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Chronic pain is a prevalent condition affecting approximately one-fifth of the global population, with significant impacts on quality of life and work productivity. Small fiber neuropathies are a common cause of chronic pain, and current diagnostic methods rely on subjective self-assessment or invasive skin biopsies, highlighting the need for objective noninvasive assessment methods. The study aims to develop a modular prototype of a contactless photoplethysmography system with three spectral bands (420, 540, and 800 nm) and evaluate its potential for assessing peripheral neuropathy patients via a skin topical heating test and spectral analyses of cutaneous flowmotions. The foot topical skin heating test was conducted on thirty volunteers, including fifteen healthy subjects and fifteen neuropathic patients. Four cutaneous nerve fiber characterizing parameters were evaluated at different wavelengths, including vasomotor response trend, flare area, flare intensity index, and the spectral power of cutaneous flowmotions. The results show that neuropathic patients had significantly lower vasomotor response (50%), flare area (63%), flare intensity index (19%), and neurogenic component (54%) of cutaneous flowmotions compared to the control group, independent of photoplethysmography spectral band. An absolute value of perfusion was 20%–30% higher in the 420 nm band. Imaging photoplethysmography shows potential as a cost-effective alternative for objective and non-invasive assessment of neuropathic patients, but further research is needed to enhance photoplethysmography signal quality and establish diagnostic criteria.
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1 INTRODUCTION
Pain is an evolutionarily adaptive trait that substantially improves the survival of a species, as it is a product of the nociceptive system that is closely interconnected with reward and motivation mechanisms. This results in the avoidance of potentially dangerous stimuli or activities (Walters and De C Williams, 2019). However, sometimes due to pathological conditions, pain sensations can become spontaneous and chronic, which can substantially impair the functioning and wellbeing of an individual. One particularly debilitating form of chronic pain is neuropathic pain, which refers to a specific chronic pain syndrome characterized by pain and sensory abnormalities in body parts that have lost their normal peripheral innervation or sensory representation (Costigan et al., 2009). The prevalence of the syndrome is approximately 2.4% globally, and the percentage rises with age, with 5%–7% in those aged 45 and older (Callaghan et al., 2015). This is not entirely clear and can vary in different age populations. Approximately 40% of sufferers never receive appropriate diagnosis, while 21% receive no pain management at all (Carnago et al., 2021). Usually, neuropathic pain occurs as a result of damage to small fibers (A-delta and C nerve fibers) and can be caused by a wide range of disorders (Colloca et al., 2017). Recently, a substantial worsening of the global situation has been observed due to the SarsCov-2 pandemic, which caused a COVID-19 disease burden worldwide (Pires et al., 2022). A growing number of studies have documented a wide variety of neurological manifestations associated with COVID-19 disease, particularly neuropathies, which can account for as much as 36.4% of COVID-19 patients (Ftiha et al., 2020).
The present diagnostics of peripheral neuropathies are primarily based on subjective self-assessment tests or biopsies (Scott et al., 2003). Their results partly depend on the patient’s interpretation and feedback to physicians, and therefore may be doubtful for the elderly, who are the main patient group. One such test is Quantitative sensory testing, a measure of perception in response to mechanical, thermal, and painful stimuli of controlled intensity. A more objective alternative is the invasive skin biopsy technique with subsequent histological nerve fiber density determination. However, it is uncomfortable for the patients and therefore not widely used. Nevertheless, after years of research, there is still no affordable non-invasive clinical diagnostic technique for small fiber neuropathy.
In light of the present situation in healthcare and high economic demands (Breivik et al., 2013), the development of alternative techniques for objective and non-invasive diagnostics of neuropathy is of great importance. Recent studies shed light on this issue, suggesting that derangement of small nerve fibers has local manifestation on the adjacent skin and its vasculature (Ando et al., 2021). The skin is the largest human organ, which is extensively vascularized and innervated, manifesting different pathological conditions of local and systemic origin (Leal et al., 2021), such as septic shock, diabetes, hepatitis and rheumatoid arthritis. The skin is easily accessible for optical techniques and has desirable and well-known optical properties (Bashkatov et al., 2011), hence the heterogeneous non-uniform structure possessing sophisticated and not entirely understood regulatory mechanisms (Slominski et al., 2015).
