applications.
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1. Introduction


Non-invasive optical monitoring of the human physiology has been a great asset in the medical diagnosis over the last decades [1], and this field is still expanding as technological advances drives the development of new instruments for use in various medical applications [2]. One of the main techniques of optical monitoring of biological tissues is near-infrared spectroscopy (NIRS). It is based on the use of light between 650 and 900 nm, which is within the so-called “transparency window”. Within this light window, the optical absorption of biological tissue is at its lowest and light scattering is sufficiently high so the propagation of light in tissue is facilitated. Therefore, NIRS provides a way to gather information from deep into the tissue [3]. As one of the main absorbers in this window is the hemoglobin, in its oxygenated and deoxygenated forms (oxy- and deoxy-hemoglobin ([HbO2] and [HHb], respectively), NIRS has been broadly used to quantify the changes in oxygenation of various tissues like muscle and brain [4]. This ability to quantify oxygenation non-invasively, and in real time has helped NIRS to become a standard technique in the labs. However, a few pitfalls are still holding back its wide adoption at a clinical level. Indeed, most of the widespread techniques used for NIRS are based on the so-called continuous wave (CW) technique where the tissue is illuminated with a non-coherent light and the variation in light intensity is collected at the detector [5]. In this configuration, it is harder to estimate absolute quantities, as the underlying optical properties of the tissue (mainly absorption and scattering coefficient) cannot be measured, and the scattering properties are assumed to be fixed (i.e., in time and for every subject). Therefore, most of the CW-NIRS systems only quantify the changes in hemoglobin concentration. This can be a drawback for clinical use, as an absolute comparison between two patients cannot be done unless you involve a well-controlled physiological stimulus. The other drawback is that the measurement is often performed with only two wavelengths, the minimum necessary to retrieve two absorbing compounds [HbO2] and [HHb]. However, the contribution of other chromophores is either neglected (like collagen), or assumed and fixed, like water. This results in an increase in the physiological noise, which reduces the accuracy of the measurement.



These drawbacks have been tackled over the recent years, and some new techniques and instrumentation enabled researchers to work around these drawbacks. Firstly, one can use more advanced CW-NIRS techniques in order to extract absolute information about the tissue. We can cite the broadband NIRS that also has the capability to extract absolute information of tissue optical properties [6]. The added benefits of this technique are that, as it uses a large number of wavelength (typically more than a hundred), it can perform a true spectroscopic analysis, hence also gathering information about other chromophores like cytochromes, water, and fat [6]. This extra information enables having a complete optical view of the tissue under investigations. Moreover, on top of providing a more precise view of the oxygenation, the use of many wavelengths enables targeting novel optical contrasts, like the oxidative state of the cytochrome-c-oxidase (oxCCO) which is a biomarker of metabolism [7].



However, even though these improvements are promising, performing a true spectroscopic measurement on tissue using NIRS is still challenging. One of the main issues is the penetration depth of the light and the contamination of the tissues of interest by the upper layers (i.e., skin) [3]. Indeed, the tissues are often modelled as homogeneous for simplicity, even though this hypothesis is not true. Therefore, new methodologies are required to enhance the discrimination between different tissue types, thus improving the accuracy of the measurement.



It is well known that the time-domain NIRS (TD-NIRS) is the most advanced and accurate type of measurement, capable of retrieving absolute information and to discriminate between shallow and deep tissue [8]. Briefly, in TD-NIRS an ultra-short light impulse (typically in the picosecond range) illuminates the tissue. Tissue has the effect of attenuating and broadening the re-emitted pulse (the resulting pulse-width is typically few nanoseconds wide). The measured signal is typically called a temporal point spread function (TPSF) or distribution of time of flights (DTOFs) of photons. Indeed, what is measured here is the histogram of the arrival time of photons. Thus, the amount of information acquired by TD-NIRS systems outstrips the classical CW-NIRS, which only acquires the intensity. From these DTOF, various data processing methods can be employed to extract information about the tissue. It is out of the scope of this paper to detail these methods, but the interested reader can refer to the following reviews for a more in-depth description of TD-NIRS methodologies [9,10], and for a special focus on broadband TD-NIRS [11], which will be largely discussed in the present work.



The extraction of more accurate information with TD-NIRS comes at the cost of a more complex instrumentation, requiring pulsed-laser source (pulse in order of MHz) and fast electronic and sensitive detectors in order to be able to unlock single photon counting. Thus, even though TD-NIRS has been around for many decades now and has been developed in parallel to CW-NIRS, these more specific requirements have hindered its development. Nevertheless, much progress has been made over the last two decades, and TD-NIRS is closing the gap with CW-NIRS in terms of user’s adoption.



One of the key developments that has promoted the development of TD-NIRS is the supercontinuum laser (SCL) sources, which provide a white laser source, with a high power (several watts) and a very short pulse width (typical less than 10 ps) at several tens of MHz. Indeed, these characteristics are essential in order to develop reliable TD-NIRS systems, that started to be developed in the nineties. During these early days of development, no commercial pulsed laser diodes were available, and one had to rely on homemade SC generation or Ti-Sapphire lasers in order to be able to produce a coherence pulsed light with a spectral power density sufficient to be detected by the photon counting electronic. Therefore, SCL sources have been a true driver of TD-NIRS development in the early days, and have more recently unlocked new horizons like spectroscopy, which have broadened the fields of applications.



Finally, besides traditional sparse measurement of tissue properties with diffuse optics, Diffuse Optical Tomography (DOT) has also been rapidly expending in the past decades. This imaging technique is based on the acquisition of a large number of channels, coupled to a more refined data analysis, based on anatomically realistic models of tissue. This allows to reconstruct 3D spatial distribution of optical/physiological parameters of the tissues, rather than providing tissue information on a limited number of points. An extension of this technique is called fluorescence DOT, that uses extrinsic near-infrared fluorescent dyes which targets specific tissues to harvest extra information and enable molecular imaging. The interested reader can refer to reviews [12,13] for more information about these techniques. We will see that SCL sources have also a role to play in order to improve the performances of the DOT instruments.



In this work, we will review the use of SCL in the field of biomedical diffuse optics. Thus, we will begin by a short overview of the history and basic principle of supercontinuum generation. Then, we will review works that have been using SCL in biomedical diffuse optics, from the instrument development to the application. Finally, we will summarize and highlight the strength and weakness of SCL for these applications and show what areas can benefits from its use.




2. History and Basic Principles of Supercontinuum Lasers


Supercontinuum (SC) lasers are broadband, coherent light sources that are capable of combining the wide spectral range of conventional white lamps (including UV, visible and IR light) with the optical performances of single-mode lasers, in particular their high output intensity, the capability of fast, pulsed emission, and the fine collimation of the beam down to diffraction limit. Such characteristics make this type of photonic technology highly versatile for a number of applications, in particular in biomedical optics and biophotonics, thanks also to recent advancement towards making SC lasers more compact and affordable [14].



The physical process of optical SC generation was discovered and studied in the 60 s and 70 s with milestones publications by Alfano and Shapiro [15,16]. It is based on the propagation of extreme non-linear effects from a narrow-bandwidth pulsed laser beam in order to generate a broadening of the overall spectrum of the emitted light. These non-linear effects typically include self-phase modulation, four-wave mixing, Raman scattering, and solitons dynamics, among others [14,17]. The propagation of these effects is performed by dispersing the pulsed laser beam through a non-linear material. These can range from bulk materials, such as simple water cells, silicas, or gases (as in the earliest attempts of SC generation), to more advanced crystal-structured optical fibres [17,18].



Early SC lasers using bulk materials for non-linear propagation were limited in the efficiency of coupling the input laser light with these propagating material (coupling efficiencies stood at below 10%) and thus they were able to only achieve ranges of about 200–300 nm, with pulses duration in the order of tens of nanoseconds. Further developments in SC generation efficiency and coupling using optic fibres lead to enlarging the range up to 1–2 μm and increasing the pulse duration to the range of picoseconds (for commercial, compact lasers), or even femtoseconds (for research-grade, benchtop lasers) [18]. A critical turning point for modern SC lasers to achieve such high performances was the invention and application of photonic crystal fibres (PCF), a particular type of microstructured optic fibre (Figure 1).



PCFs, invented in 1996 [19], are currently the most used non-linear propagating materials for SC generation [17,18]. As the name suggests, this class of optic fibres is based on recreating the optical properties of crystalline structures, in particular their photonic bandgap effect, by combining various high and low refractive indexes in their inner structure. Such features can be achieved in different manners, which typically define the given category of PCFs [20]: (1) hollow-core PCFs present a central hole in their structures, filled with air; (2) holey PCFs are composed of a matrix of several air-filled holes in their cross-sections that is interspersed with the core material; (3) solid-core PCFs involves a solid core surrounded by a matrix of air-filled holes.



PCFs offer high coupling efficiencies and low power losses, thus allowing ultra-broadband, high-brightness SC generation at cost-effective access [17,21]. SC lasers based on PCFs used in biomedical optics applications can typically generate broad spectrum spanning from 350 to 2400 nm, generally showing a central sharp peak which is a residual of the original shape of the pulsed beam. An example of this is shown in Figure 1. Most commercial SC lasers show performances similar to pulsed laser diodes, with integrated output power up to tens of watts and the capability of generating pulses in the order of picoseconds and repetition rates of tens of MHz [22].



Finally, we can report that in the recent year, more companies are able to provide ready-to-use SC solution. A search from the website https://www.rp-photonics.com (accessed date: 1 November 2021), displays at least 4 companies manufacturing SCL: NKT photonics, who recently acquired the former UK company Fianium (www.nktphotonics.com, accessed date: 1 November 2021), LEUKOS (www.leukos-systems.com, accessed date: 1 November 2021), FYLA (www.fyla.com, accessed date: 1 November 2021) and YSL photonics (www.yslphotonics.com, accessed date: 1 November 2021). Figure 1 displays pictures of different SCL offered by these companies.




3. The Use of Supercontinuum Lasers in Biomedical Diffuse Optics


The focus of the present review was to evaluate the use of SCL in biomedical diffuse optics, from the systems and methodological developments to their medical applications. Therefore, papers were identified using PubMed, Scopus, and Web of Science, searching for a combination of keywords including (supercontinuum laser|white laser) and (diffuse optics|NIRS). Moreover, a manual search from articles’ references was performed and the personal reference library of the authors of the current papers has also been searched. Papers were rejected if no SCL was used in the method section of the reported work, if the application was not medically related, if they were reviews or if the method was not purely optical (i.e., no photoacoustic papers). A total of 95 publications covering a variety of focus were identified. We have identified 4 main categories of publications: system development (31 studies), optical properties estimation (16 studies), methodology (43 studies) and application (5 studies). Table 1 provides a summary of the main characteristics of the SCL used in the studies reported in this review, Figure 2 shows pictures of the instrumentation typically used, and Figure 3 presents typical output in terms of datatypes of such systems. Moreover, a summary of the studies included in this review is presented in Table 2 and includes the system used, the year, the category of the study and the target of the study. Finally, Figure 4 summarizes the main topics and characteristic of the systems used in the reviewed publications and shows the number of publications over the last 30 years that report the use of SCL in biomedical diffuse optics.



3.1. Novel Instrument Developement


The first paper reporting the use of a supercontinuum laser in biomedical diffuse optics was reported in the early nineties [29,30,31] by a group based at the Lund Laser Centre (LLC, Lund, Sweden). The femtosecond white light supercontinuum was generated by a Terawatt laser running at 10 Hz. The spectral decomposition was performed on the detection side, by coupling an imaging spectrometer and a streak camera, enabling to acquire parallelly the DTOF at all wavelengths. To improve the signal-to-noise ratio, the measurement had to be repeated for several laser shots, but the overall acquisition time was of just a few minutes, which is acceptable when no dynamic contrast is targeted. Using such a system, the very first in vivo absorption and scattering spectra of the female breast were acquired from 650 to 850 nm. This system was then updated in the early 2000s with a supercontinuum generation system based on a crystal fibre, which allowed to increase the optical power of the SCL generation [32].



Parallel to these initial developments, a team based at Politecnico di Milano (POLIMI) produced a system able to characterise tissue between 610 and 1050 nm [33]. The system was however not based on a supercontinuum laser generation but on two tuneable lasers for the source, and the detection scheme was based on time-correlated single-photon counting (TCSPC), enabling light detection down to the single photon, which drastically improves the sensitivity of the system. This increased sensitivity is of great advantage to reduce the acquisition time and improve the light collection in the region where water absorption is high (900–1050). However, handling two lasers drastically increases the complexity and bulkiness of the system. Nevertheless, with that system, that team was able to record the optical properties of absorption and scattering of various tissues in-vivo [34,35,36,37]. The availability of commercial SCL sources gave rise to a new version of that system, where the 2 lasers were replaced by a SCL source coupled with a prism for the spectral selection [38]. This new source allowed to make the system more compact and transportable making it more suitable for the clinic. Moreover, the detector was also replaced (previously photomultiplier (PMT)) by a Single-Photon Avalanche Diode (SPAD) which enable to increase the spectral coverage, allowing a measurement between 600 and 1000 nm. This system could be used to characterise the optical and physiological properties of the tissue of the female breast. Another version of that system was developed, combining the SCL with a Ti-Sapphire laser to expand the spectral coverage to 1100 nm [39]. The SCL was used to cover the 600–900 nm and the Ti-Sapphire was used between 900 and 1100 nm. Indeed, even though the SCL could cover the entire considered wavelength band, the spectral resolution provided by the couple SCL/dispersion prism was too low to provide accurate results, as the source bandwidth increased with wavelength from 3 nm at 600 nm to 10 nm at 900 nm, and to approximately 15 nm at 1100 nm with that solution. This instrument has indeed been used to demonstrate that the broadening of the spectral bandwidth effect could impair the results, as the spectral region within the bandpass that exhibits the lowest absorption will dominate, leading to significant underestimations of the absorption and distortions in the spectral shape [40]. The spectral quality of the acquired data being extremely important, having the narrowest bandwidth is a great advantage. To do so, using a SCL is thus a true advantage as it provides a high power across the entire spectra. However, the method used to filter the white light is very important. As it has been seen above, several techniques can be used, either filtering on the detection side with a spectrometer, or on the source side with a dispersive prism or using an acousto-optic tuneable filter (AOTF), as we will see in systems described below. The POLIMI team has compared the wavelength selection from a SCL with an AOTF and a prism. They have shown that one had to be careful when using AOTF, as they can produce side lobes in the selected bandpass, which can drastically impair the retrieval of the optical properties [41].



Nevertheless, the extension of the spectral coverage offered by this newly developed system was of particular interest, as several components, like lipid and collagen, have a distinct signature above 1000 nm. The LLC group also reported a similar system, based on a commercial SCL coupled with 2 AOTF and a detection scheme based on TCSPC with a coverage between 650 and 1400 nm [42]. The POLIMI group has then extended this work by focusing on the spectral window between 900 and 1700 nm, by using an InGaAs/InP SPAD as a detector [43,44,45]. Finally, they have produced a system able to cover the entire bandwidth from 600 to 1350 nm using a single SCL coupled with a prism for the wavelength selection, and 2 TCSPC cards couples with 2 detectors covering different bandwidth [23]. They managed to fix the issue of the spectral broadening induced by the prism by refining the optical chain. Additionally, this system was mounted on a 19-inch medical cart, making it easily used in a clinical environment. This system can be seen in Figure 2 and in an example of data in Figure 3. Moreover, by adjusting the detector used, the same instrument can be used to cover an even larger bandwidth, between 500 to 1700 nm [46].



With all these developments, POLIMI has been a major contributor to multispectral TD-NIRS and were able to characterize various tissue over a large bandwidth. They were able to characterize bones [47,48,49], thyroid tissues [50], adipose tissues [51], collagen [46,52], and elastin [53]. This groundwork was crucial in order to investigate the tissue composition of breast for example, which can help for diagnosis of cancerous tissue [54,55]. Finally, we can report that the latest reported system has also been used to monitor the thermal effect of Radio Frequency (RF) on tissues [56,57].



The previously reported systems were only composed of one channel, which can be a drawback when an image is required, like for performing mammography. Therefore, parallel to these developments, another system aimed at optical mammography was developed, based on a supercontinuum light generated in PCF and a 32-channel parallel detection [58]. This allowed to acquired image of the breast between 606 and 885 nm, and to extract hemoglobin, tissue saturation, lipid and water content, and scattering parameters of the tissue.



All the systems reported above were designed to collect spectral information about tissue, with a first application in breast cancer detection. Therefore, the acquisition time was not limited, and functional contrast was not explored. However, the potential of monitoring real time change in optical properties over a large bandwidth is quite appealing for various application, like brain monitoring [59]. Therefore, other systems were developed in order to achieve that goal. A system was developed at POLIMI based on a supercontinuum source generated in a PCF by a self-locking mode-locked Ti:Sapphire oscillator and a detection scheme based on an imaging spectrometer coupled to a 16-channel multianode PMT connected to a TCSPC board [60]. The fact that all the 16 wavelengths were captured at once enabled a fast acquisition and permitted to track dynamic variations in absorption and scattering spectra following hemodynamic changes [61]. The limitation of the detections scheme constraint the bandwidth of this system between 520 and 850 nm.



A similar approach was taken by a group based in Poland [62,63]. The system was based on a commercial SCL for the source, coupled to a 16-channel multianode PMT connected to a TCSPC board for the detection part. This system was used to follow a contrast agent (Indocyanine green (ICG)), which allows to estimate the cerebral blood perfusion. The same system can be used without ICG to monitor the intrinsic optical contrast [64]. Similarly, the author and colleagues used a TD-NIRS system based on a SCL filtered at 808 nm and on a detection scheme based on a single channel TCSPC to follow ICG bolus [65]. The novelty of this study was the fact that the TD-NIRS was coupled with a diffuse correlation spectroscopy system (DCS) [66]. The coupling of these two techniques allowed to retrieve absolute cerebral blood flow measurement in patients in the intensive care unit, showing that these systems could be used in a particularly difficult clinical environment. Moreover, the possibility to also measure blood perfusion is of great interest and might help in the adoption of the technique in the clinic.