Studies suggest that alterations in dermal blood flow (cutaneous vasomotor responses) evoked by different provocation tests, such as topical skin heating (Minson et al., 2011), cooling, reperfusion during post-reactive hyperemia, or iontophoresis of vasoactive substances into the skin, are promising diagnostic indicators (Lenasi, 2011). Another encouraging but methodologically challenging avenue would be spectral analyses of spontaneous oscillations of cutaneous perfusion, referred to as cutaneous flowmotions (Rossi et al., 2005), which can reflect different local and systemic regulatory mechanisms and might reveal pathology at early stage (Sun et al., 2013). All aforementioned measurements require a simple and reliable, artifact-proof technique for cutaneous perfusion monitoring. Nevertheless, most of the preceding studies on cutaneous blood perfusion were performed by laser Doppler imaging technique (Harrison et al., 1993; Cracowski and Roustit, 2016), which is sophisticated and expensive with relatively low temporal resolution (Merla et al., 2008; Rajan et al., 2009). In recent years, the contactless modality of photoplethysmography has gained popularity as a simpler and cost-effective alternative to Doppler imaging (Hagblad et al., 2010; Mizeva et al., 2015; Rodrigues et al., 2019). It has proven its capability in different diagnostic scenarios, such as monitoring local anesthesia (Rubins et al., 2010), assessing oral mucosa health (Rubins et al., 2019), diagnosing gingivitis (Marcinkevics et al., 2020), and assessing cutaneous vasomotor responses (Trumpp et al., 2016; Marcinkevics et al., 2019). The approach is similar to the conventional contact manner reflection-type photoplethysmography (Hertzman, 1937; Allen, 2007), with the photodetector being replaced by a video camera (Huelsbusch and Blazek, 2002). This allows remote registration of a large area of interest at relatively high spatial and temporal resolution (Cheng et al., 2022) while avoiding any pressure or attachment on the skin, which can prevent tissue compression, capillary blood flow occlusion (Sun and Thakor, 2016), and discomfort during the measurement (Desquins et al., 2022). By using advanced signal processing algorithms, the blood perfusion-related signal can be extracted from the subtle pixel intensity changes in the image sequence even during non-stationary position of body (Maity et al., 2022). The major technical advantages of the contactless plethysmography approach are its flexibility and scalability, which permit its extension to multispectral modality. Over the past decade, several studies have investigated the potential of multispectral modality in different experimental settings (Asare et al., 2011; Trumpp et al., 2016; Chen et al., 2020), including our previous research on the value of multispectral photoplethysmography for the clinical assessment of cutaneous microcirculation at two different depths (Marcinkevics et al., 2016).
Considering the recent evidence and achievements in the field of remote photoplethysmography (Sun and Thakor, 2016; Ryals et al., 2023), and the pressing need for improved healthcare technology in Post-coronavirus pandemic era (Gautam et al., 2020; Jazieh and Kozlakidis, 2020), the present study aims to develop a modular prototype of a contactless photoplethysmography system with three spectral bands and evaluate its potential for assessing peripheral neuropathy via a skin topical heating test. Two hypotheses were formulated. First, we hypothesize that neuropathic patients will exhibit significantly lower perfusion index values during the topical heating-induced vasomotor response than healthy volunteers. Second, we predict that utilizing three spectral bands will yield more valuable diagnostic information for neuropathic patients compared to using a single spectral band.
2 METHODS
2.1 Design of contactless photoplethysmography system
The contactless reflection-type photoplethysmography (PPG) system prototype was designed based on our experience in developing imaging systems, current research, and clinical expert input. The system offers modularity and spectral band flexibility, allowing for customization of spectral bands to optimize measurement conditions for different tissue depths and types of biological tissue. This flexibility makes the system highly adaptable and versatile, suitable for various laboratory and clinical measurement scenarios, including cutaneous perfusion mapping and PPG waveform and phase analysis. The contactless reflection-type photoplethysmography system prototype (Figure 1) consisted primarily of three key components: an imaging device, a signal processing unit, and dedicated software for offline data analysis (Figure 2).
[image: Figure 1]FIGURE 1 | The iPPG system for cutaneous perfusion monitoring during the heating tests. (A) The experiment setup and major components of the system; (B) Photo of imaging system in action.
[image: Figure 2]FIGURE 2 | The screenshot of custom made dedicated Matlab based software for off-line data analyses.