Another potential detection scheme in order to collect parallel data is to use an Intensified CCD (ICCD) camera. Selb and collaborators used a commercial SCL combined with a ICCD camera to perform functional brain imaging with 2 wavelengths at a frequency of 3 Hz [67]. This system was an upgrade of a previously developed instrument based on pulsed Ti:Sapphire laser [68]. This source was tuneable but the switching time between wavelength was too slow to enable dual-wavelength functional imaging. Therefore, the authors report that the use of SCL unlocked this possibility with their detection scheme.



Similarly, Lange and collaborators described a TD-NIRS system developed to measure the human brain tissue physiology [69,70]. This system was based on commercial SCL for the emission and on an ICCD camera coupled with an imaging spectrometer in order to perform the spectral decomposition. This system allowed to retrieve the typical hemodynamic response, and preliminary results on the detection of oxCCO were also performed. The ability to retrieve oxCCO is exiting for brain applications, as it has been shown that this contrast can be more specific than the oxygenation, and that it can be an early biomarker of neonatal encephalopathy for example [7]. This possibility has been explored by the UCL team by developing a 4-channel 16 wavelengths TD-NIRS system in order to monitor both the oxygenation and oxCCO signal [24,71]. This system was based on time multiplexing, with a TCSPC detection scheme, but the fast-switching capabilities of the SCL coupled with AOTF allowed the acquisition of all the 16 wavelengths in less than 2 s. This system has also been used to evaluate the long-term reproducibility of the evaluation of cerebral tissue saturation in healthy adults with good reproducibility [72]. This system can be seen in Figure 2, and in an example of data in Figure 3.



Another approach that has been used using SCL sources is the development of non-contact systems. This can present several advantages to avoid issues attributed to sensor-tissue contact like skin compression and to obtain a reduction in measurement preparation time. A team at the Physikalisch-Technische Bundesanstalt (PTB) has developed a non-contact TD-NIRS system based on a commercial SCL and fast-gated SPAD to explore the human brain physiology [73,74,75,76]. At the time, the authors reported that the use of SCL permitted a shorter pulse width (<100 ps), an achievable output power considerably larger than picosecond diode lasers, and the possibility to quickly switch between two different wavelengths (i.e., on the µs to ms time scale). Moreover, the use of the SPAD in that system enables to reject the burst of early photons, which can improve the spatial resolution of the system at very short detector distances [77]. This process had been previously demonstrated by the POLIMI team that had develop a single channel TD-NIRS system based on SCL and a fast gated SPAD detector [78]. The POLIMI team has also worked on the modelling of the parameters of such detection schemes, in order to optimise their design [79].



The non-contact scheme is also very useful for pre-clinical applications. Indeed, several systems, based on SCL for the source, aiming at collecting physiological information of small animals, have been proposed. In the early 2000s, a system based on a home-made SC generation associated with an imaging spectrometer coupled with a streak camera was developed and used to monitor the cerebral hemodynamic of songbirds [80,81]. More recently, the UCL team have developed a system aiming at investigating both the cerebral hemodynamic and metabolic response (via oxCCO) of the exposed cortex of rodents [25]. In this work, a commercial SCL was used in combination with a dispersive prism, for the emission, and a sCMOS camera, as a detector, to record 11 images (11 wavelengths) of the exposed cortex in less than 0.3 s/wavelength. Here the recording was not time resolved, but the power of the laser and the ability to quickly switch between the wavelength had dictated the choice of this source. This system can be seen in Figure 2 and an example of data in Figure 3. Another approach can be to use spatial frequency domain imaging (SFDI), a wide-field, noncontact, model-based technique that can quantitatively assess absorption and scattering, on a pixel-by-pixel basis by calculating the modulation transfer function of structured light projected onto the tissue. This technique can be hyperspectral if a proper source is used. However, the system developed thus far was based on conventional broadband sources coupled with tunable filters, which limited their acquisition speed and spectral resolution. Torabzadeh and colleagues [82] applied this technique using the principles of the single-pixel compressive sensing. They used a commercial SCL coupled with a dispersive prism to achieve a final bandwidth 1000 spectral bands between 580 and 950 nm, which was larger than the previously developed systems. With this system, the authors were able to characterize the optical properties of a beef sample ex-vivo in 2D, and extract physiological information (i.e., hemoglobin content and fat and water content). The authors noted that the wavelength selection technique used was still slow (i.e., 150 s of acquisition time for a 4 cm × 6 cm), but that switching to an AOTF solution could greatly improve this speed. Using the same principle of the single-pixel compressive sensing, Farina and colleagues reported a TD-DOT instrument based on time-resolved single pixel camera [83]. Their approach was based on a SCL source filtered at 620 nm coupled with a digital micromirror device (DMD) to generate the spatial pattern. The time domain acquisition was based on TCSPC. Pian and colleagues used a similar approach but expended it to a broadband illumination and detection [84]. The authors reported that their system, aimed at fluorescence molecular tomography, benefitted for the commercial SCL source to perform hyperspectral excitation of the sample which offers a spectral information boost within the same data acquisition time compared to single wavelength excitation situations.



Another work aiming at improving the spatial resolution of TD-DOT was to investigate the effect of only considering early photons, which undergo fewer scattering events [85]. In this work, this approach has been tested using a commercial SCL together with a bandpass filter at 670 nm. It worth noting that the commercial version of this laser was modified by the manufacturer so that it had a shortened fibre compared to standard models, which reduced the pulse width to approximately 300 ps. This is important as the benefit of the gating of the early photons is highly dependent on the instrument response function (IRF) of the system. The authors reported that with this technique, and this instrument, a 64 to 84% image resolution could be achieved, which could be a great benefit for preclinical imaging with diffuse optics.



Novel algorithms can also be used in combination to TD-DOT instruments to recovers 3D images of the optical properties and physiological parameters. A team in Grenoble has explored the use of the Mellin-Laplace transform to reconstruct 3D images of the chromophores inside phantoms and for the non-invasive assessment of flap viability in rats’ models. There instrumentation was based on commercial SCL, coupled with either an AOTF or an interferential filter, for the source and a TCPSC scheme for the detection [86,87].



TD-DOT has also been explored in humans, in order to reconstruct 2D or 3D maps of the optical properties and hemodynamic parameters. To this end, the UCL team had design MONSTIR II to perform tomographic brain imaging [28]. This system is based on a commercial SCL with an AOTF filtering and has 32 channels based on TCSPC. It was successfully used to scan healthy and ill infants in a clinical environment [88,89], an example of data produced by this system is provided in Figure 3. More recently, a new TD-DOT system based on a commercial SCL filtered by an AOTF, and a 32 × 32-pixel SPAD camera, has been developed by a team at the Biomedical Optics Research Laboratory at the University of Zurich [26,27,90]. This system operates at 2 wavelengths and at 11 sources points, which can be scanned in about 3 s. It is a big step forward compared to previously developed system, especially considering its size, as it is handheld. A picture of this instrument is reported in Figure 2.



Finally, all the instrument mentioned above were mostly based on the TD technique, or traditional white light illumination. We can note that we found one frequency domain (FD) system, that is based a commercial SCL to collect our system collects FD data at 170 wavelengths from 680 to 850 nm and allows to accurately measure absorption and scattering information about the tissue [91].




3.2. Methodology


We have seen that the SCL has been used to develop several systems, mainly aiming at characterising the optical properties of tissues over a large bandwidth or to non-invasively follow the oxygenation and/or metabolic changes both in humans and in preclinical models. Both of these capacities are extremely appealing for clinical applications. However, the transition to the clinical application of system based on SCL and more generally TD-NIRS/DOT is still happening at a slow pace. One of the reasons of the slow adoption of optical techniques is the lack of standards in the community. Indeed, standardisation is key in order to test all the systems on the same ground, and reenforce the trustworthiness of the technique. In the recent years, standardisation have been a main goal of the NIRS community, and several protocols have been developed in order to compare and test the capabilities of NIRS systems. The main produced protocols were the MEDPHOT [92], BIP [93], and nEUROpt [94]. It is out of the scope of this paper to describe these protocols in detail, but the cornerstones of all of these are to produce standard phantoms, well characterized spectrally in terms of absorption and scattering coefficients, in order to be able to quantitatively compare different systems or methods. In this matter, SCL based systems were extensively used to characterize the material used to produce these phantoms and the actual final phantoms used as standard. These optical phantoms can either be solid (easier to store and stable over a long period of time) or liquid (easier to precisely tune the optical properties of the solution and to adjust it dynamically). For the liquid phantoms, the core principle is to use a fatty solution to control the scattering coefficient of the solution, and ink to control their absorption properties. Several recipes have been tested, like using Agar and Triton [95], but the most common recipe to date is to use a combination of water, intralipid and Indian ink. This choice has arisen after a careful characterization of both intralipid and Indian ink, principally with instrument based on SCL [96,97,98,99,100]. We can note that for the precise optical characterisation of liquid, techniques based on integrating sphere are often used. However, this methodology cannot be applied for large solid phantoms. In this matter, TD-NIRS has proved a good methodology to accurately estimates the optical properties. For example, in 2010, Bouchard and colleagues used a TD-NIRS setup based on a SCL source filtered at 610 nm in order to estimate the optical properties of phantom with an absolute error estimates of 0.01 cm−1 (11.3%) and 0.67 cm−1 (6.8%) for the absorption coefficient and reduced scattering coefficient, respectively [101].