2.1.1 The imaging device
Comprised three identical cameras (Ximea-xiQ USB-3, ADC 8–12-bits, resolution 648 × 488 pix.) equipped with the lens (Edmund Optics, C-mount f = 25 mm, F1.4, two visible spectra, and one near-infrared lens) which were mounted on the rigid aluminum frame-device chassis at fixed angles to align the visual fields of all three cameras along a single optical axis (Figure 1A). Spectral band changes were achieved by using different sets of optical narrowband interference filters mounted in front of the camera lens, along with an orthogonal polarization system. This system used one linear polarizer in front of the lens and another in front of the light source to prevent reflection from the skin surface and improve image quality. In our measurement setup, the imaging device was equipped with three narrowband filters (CW = 420, 540, and 800 nm, FWHM = 10 nm) based on pilot studies that confirmed the effectiveness of narrowband filters in improving system sensitivity by tuning reflected wavelength to particular hemoglobin absorption maxima, thus reducing biological noise in the signal. The light source consisted of eight custom-made, replaceable illuminator modules of high power LEDs, distributed in a circular arrangement on the device chassis, providing uniform illumination of the measured surface, with the option to replace and customize the desirable illumination wavelength. In the present setup, each module consisted of two blue LEDs (CW = 420 nm, FWHM = 20 nm, max. Electric power 1 W); one green LED (CW = 568 nm, FWHM = 100 nm, max. Power 1 W); and one infrared LED (CW = 810 nm, FWHM = 20 nm, max. Power 0.6 W), which were manufactured by LuxeonZ from LumiLeds (San Jose, CA, United States). Measured irradiance in the skin plane (25 cm from the illuminator) for blue at 420 nm was 1.5 mW/cm2, for green at 540 nm was 0.3 mW/cm2 and for infrared at 800 nm was 0.7 mW/cm2. Advanced active cooling and ultra-stabile LED driver circuit were used to maintain stable irradiation over long measurement sessions, incorporating miniature brushless fans into the back of the illuminator module heatsink plate. universal mounting options are provided by fixing the imaging system frame to the Variable Friction Magic Arm (Manfrotto), which can be attached to the optional tripod stand or any part of the bed or office table if necessary.
2.1.2 The signal processing unit
To ensure high-quality video input and control of illumination modules, the imaging device was connected to a laptop computer (Intel Core i7; 16 GB of RAM) via four USB 3.0 cables. The cables were organized and protected by being enclosed in a flexible spiral tube, which helped to prevent tangling and physical damage during use. The imaging system was operated by custom-developed MATLAB-based software, which allowed for the control of cameras and video storage to 12-bit video files. Following the start of the system, the software operated in preview mode, displaying the 420, 540, and 800 nm spectral videos. When the measurement was started (by pressing the Start button), the software was switched to video recording mode, enabling the viewing of skin blood perfusion maps in each of the images. The software recorded video at 25 frames per second with a resolution of 480 × 480 pixels in 12-bit mode to achieve high dynamic range videos. At the end of the measurement, the software automatically switched back to preview mode and was ready for the next measurement.
2.1.3 The data offline analyses software
The blockchart of iPPG analysis algorithm is shown in Figure 3. The most sophisticated and computationally extensive part of photoplethysmography system is Matlab platform based offline data analyses software, which contains very extensive set of contactless PPG analyses functions, such as signal filtering and frame stabilization, beat detection, estimation of characterizing waveform features, computation of augmentation, reflection and stiffness indexes, perfusion index perfusion mapping, calculation of signal Fourier spectra characteristics and analyses of vasomotor responses. The operation of software was provided by the same signal processing unit (data acquisition Laptop computer). The advantage of software is ability to operate large datasets (Big data) (∼25 GB for each measurement set) which is crucial for long, higher framerate recordings. The software is organized with interactive user interface (Figure 2). The further description of the software’s signal processing and data analysis functions which are related to vasomotor response, flare and flowmotion analyses is provided in the Signal Processing and Analyses of Cutaneous Perfusion Data sections.
[image: Figure 3]FIGURE 3 | The algorithm block chart of iPPG signal analysis. The initial video data acquisition stage, employs a multi-spectral imaging device, including a multi-spectral illuminator and three cameras, each equipped with 420 nm, 540 nm, and 800 nm filters (A). The second stage of the process, where the PPG signal is computed using temporal filtering of the video frames. The frequency range used for AC related to the heartbeat is (0.7–5 Hz), and for slow DC it is (0–0.3 Hz) (B). The final stage, where the hemodynamic parameters, such as the perfusion index, are derived for each spectral channel using the AC and DC values calculated at each heartbeat (C). Z. Marcinkevics, U. Rubins, A. Caica, and A. Grabovskis “Evaluation of nitroglycerin effect on remote photoplethysmogram waveform acquired at green and near infra-red illumination”, Proc. SPIE 10592, Biophotonics—Riga 2017, 105920E (7 December 2017); https://doi.org/10.1117/12.2297385.