On top of designing phantom able to mimic the background optical properties of tissues, some methods have emerged to mimic a perturbation of the absorption coefficient within a homogeneous medium. To that end, one can either use a liquid phantom for the homogeneous medium, and a small black PVC target for the perturbation. A protocol has been designed and it is possible to precisely set the absorption perturbation value based on the size of the black PVC inclusion [94]. This protocol has been validated with Monte Carlo simulations and in-situ using a system based on SCL [102]. A similar phantom based on a completely solid phantom, with a movable solid rod, has also been designed and characterised [103]. Lastly, some phantoms have also been characterized in order to be a tool to evaluate quantitatively the responsivity of NIRS systems [104].



Finally, we can also mention new approaches based on digital phantoms. Basically, rather than physically simulating the process of light propagation in tissue, the digital phantom provides the detector with light signals mimicking the signals obtained in-vivo. Such systems based on an integrating sphere and several light sources, including a commercial SCL, have been proposed to spectrally characterise and calibration optical systems [105]. More recently, a digital phantom has been developed to mimic TD-NIRS signal acquisition, and the authors used various sources and detectors in order to test this approach, including a SCL [106]. One other important component to optically characterize is the optode holders used to secure the optical fibres to the patient. In a recent study, Amendola and colleagues used a system previously developed to evaluate the optical properties of fruit [107] (based on a commercial SCL and a filter wheel to select 14 spectral band in the range 550 to 940 nm) to spectrally characterised poly lactic acid (PLA), a material used for 3D printing [108]. As 3D printing is more and more common in order to produce probe holders, it is important to optically characterise the material used in order to avoid any unwanted effects on the measurement provoked by light interaction with the material. In that study, the authors concluded that the different material tested were not optically the same, and that characterisation was important before their use.



The development of all these phantoms has provided a good framework for the developers to compare their systems and methods in order to provide robust clinical information. Regarding the instrumentation, a lot of effort are currently being made in order to improve the detection scheme of TD-NIRS. To that end, SCL have been a source of choice to test new detectors like the promising fast silicon photomultiplier (SiPM) which drastically improve light harvesting compared to the old PMTs [109,110,111]. SCL based systems have also been used to characterise novel bio-compatible fibres that can be implanted in the patient with potential use in the monitoring of the evolution of the physiology after a surgical intervention or in photodynamic therapy (PDT) [112,113].



Regarding the methodology, several new data processing techniques have been explored and tested in conjunction with SCL. Indeed, system based on SCL can collect multidimensional data that can be coupled together in order to improve the accuracy of the data, reduce the noise or explore new contrast. One of the first work regarding this matter dates from 2006, where D’Andrea and colleagues, showed that one could increase the robustness of the determination of the chromophore’s concentrations in tissues (hemoglobin, water, lipid) by using a spectral constraint during the fitting procedure [114]. This showed the strength of using the spectral dimension coupled with the DTOF, which is accessible when using SCL. This method has also been used to monitor absorption changes in a layered diffusive medium [115], which is relevant in the monitoring of brain activation for example. Similar approaches were explored in the same group in order to accurately monitor the spectral changes in absorption coefficients of turbid media [116].



One can also use the spatial dimension in order to enhance the amount of information recorded, by recording data from multiple source-detector distances. This approach has been recently tested and it has been shown that coupling the spatial dimension with the DTOF could increase the accuracy of the estimation of the optical properties [117,118,119]. Another interesting use of the spatial dimension is the self-calibrating method for TD-NIRS, which uses the spatial dimension in order to avoid the measurement of the IRF, that is needed to remove the effect of the instrument from the response of the tissue [120]. The characterisation of the IRF necessitates an extra step that can be a burden in a clinical environment. Therefore, this method could facilitate the use of TD-NIRS in the clinic. Finally, we can also report that an approach combining the spatial and spectral dimension proved to also improve the accuracy of the results of CW-NIRS. This has been tested recently, especially with blood phantoms and compared to the results of a TD-NIRS instrument based on a SCL source [121].



The large amount of data collected by TD-NIRS also enables different data processing scheme to extract the relevant information. Therefore, there is a need to properly compare all the available methods in order to evaluate their strength and weaknesses. This work has recently been undertaken in order to compare the moment and time windowing techniques [122,123]. Having a deep understanding of all the data processing method is also crucial so the proper technique can be used depending on the application.



Several multi-centre initiatives have recently promoted this standardisation effort to compare instruments and algorithms. To that end, partners from the BitMap network (http://www.bitmap-itn.eu/, accessed date: 1 February 2021) have started comparing instruments from different institutions all over Europe, by using the same sets of solid phantoms from the 3 main protocols [124,125]. Moreover, several centres in Europe have used their instruments (several based on SCL) on 9 subjects, to study the inter-subject variability of the optical properties of the human head measured by several instruments [126]. They could show that the inter-subject variability was significant, with a big effect of the technique used (either CW or TD) because of their different depth sensitivity, which in turn affects the averaged optical properties retrieved. Therefore, it is evident that all the efforts to precisely characterized instruments and methods will have a huge impact on the precision of the optical measurement of tissue parameters.



Finally, the use of SCL can help to explore new avenues in diffuse optics. The main one is to go above the “therapeutical window” in the second (1100 nm to 1350 nm) and the third (1600 to 1870 nm) near-infrared optical window. On top of the previously reported works that expand the bandwidth of TD-NIRS systems up to 1700 nm, Sordillo and colleagues reported the use of a commercial SCL source, filtered with a bandpass and long pass filters to target the second and third NIR windows, coupled with an IR-CCD camera, to acquire transmission images of 3 targets embedded in chicken tissue of various thickness [127]. They were able to distinguish the targets up to a depth of 10 mm, which was not possible when using the same setup but with a traditional lamp source. These results are promising in order to implement transmission measurement, especially for preclinical imaging.



As we have seen previously, the use of these long NIR wavelength is useful to resolve more chromophores like collagen. It is also promising to resolve glucose, which could be a true benefit for several clinical applications like monitoring diabetes [128], or monitoring brain injuries [129] or neonatal encephalopathy [130]. Once again, in this wavelength range, the power delivered by SCL has proved efficient to monitor the glucose contrast in the NIR [131,132].



Finally, a tentative to non-invasively probe the lungs with a TD-NIRS system based on SCL source was reported [133]. The measurements were performed on three subjects, and spectra from 600 to 1100 nm could be acquired. Here, the depth sensitivity of a TD-NIRS is essential and this application shows that instruments based on that technology could be used to non-invasively probes tissues previously thought out of reach.
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Table 2. Table of the literature review of the use of SC lasers in biomedical diffuse optics. The system used in each study are described more in detail in Table 1 and referred to as “system ID”. µa: absorption coefficient, µ’s: reduced scattering coefficient.
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	Publication
	Year
	System ID
	Category of Study
	Target of Study
	Reported Quantities





	S. Andersson-Engels et al. [29]
	1993
	1
	System development
	Multispectral tissue characterisation
	µa



	af Klinteberg et al. [30]
	1995
	1
	Optical properties estimation
	Breast tissue examination
	µa, µ’s



	Bassi et al. [60]
	2004
	2
	System development
	Phantoms and in vivo validation measurements
	µa, µ´s



	Abrahamsson et al. [32]
	2004
	3
	System development
	Sample characterisation
	µa, µ´s



	Swartling et al. [61]
	2005
	3
	System development
	Phantoms and in vivo validation measurements
	µa, µ´s, [HbT], StO2



	Ramstein et al. [81]
	2005
	4
	System development
	Optical properties in vivo monitoring of songbird brain
	µa, µ´s



	D’Andrea et al. [114]
	2006
	2
	Methodology
	Validation of spectral fitting analysis
	µa, µ´s, H2O, Water Content Lipid Content, [HbO2], [HHb], [HbT], StO2



	Bassi et al. [58]
	2006
	2
	System development
	Optical mammography
	µa, µ´s, H2O, Lipid Content, [HbT], StO2



	Bassi et al. [38]
	2007
	6
	System development
	Phantoms and in vivo breast validation
	µa, µ´s, H2O, Lipid Content, [HbO2], [HHb], [HbT], StO2



	Vignal et al. [134]
	2008
	4
	Application
	In vivo measurement of brain hemodynamic changes in songbird
	[HbO2], [HHb], [HbT]



	Farina et al. [40]
	2009
	6
	Methodology
	Study and correction of bandpass effects in TD spectroscopy
	µa



	Taroni et al. [39]
	2009
	6
	System development
	In vivo measurements of breast tissue
	µa, µ´s, Water Content, Lipid Content, Collagen Content, [HbT], StO2



	Svensson et al. [42]
	2009
	7
	System development
	Validation on phantoms
	µa, µ´s



	Valim et al. [85]
	2010
	8
	Methodology
	Study of PDSF in phantoms
	Photon density sensitivity function (PDSF)



	Bouchard et al. [101]
	2010
	9
	Methodology
	Characterisation of tissue-mimicking phantoms
	n, g, µa, µ´s



	Pifferi et al. [116]
	2010
	15
	Methodology
	Data processing
	Δµa



	Taroni et al. [52]
	2010
	15
	Optical properties estimation
	Characterisation of collagen optical properties
	µa, µ´s



	Giusto et al. [115]
	2010
	2
	Methodology
	Data Processing
	µa, µ´s, [HbO2], [HHb]



	Dalla Mora et al. [78]
	2010
	6
	Methodology
	Electronic development
	µa, µ´s



	Mottin et al. [80]
	2011
	4
	Application
	In vivo study of brain oxygen uncoupling/recoupling in songbirds
	[HbO2], [HHb]



	Mazurenka et al. [73]
	2011
	10
	System development
	Non-contact TD-NIRS
	Contrast



	Arnesano et al. [91]
	2012
	11
	System development
	FD spectroscopy for tissue imaging
	µa, µ´s



	Spinelli et al. [97]
	2012
	Multiple systems
	Optical properties estimation
	Characterisation of liquid phantoms
	Intrinsic absorption coefficient, Intrinsic reduced scattering coefficient



	Bargigia et al. [44]
	2012
	13
	System development
	Characterisation on lipids
	µa, µ´s



	Gerega et al. [63]
	2012
	12
	Methodology
	TD-NIRS with ICG
	Fluorescence of ICG



	Bargigia et al. [43]
	2012
	15
	System development
	Bandwidth up to 1700 nm
	µa, µ´s



	Xu et al. [105]
	2012
	Laser not specified
	Methodology
	Digital phantom
	StO2



	Wang et al. [96]
	2012
	16
	System development
	Liquid optical phantom characterisation in the second and third optical window
	g, µa, µ´s



	Selb et al. [67]
	2013
	14
	System development
	Functional brain imaging
	Δ[HbO2], Δ[HHb]



	Bargigia et al. [45]
	2013
	13
	System development
	In vivo measurements of forearm and breast
	Water Content, Lipid Content, Collagen Content



	Farina et al. [41]
	2013
	6
	Methodology
	Comparison of approaches for spectral selection
	µa, µ´s



	Mazurenka et al. [75]
	2013
	26
	System development
	Non-contact system
	Δ[HbO2], Δ[HHb]



	Wabnitz et al. [135]
	2013
	Multiple instruments
	Methodology
	multi-laboratory study to assess the performance of time-domain optical brain imagers
	µa, µ´s



	Quarto et al. [95]
	2013
	15
	Methodology
	Phantom characterisation
	µa, µ´s



	Aernouts et al. [98]
	2013
	16
	Optical properties estimation
	Phantom characterisation
	g, µa, µ´s



	Quarto et al. [133]
	2013
	15
	Methodology
	In vivo optical diagnostics of lung conditions and diseases
	µa, µ´s



	Aernouts et al. [99]
	2014
	16
	Optical properties estimation
	Phantom characterisation
	g, µa, µ´s



	Spinelli et al. [100]
	2014
	6
	Optical properties estimation
	Phantom characterisation
	µa, µ´s



	Cooper et al. [28]
	2014
	17
	System development
	Brain TD-DOT
	µa, µ´s



	Farina et al. [126]
	2014
	Multiple instruments
	Optical properties estimation
	Brain Tissue characterisation
	µa, µ´s



	Wabnitz et al. [93]
	2014
	17
	Methodology
	Instrumental performance protocol
	Instrument parameters



	Wabnitz et al. [94]
	2014
	17
	Methodology
	Instrumental performance protocol
	Instrument parameters, µa



	Martelli et al. [102]
	2014
	18
	Methodology
	Phantom characterization
	µa, µ´s



	Taroni et al. [55]
	2015
	6
	Optical properties estimation
	In vivo quantification of collagen in breast tissue
	Water Content, Lipid Content, Collagen Content, Collagen index, [HbT], StO2



	Lange et al. [70]
	2015
	19
	System development
	Functional brain monitoring
	Δ[HbO2], Δ[HHb], Δ[oxCCO]



	Farina et al. [83]
	2015
	20
	System development
	TD-DOT/FMT
	Fluorescence



	Contini et al. [79]
	2015
	21
	Methodology
	Time-gated measurements on tissue phantoms
	Contrast



	Della Mora et al. [109]
	2015
	22
	Methodology
	Testing of a SiPM
	µa, µ´s



	Pifferi et al. [103]
	2015
	15
	Methodology
	Phantom characterisation
	µa, µ´s



	Martinenghi et al. [110]
	2015
	15
	Methodology
	Characterisation of SiPM detectors
	Instrument parameters



	Dempsey et al. [88]
	2015
	17
	Methodology
	Whole-head TD-DOT in neonates
	µa, µ´s



	Sordillo et al. [127]
	2015
	23
	Methodology
	Deep-tissue, optical properties monitoring
	µt



	Konugolu Venkata Sekar et al. [47]
	2015
	24
	Optical properties estimation
	In vivo measurement of optical properties of bone
	µa, µ´s, Water Content, Lipid Content, Collagen Content, [HbO2], [HHb], [HbT], StO2



	Konugolu Venkata Sekar et al. [23]
	2016
	24
	Optical properties estimation
	In vivo human tissues measurements
	µa, µ´s, H2O, Lipid, Collagen, [HbO2], [HHb], [HbT], StO2



	Di Sieno et al. [76]
	2016
	25
	System development
	Validation on phantoms
	Instrument parameters



	Wabnitz et al. [104]
	2016
	26
	Optical properties estimation
	Phantoms characterisation
	µa, µ´s



	Konugolu Venkata Sekar et al. [49]
	2016
	24
	Optical properties estimation
	In vivo measurement of optical properties of bone
	µa, µ´s, Water Content, Lipid Content, Collagen Content, [HbO2], [HHb], StO2



	Konugolu Venkata Sekar et al. [48]
	2016
	24
	Optical properties estimation
	In vivo measurement of optical properties of bone
	µa, µ´s, Water Content, Lipid Content, Collagen Content, [HbO2], [HHb], [HbT], StO2



	Martinenghi et al. [111]
	2016
	13
	Methodology
	Characterisation of SiPM detectors
	Instrument parameters



	Di Sieno et al. [87]
	2016
	27
	System development
	In vivo assessment of flap viability
	[HbO2], [HHb]



	Zouaoui et al. [86]
	2017
	22
	Methodology
	Validation of chromophore decomposition algorithm
	Dyes content



	Konugolu Venkata Sekar et al. [46]
	2017
	24
	Optical properties estimation
	In vivo measurement of optical properties of collagen
	µa Collagen



	Wabnitz et al.[74]
	2017
	27
	Methodology
	Non-contact TD brain imaging
	Intensity Contrast



	Di Sieno et al. [112]
	2017
	24
	Methodology
	Characterisation of bioresorbable fibres
	µa, µ´s



	Konugolu Venkata Sekar et al. [53]
	2017
	24
	Optical properties estimation
	In vivo measurement of optical properties of elastin
	µa and µ´s Elastin



	Jiang et al. [90]
	2017
	39
	Methodology
	Data Processing—GPU
	µa, µ´s



	Konugolu Venkata Sekar et al. [50]
	2018
	24
	Optical properties estimation
	In vivo chromophore characterisation of thyroid
	µa, µ´s



	Lange et al. [69]
	2018
	19
	System development
	In vivo monitoring of brain physiological changes in humans
	Δ[HbO2], Δ[HHb]



	Pian et al. [84]
	2018
	29
	System development
	Validation on phantoms
	µa



	Gerega et al. [62]
	2018
	30
	Application
	assessment of intracerebral and extracerebral absorption changes
	Δ[ICG]



	He et al. [65]
	2018
	31
	Application
	continuous monitoring of absolute cerebral blood flow (CBF) in adult human patients
	CBF



	Della Mora et al. [113]
	2018
	15
	Methodology
	bioresorbable optical fibers
	Contrast, µa, µ´s



	Laura Dempsey [89]
	2018
	17
	System development
	Brain TD-DOT
	[HbO2], [HHb]



	Liu et al. [131]
	2018
	28
	Methodology
	Glucose monitoring
	[Glucose]



	Wabnitz et al. [106]
	2019
	32
	Methodology
	Validation of digital phantom
	Phantom parameters and basic responses of the instrument to it



	Fuglerud et al. [132]
	2019
	33
	Methodology
	Glucose sensing in blood
	[Glucose]



	Torabzadeh et al. [82]
	2019
	34
	System development
	Spatial FD HIS on ex vivo beef sample
	µa, µ´s, Water Content, lipid Content, [HbO2], [HHb], [MHb]



	Lange et al. [24]
	2019
	35
	System development
	Validation on phantoms
	µa, µ´s, [HbO2], [HHb], [oxCCO]



	Ferocino et al. [54]
	2019
	24
	Methodology
	Validation on phantoms of TD-NIRs reconstruction algorithm
	µa, µ´s



	Lange et al. [72]
	2019
	35
	Application
	Reproducibility analysis of cerebral oxygenation measured with TD-NIRS
	[HbO2], [HHb], StO2



	Yang et al. [118]
	2019
	36
	Methodology
	Validation on phantoms of a multivariate TD-SD algorithm
	µa, µ´s



	Yang et al. [117]
	2019
	36
	Methodology
	Validation on phantoms of a multivariate TD-SD algorithm
	µa, µ´s



	Ferocino et al. [136]
	2019
	24
	Methodology
	Validation on meat samples of TD-NIRs reconstruction algorithm
	[HbO2]



	Wojtkiewicz et al. [120]
	2019
	30
	Methodology
	Validation on phantoms and in vivo of a self-calibrating TD algorithm
	µa, µ´s, [HbO2], [HHb]



	Sudakou et al. [64]
	2019
	30
	System development
	Multi wavelength TD-NIRS system for brain monitoring
	[HbO2], [HHb], [HbT]



	Wabnitz et al. [122]
	2020
	17
	Methodology
	Depth-selective analysis in TD optical brain imaging
	µa, µ´s



	Lanka et al. [51]
	2020
	24
	Optical properties estimation
	In vivo measurement of optical properties of adipose tissue
	µa, µ´s, Water Content, Lipid Content, Collagen Content, [HbO2], [HHb], [HbT], StO2



	Sudakou et al. [123]
	2020
	37
	Methodology
	Performance of measurands in TD optical brain imaging
	µa, µ´s



	Yang et al. [119]
	2020
	32
	Methodology
	Space-enhanced TD diffuse optics in two-layered structures
	µa, µ´s



	Lanka et al. [56]
	2020
	24
	Methodology
	Monitoring of thermal treatment in biological tissues
	µa, µ´s



	Amendola et al. [108]
	2020
	24
	Methodology
	Effect of the 3d printed material on raw data
	Photon Counts



	Jiang et al. [26]
	2020
	39
	System development
	Novel TD-NIRS system based on SPAD camera
	µa, µ´s



	Jiang et al. [27]
	2020
	39
	Methodology
	Image reconstruction for TD-NIRS system based on SPAD system
	µa



	Kovacsova et al. [121]
	2021
	35
	Methodology
	Validation of broadband oximetry algorithm
	µa, µ´s, StO2



	Giannoni et al. [25]
	2021
	38
	System development
	HSI of in vivo hemoglobin and CCO in the exposed cortex of mice
	Δ[HbO2], Δ[HHb], Δ[oxCCO]










4. Discussion


We have summarized the use of SCL sources in biomedical diffuse optics. Historically, these sources were allowed to develop TD-NIRS system as they could deliver a pulsed coherent light at several MHz with narrow pulse width in order to reduce the IRF [137], and high power, of several mW/Wavelength, which were characteristically difficult to achieve in the early 1990s. Moreover, the development of commercially available compact SCL in the 2000s also helped the development of the use of these sources, and we have reported that more companies (see Figure 1) are now able to provide such sources.



The main advantage of these sources is that they make it easier to explore more wavelength, enabling a multispectral or even broadband or hyperspectral measurement. Several measurement strategies can be implemented in order to do so. The first one is to use the white light as a source and achieve the spectral unmixing at the detection stage. The first available option to do so was to use an imaging spectrometer coupled with a streak camera, which achieve very high temporal resolution (in terms of arrival time of photons). However, this solution was bulky, and the sensitivity of these camera was low compared to the newest detection technologies. The same method can be used by either coupling the spectrometer with an ICCD camera, or a 16-channel TCSPC. This approach of performing the spectral unmixing on the detection can achieve faster measurement since no spectral switching mechanism is employed. However, the resolution of these approaches, either spectrally or temporally, can be limited. For example, typical ICCD cameras have a gate width of 200 ps, which limits the temporal resolution of the DTOF. On the other end, the 16-channel TCSPC system used by Sudakou and colleagues [64] allows spectral bands of 12.5 nm, limiting the spectral resolution. The other option to perform the spectral unmixing is to do a sequential acquisition, by filtering the white light on the source side. To do so, two main approach are used, (1) using an AOTF, with the ability of fast switching (few microseconds) but with a potential degradation of the spectral response (i.e., side lobs), and (2), using a dispersing prism which can be mounted on a rotating axis, which can achieve better spectral performances but at the cost of a slower switching time. Therefore, the choice of the instrumentation depends on the end application, and trade-off needs to be made between spectral quality and acquisition speed. Whatever the requirement, we have seen that SCL can be used and coupled with various type of instrumentation in order to accommodate to the requirements of the applications.



From an application point of view, the ability to monitor a large number of several wavelengths has several advantages. First of all, it enables to provides a true spectroscopic analysis, both in terms of absorption and scattering. This is extremely appealing for cancer application, where this type of “optical biopsy”, enables to distinguish between healthy and cancerous tissue. This type of application has been extensively used in breast cancer [138,139], and more recently, thyroid applications [50,140]. In this type of application, where the spectral quality is the most important criteria, the second instrumental approach, based on spectral unmixing with a dispersing prism, was used. Secondly, the first instrumental approach, based on spectral unmixing at the detection stage, or the second instrumental approach using ATOF, give the possibility to acquire several wavelengths, either parallelly, or with a fast switching, in a time scale compatible with functional imaging. With these approaches, several authors have explicitly noted that the adoption of SCL enabled them to design or update existing systems, in order to retrieve dynamic physiological information [67,75].



The large number of wavelengths enabled by SCL also give the possibility to go beyond the traditional contrasts, like the hemodynamic one, in order to get information about metabolism for example, by extracting information about more chromophores, like oxCCO [7,24]. We can also note that beyond the intrinsic optical signal, a contrast agent, like ICG, can also be used in order to get information on tissue perfusion. This has notably been extensively used to monitor cerebral perfusion, and the SCL has also proved to be a suitable light source for these applications, even used in extremely complicated clinical settings like ICUs [65].



From a historical point of view, we can note that the development of commercial fibre also largely helped with the adoption of that technology. Indeed, out of the 35 different systems used in the reviewed paper, only 4 (less than 12%) are home-made. They correspond to the system developed before 2010. Past that date, all systems reviewed used a commercial source. We can also see the increase number of papers since the adoption of the commercial sources, with a number of papers published per year roughly doubling from that date. One of the main advantages reported by the authors when they adopted commercial SCL was their relative compactness, compared to the initial development of SC generation. This can be seen in Figure 2, with systems able to be mounted on trolley compatible with the clinical environment. However, the use of these lasers in actual clinical studies remains marginal. In our recent review [141], which has explored the use of TD-NIRS for clinical applications, less than 4% of the 52 papers reviewed were using a system based on a SCL source. Indeed, despite their advantages, a few drawbacks still hindered the adoption of SCL as a standard source. The first one is the cost which, despite a significant decrease in the recent years, remains high (i.e., more than 20,000 pounds for a SCL with several watts of power, enabling a final power of at least 1 mW per wavelength). The second main disadvantage is the warmup time, and the overall stability of these sources. Indeed, the stability of the output can be a concern, but the use of a reference arm can solve this issue [23]. This of course comes at the cost of a more complicated and bulkier instrument. Regarding the warmup time, typically, 1 h is required so the instrument reach thermal equilibrium, which can be too long for certain clinical applications. Some recent TD-NIRS systems based on pulsed laser diode have reported a warmup time of only 15 min, which is way more advantageous in a clinical setting [142]. Finally, even though the novel commercial SCL are more compact than in the early days, their size is still significantly bigger than traditional pulsed laser diode, which limit the reduction of the overall instrument size. Therefore, this can also slow down the adoption of these systems, as space are often very limited in busy clinical environment like ICUs.



These drawbacks are less of an issue for the preclinical settings as the environment is way less constrained. Therefore, the great potential of applications based on SCL outweighs its current main drawbacks, and several instruments based on SCL have been developed for preclinical imaging. The interested reader can refer to the recent review by Bérubé-Lauzière and colleagues, which explore more particularly the use of DOT in preclinical settings [143]. It worth noting that these systems are non-contact, and that this particular detection approach has also been explored for human imaging. Here, having an extremely narrow pulse, like the one provided by SCL, is of great interest as one can take advantage of the null-source approach [77]. Even if these approaches are less common, they can have potential great applications for perioperative measurements, or when the patient is difficult to access, and represent a promising avenue.



The above-mentioned drawbacks are also less problematic in a typical lab setting. SCL are a great tool for teams aiming at instrumental and methodological developments. In the reviewed papers, 33% were aimed at the initial system developments, and 18% and 44% were focused on optical tissue estimations or methodological developments, respectively. Only 5% of the reported studies were focused on pure applications, like tissue oxygenation estimation or cancer monitoring. Indeed, the availability of these SCL sources in teams focused on methodological and instrumental developments have pushed their used to test new possibilities and enhance the reliability of the system by promoting standardization. It is worth mentioning that having a SCL is not mandatory in a lot of settings, and that these sources were used as they were available in most of the groups working on instrumental and methodological developments. Indeed, in the case of a CW system, we have seen that SCL systems were used to provide a high number of wavelengths. In that case, other broadband sources are available, like Tungsten Halogen Light Sources (THLS) or like the Laser-Driven Light Sources (LDLS). The main disadvantage of the THLS is the low power density/wavelength, compared to coherent sources, which can limit their possibilities in biomedical diffuse optics. However, we can still report that THLS were successfully used to developed simple CW instruments [144,145]. On the contrary, the novel LDLS are of interest as they can produce a stable, high power broadband light. This technology is still relatively new and, to our knowledge, has not been used in biomedical diffuse optics yet. However, its attractive characteristics could be of interest for developing CW biomedical diffuse optics systems. The interested reader can refer to review [146] for more details. Finally, we can note that designing a multi-wavelengths CW system by adding up several single wavelengths light sources, like LEDs, is possible, but it is limited to a low number of wavelengths as the bulkiness and cost of the systems would rapidly increase with the number of wavelengths. In the case of TD systems, the choice of the light source is also largely dictated by the number of wavelengths needed, as can be seen in Table 3, that summarizes the relative advantages and disadvantages of single wavelength laser diode sources versus SCL in two cases: (1) low and (2) high number of wavelengths for TD systems. The use of single wavelength laser diode sources is indeed well adapted when a low number of wavelengths is required, as these sources are compact and relatively not expensive regarding the SCL ones. However, if one wants to design a truly spectroscopic system, with a high number of wavelengths required, these advantages became less evident as, similarly to the CW case, the bulkiness and cost of the system increase as function as the number of wavelengths. This is even more pronounced for the TD cases as the electronics are more complex. Finally, we can mention that if one wants to focus on methodological development, when specific wavelengths are still not defined, the flexibility of SCL is then evident as this choice does not have to be made from the start of the designing process, and not all the wavelengths are available commercially with laser diodes. Therefore, even though other light sources with characteristics compatible with diffuse optics are available, the high power, broadband spectrum, and fast switching capabilities of SCL makes them a source of choice, sufficiently versatile to be able to explore various avenues without source limitations.



This spectral flexibility offered by SCL has indeed been a true advantage regarding the standardization efforts, giving the ability to optically characterize over a large bandwidth material and tissue. Phantom materials, like Intralipid or Indian ink, have been able to be precisely characterized using SCL, enabling to produce reproducible recipes for liquid phantoms, or to produces reliable solid phantoms. This now gives the possibility to accurately and quantitatively test and compare newly developed instruments and algorithms. We can note the effort undertaken by the BitMap project that have started comparing instruments, from different institutions all over Europe, using the same sets of solid phantoms [124,125].



SCL can also be used as companions to develop new electronical components. Indeed, one of the big instrumental development in the recent year have been the refinement of the detection scheme. Especially, a lot of improvement have been seen in novel solid state detectors [147] which enable to boost light harvesting detectors electronics. The development of gated detector [148] also enables techniques like null source distance to be practically implemented, which can improve the resolution and sensitivity of the technique [77]. In these works, the availability of SCL sources enabled to perform a precise characterisation of these detectors in situ, both in terms of temporal resolution, thanks to the short pulse width of the SCL, and in terms of spectral responsivity over a large bandwidth. The combination of the SCL capabilities with these new detectors can notably boost the capabilities of TD-NIR instrument, overcoming some current limitations like, for example, the penetration depth [22,149].



The inherent ability of SCL sources to construct systems gathering multidimensional information, i.e., spatial/spectral/temporal, also makes them a perfect tool to test novel algorithms able to exploit this large amount of data. The recent works by Yang and colleagues [117,118,119] show the advantages of using multi-dimensional datasets, by enhancing the accuracy of the optical properties estimation of tissues by using simultaneously the temporal and spatial dimensions. Kovacsova and colleagues [121] also showed this utility, here combining the spectral and the spatial dimensions. It worth noting that this work is based on broadband CW-NIRS, but that the results of this algorithm has been tested against a TD-NIRS instrument based on SCL as a source. Combining all the dimensions available is certainly a really exiting avenue for the field of diffuse optics, to make the system even more robust and precise.



Finally, we can mention that in the recent years, progress has also been made in individual pulsed laser source, which now achieve several 10th of mW and a pulse width shorter than 100 ps. A good example of the uses of these sources can be found in [150], where an 8 wavelengths TD-NIRS system, compatible for breast imaging for example, has been developed. This paves the way on the use of these sources to enable miniaturisation of TD-NIRS instruments, making them truly compatible with the clinic. These sources could then replace the SCL in clinical settings. However, depending on the application and the chromophores targeted, the wavelength selection is a process that requires some investigations in order to balance the system complexity, and the possible crosstalk effects between the chosen wavelengths. Therefore, systems based on SCL able to easily explore various combinations of wavelengths are once more extremely useful. Lastly, the flexibility of these systems also allows to explore new horizons and applications area, like we have seen with exploring contrast above the classical therapeutic windows (i.e., above 1000 nm) [46], or to explore new organs, like lungs [133]. Therefore, even though the main drawbacks of SCL in terms of absolute cost, size, and stability might prevent their use on a wide scale in the clinical world, their main advantages in terms of power, wavelength choice, and relatively low cost for high number of wavelengths is likely to still push their use in the labs to drive forward the clinical innovation in biomedical diffuse optics.




5. Conclusions


We have seen that the use of SCL drove the developments in biomedical diffuse optics, and particularly in TD-NIRS. First of all, it is a tool of choice to estimate the optical properties of tissues and phantom material over a large bandwidth. This knowledge is crucial in order to develop a standardized method, and to provide a-priori information used in the calculation of in vivo chromophores concentration for example. Moreover, the high spectral power combined with the ability to easily and quickly select wavelength make SCL suitable not only for in vivo tissue characterization, and application like breast cancer monitoring, but also to follow fast dynamic physiological processes like cerebral hemodynamic. The large number of wavelength available in the systems based on SCL (several systems reported parallel or quasi-parallel acquisition of up to 16 wavelengths) not only enables to refine the precision of the measurement, but also provides extra information about different processes like metabolism. These sources are also relevant to design instrument aiming at non-contact scanning, which make them also a good candidate for preclinical applications. In conclusion, SCL are a valuable tool at every step of the developmental and translational work, from fundamental characterization to preclinical and clinical use, and we have no doubt that it will still be an important brick to keep driving the innovation in biomedical diffuse optics.
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Figure 1. Example of commercial SC laser sources and their typical spectra. (a) Fianium source, (b) Leukos source, (c) FYLA source, (d) YSL source. (e) Schematic of the classical triangular cladding single-core photonic crystal fiber in which light is guided in a solid core embedded in a triangular lattice of air holes. The fiber structure is determined by the hole-size, d, and the hole-pitch, Λ. Like standard fibers, the PCF is coated with a high index polymer for protection and to strip off cladding-modes. Extracted from the application note on supercontinuum generation in photonic crystal fibers by NKT. (f) Example of full spectrum generated by a SC laser, showing the width of the broadband emission and the central peak wavelength that is a residual of the single-mode laser used for SC generation. The spectrum is taken from the SuperK COMPACT SC laser manufactured by NKT Photonics (https://www.nktphotonics.com/lasers-fibers/product/superk-compact-supercontinuum-lasers/, accessed date: 1 November 2021). 
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Figure 2. Pictures and schematic of various instruments based on SCL as a source. (a) TD-NIRS instrument aimed at broadband characterization of tissues. Figure reproduced from [23]. (b) TD-NIRS instrument aimed at monitoring both oxygenation and metabolism functional changes. Figure reproduced from [24]. (c) Preclinical instrument aimed at monitoring the exposed brain cortex of rodents. (reproduced with permission from [25], Copyright IEEE, 2021). (d) DOT system based on a SPAD camera aimed at functional brain monitoring in neonates. Figure reproduced from [26,27]. 
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Figure 3. Example of typical data extracted form system based on SCL as sources. (a) absorption and reduce scattering coefficient of several tissues acquired the TD-NIRS system developed in ref [23]. Figure reproduced from [23]. (b) 2D maps of the changes in optical properties of a phantom using MONSTIR II. (reproduced with permission from [28], Copyright AIP Publishing, 2021). (c) Changes in [HbO2] (red), [HHb] (blue) and [oxCCO](green), in the occipital lobe, acquired with the MAESTROS system [24], during a typical brain activation. Data presented at the fNIRS conference in Tokyo in 2018. (d) Raw image and reconstructed variation in [HbO2], [HHb], and [oxCCO] acquired on the exposed cortex during anoxia. (reproduced with permission from [25], Copyright IEEE, 2021). 
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Figure 4. Summary of the literature review results. (a) Graph showing the number of publications using SCL in biomedical diffuse optics since the first study in 1993. (b) Summary of the main focus of the papers reviewed. 
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Table 1. List of the SC laser-based systems used in the publications reviewed, with their principal characteristics. SC: SuperContinuum, FWHM: Full Widht at Half Maximum, CCD: Charge-Coupled Device, ICCD: Intensified Charge-Coupled Device, PMT: PhotoMultiplier Tube, SPAD: Single-Photon Avalanche Diode, SiPM: Silicon PhotoMultiplier, HPM: Hybrid Photodetector Module, sCMOS: scientific Complementary Metal–Oxide–Semiconductor, NIR: Near InfraRed.
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System ID

	
Group

	
Year

	
SC Laser Type/Model

	
SC Laser System Characteristics

	
System Detection Characteristics




	
Spectral Capacity

	
Power (mW)

	
Repetition Rate (kHz)

	
Pulse Width (ps)

	
Detector Type

	
N° of Channels






	
1

	
Lund Institute of Technology, Lund, Sweden

	
1993

	
In-house

	
White light centred at 792 nm

	
1000

	
0.01

	
200

	
CCD camera

	
NA




	
2

	
Politecnico di Milano, Milan, Italy

	
2004

	
In-house

	
550–1100 nm

	
40

	
85,000

	
50–100

	
PMT

	
16




	
3

	
Lund Institute of Technology, Lund, Sweden

	
2004

	
In-house

	
500–1200 nm

	
NA

	
80,000

	
100

	
Streak camera

	
NA




	
4

	
Université Jean Monnet, Saint-Etienne, France.

	
2005

	
In-house

	
450–950 nm

	
1

	
1

	
170

	
Streak camera

	
NA




	
5

	
Politecnico di Milano, Milan, Italy

	
2006

	
In-house

	
550–1050 nm

	
100

	
NA

	
60–140

	
PMT

	
32




	
6

	
Politecnico di Milano, Milan, Italy

	
2007

	
SC450, Fianium

	
120 bands (600–1000 nm)

FWHM = 5–20 nm

	
2600 (total)

	
20,000

	
10

	
SPAD

	
1




	
7

	
Lund University, Lund, Sweden

	
2009

	
SC500, Fianium

	
650–1400 nm

	
NA

	
80,000

	
50

	
PMT

	
2




	
8

	
Northeastern University, Boston, United States

	
2010

	
Koheras SuperK, NKT Photonics

	
550–850 nm

	
NA

	
80,000

	
30

	
PMT

	
16




	
9

	
National Optics Institute, Québec, Canada

	
2010

	
SC400, Fianium

	
Filtered at 660 nm

	
NA

	
40,000

	
90

	
PMT

	
1




	
10

	
Physikalisch-Technische Bundesanstalt, Berlin, Germany

	
2011

	
Fianium (model NA)

	
Tuned at 690 nm

	
NA

	
20,000

	
100

	
SPAD

	
1




	
11

	
University of California, Irvine, United States

	
2012

	
SC450, Fianium

	
680–850 nm

	
2000

	
20,000

	
3

	
PMT

	
2




	
12

	
Institute of Biocybernetics and Biomedical Engineering Polish Academy of Sciences, Warsaw, Poland

	
2012

	
SC450-4 (Fianium)

	
685–860, 16 bands

	
NA

	
40,000

	
NA

	
PMT

	
16




	
13

	
Politecnico di Milano, Milan, Italy

	
2012

	
SC450, Fianium

	
1100–1700 nm

FWHM = 6.6–20.7 nm

	
6000 (total)

	
40,000

	
10

	
SPAD

	
1




	
14

	
Massachusetts General Hospital, Boston, United States

	
2013

	
SC600-8, Fianium

	
680, 710, 747, 760, 800, 820, 830, 840 nm

	
9000 (total)

	
60,000

	
NA

	
ICCD

	
175




	
15

	
Politecnico di Milano, Milan, Italy

	
2010

	
SuperK Extreme, NKT Photonics

	
600–1100 m

	
5000 (total)

	
2000–80,000

	
10

	
PMT

	
1




	
16

	
Katholieke Universiteit Leuven, Leuven, Belgium

	
2012

	
SC450-4, Fianium

	
450–2400 nm

	
4000 (total)

	
NA

	
NA

	
PINdiode

	
1




	
17

	
University College London, London, United Kingdom

	
2014

	
SC450, Fianium

	
690, 750, 800, 850 nm

	
4.5

	
40,000

	
4

	
PMT

	
32




	
18

	
Politecnico di Milano, Milan, Italy

	
2014

	
SC500-6, Fianium

	
Tuned at 800 nm

	
NA

	
40,500

	
NA

	
HPM

	
1




	
19

	
CREATIS, Université de Lyon, Lyon, France

	
2015

	
WhiteLase Micro, Fianium

	
500–1000 nm

	
10

	
2000

	
NA

	
ICCD

	
8




	
20

	
Politecnico di Milano, Milan, Italy

	
2015

	
SC450, Fianium

	
620 nm (40-nm bandwidth)

	
NA

	
80,000

	
NA

	
SPAD

	
1




	
21

	
Politecnico di Milano, Milan, Italy

	
2015

	
SC450, Fianium

	
750 nm (5-nm bandwidth)

	
NA

	
40,000

	
NA

	
SPAD

	
1




	
22

	
Politecnico di Milano, Milan, Italy

	
2015

	
SC450, Fianium

	
690 nm

	
NA

	
40,000

	
NA

	
SiPM

	
1




	
23

	
The City College of New York, New York, United States

	
2015

	
STM-2000-IR, Leukos

	
400–2500 nm

	
0.5/nm

	
NA

	
NA

	
IR-CCD

	
1




	
24

	
Politecnico di Milano, Milan, Italy

	
2015

	
SC450, Fianium

	
600–1350 nm

	
NA

	
40,000

	
NA

	
SiPM and

PMT

	
2




	
25

	
Politecnico di Milano, Milan, Italy

	
2016

	
SC500-6, Fianium

	
760, 860 nm

	
30

	
40,500

	
NA

	
SPAD

	
1




	
26

	
Physikalisch-Technische Bundesanstalt, Berlin, Germany

	
2016

	
SC500-6, Fianium

	
Tuned at 650 nm

	
NA

	
40,500

	
100

	
SPAD

	
1




	
27

	
Politecnico di Milano, Milan, Italy

	
2017

	
Fianium (model NA)

	
750, 800, 850 nm

	
NA

	
40,000

	
NA

	
SPAD

	
2




	
28

	
State Key Laboratory of Precision Measuring Technology and Instruments, Tianjin University, Tianjin, China

	
2018

	
SC46 (YSL photonics)

	
1100–1350 nm (12 bands)

	
8000 (Total)

	
10–80,000

	
NA

	
InGaAs photodiode

	
1




	
29

	
Rensselaer Polytechnique Institute,

Troy, United States

	
2018

	
MaiTai, Spectra Physics (1) SC Pro, YSL Photonics (2)

	
(1) 690–1040 nm

FWHM = 15 nm

(2) 400–2200 nm

	
(1) NA

(2) 4000 (total)

	
(1) 80,000

(2) 25,000

	
(1) 100

(2) 150–200

	
PMT and

NIR camera

	
2




	
30

	
Institute of Biocybernetics and Biomedical Engineering Polish Academy of Sciences, Warsaw, Poland

	
2018

	
SC450-4, Fianium

	
650–850 nm, 16 bands of 12.5 nm

	
NA

	
40,000–80,000

	
NA

	
PMT

	
1




	
31

	
University of Pennsylvania, Philadelphia, United States

	
2018

	
SuperK Extreme, NKT Photonics

	
730, 750, 786, 810, 830, 850 nm

	
NA

	
78,000

	
5

	
PMT

	
2




	
32

	
Physikalisch-Technische Bundesanstalt, Berlin, Germany

	
2019

	
FIU-15 PP, NKT Photonics

	
NA

	
NA

	
NA

	
NA

	
SPAD and HPM

	
2




	
33

	
University of Science and Technology, Trondheim, Norway

	
2019

	
SuperK Compact, NKT Photonics (1) SCT 500, Fyla (2)

	
NA

	
NA

	
20 (1)

20,000 (2)

	
NA

	
InGaAs detector

	
2




	
34

	
University of California, Irvine, United States

	
2019

	
SC400-2, Fianium

	
1000 bands (580–950 nm) FWHM = 17.25 nm (mean)

	
2000 (total)

	
NA

	
NA

	
sCMOS camera

	
NA




	
35

	
University College London, London, United Kingdom

	
2019

	
SC480-6, Fianium

	
16 bands (650–1100 nm) FWHM = 2–3 nm

	
6000 (total)

	
60,000

	
4

	
PMT

	
4




	
36

	
Physikalisch-Technische Bundesanstalt, Berlin, Germany

	
2019

	
SC500-6, Fianium

	
Tuned at 800 nm

	
NA

	
40,500

	
NA

	
HPM

	
1




	
37

	
Institute of Biocybernetics and Biomedical Engineering Polish Academy of Sciences, Warsaw, Poland

	
2020

	
FIU-15 PP, NKT Photonics

	
Tuned at 760 nm

	
NA

	
39,000

	
NA

	
HPM

	
1




	
38

	
University College London, London, United Kingdom

	
2021

	
WhiteLase Micro, Fianium

	
600, 630, 665, 784, 800, 818, 835, 851, 868, 881, 894 nm (FWHM = 6–11 nm)

	
0.06–0.11

	
NA

	
NA

	
sCMOS camera

	
NA




	
39

	
Biomedical Optics Research Laboratory, University Hospital Zurich and University of Zurich, Switzerland

	
2020

	
SuperK ExtremeEXR-15 (NKT)

	
Tuned at 800 nm

	
6000 (total)

	
80,000

	
NA

	
SPAD

camera

	
NA
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Table 3. Main relative advantages and drawbacks of single wavelength laser diode sources and SCL as function as the number of wavelengths used for TD systems. (+ advantages /− disadvantages). FW: Few Wavelength, HNW: High number of Wavelengths.
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Single Wavelength Sources

	
Supercontinuum Laser






	

	
Few Wavelengths

	
High number of Wavelengths

	
Few Wavelengths

	
High Number of Wavelengths




	
Cost

	
++

	
−−

	
−−

	
+




	
Stability

	
+

	
+

	
−

	
−




	
Compactness

	
++

	
−−

	
−−

	
+




	
Wavelength Choice

	
Limited

	
Limited

	
Unlimited

	
Unlimited




	
Overall

	
+++

	
−−

	
−−

	
++
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