2.2 Subjects
Thirty subjects were enrolled in the study, fifteen neuropathic patients and fifteen similar age (59.33 years vs. 57.20 years, p > 0.05), gender proportion (f:67%, m:33% vs. f:67%, m:33%) and body mass index (21.76 kg/m2 vs. 21.41 kg/m2) healthy volunteers. The study procedures were approved by both the Ethics Committee of the University of Latvia, Institute of Cardiology and Regenerative Medicine and Riga Stradins University Research Ethics Committee (Prot.Nr: 03.05.2018), and were in accordance with the Declaration of Helsinki (World Medical Association, 2013). Prior to the study, all subjects were informed about the protocol and gave their written informed consent.
An experienced neurologist selected our patient cohort from outpatients based on established clinical guidelines that incorporated the results of both quantitative sensory testing and neurography (sural nerve conduction test.) We applied the referent values for quantitative sensory testing thermal thresholds as proposed by Magerl et al. (2010). According to these guidelines, all patients in our cohort were diagnosed with either probable or definite small fiber neuropathy. The clinical guidelines define probable small fiber neuropathy as the presence of length-dependent symptoms and/or signs of small fiber damage in conjunction with a normal sural nerve conduction test, while the definitive diagnosis of small fiber neuropathy requires the aforementioned criteria to be accompanied by abnormal thermal thresholds detected during quantitative sensory testing at the foot and/or reduced intraepidermal nerve fiber density at the ankle, as ascertained by biopsy (Tesfaye et al., 2010; Terkelsen et al., 2017).
The control group comprised individuals who did not exhibit any length-dependent symptoms or signs of small fiber damage, and were therefore deemed to be healthy.
2.3 Measurement procedure
To evaluate the function of small cutaneous sensory nerve fibers, we employed two modalities of a topical heating test, along with the assessment of cutaneous flow motions. The first modality aimed to produce a heating-induced vasomotor response trend characterized by biphasic changes in cutaneous blood perfusion (Kellogg, 2006). This response consists of a sharp rise (first peak) followed by a decline to a nadir, and then a subsequent increase that remains relatively constant over a longer time course, referred to as the plateau phase as shown in Figure 4B. The second modality was intended to evoke a skin topical heating-induced flare (Weidner et al., 2003), which is an extent of cutaneous reddening beyond the direct contact heating zone. Cutaneous flow motions (Kastrup et al., 1989) were acquired from intact skin regions not influenced by heating, and comprises three major spectral components (myogenic, neurogenic, and endothelial). Before the procedure, the subject was seated in a reclined position on a comfortable cosmetology seat, with adjustable spinal and leg support angles. The hands were placed on chair arm supports, and the right leg was extended and firmly fixed by a vacuum pillow to eliminate possible movements during the measurement procedure. It was ensured that all subjects were in the same position, so that the foot was approximately 10 cm below heart level. A 10-min adaptation period was allowed for subjects to become accustomed to the laboratory room conditions and the presence of the research staff. The dorsal aspect of the foot was gently wiped with an alcohol pad to remove sweat sediments and the fat layer from the skin. Two different types of heating probes were situated on the skin in the following manner (Figure 4A): the large VHP3 probe was attached to the skin using self-adhesive ring-shaped tape and filled with distilled water, so that perfusion signal can be continuously captured through water from the center of the probe. The small VHP1 probe served for inducing flare response and was gently placed on the skin, securing it with a thin rubber belt, as seen in Figure 1B. The flowmotion acquisition area was selected to avoid different influencing factors of heating-induced responses, or underlying veins and large arteries that might pulsate (Figure 4A). After placement of the probes and all adjustments to the imaging device, which is part of the contactless PPG system, were made, it was fixed to the stand and positioned approximately 25 cm from the skin so that the entire dorsal aspect of the palm fits the visual field, and the illumination is uniform in the regions of interest, providing a sharp, high-quality image.
[image: Figure 4]FIGURE 4 | Measurement protocol. (A) Position of sensors and measurement regions on the dorsal aspect of foot. Water filled VHP3 heating probe is marked with large hollow ring, and the region of signal acquisition for vasomotor response trend is denoted by V; VHP1 heating probe is marked with black filled circle, flare area measurement site is denoted by FL. Flow motion acquisition region is denoted by F. (B) Typical trend of topical skin heating induced vasomotor response, comprising baseline, initial peak-P, nadir-ND and plateau phase–PL. Reproduced from Marcinkevics et al. (2021), licensed under CC BY 4.0 (C) Topical heating protocol, Simultaneous PPG recording at 420, 540 and 800 nm is marked by horizontal color bar.
2.3.1 Heating protocol
The measurement lasted for a total of 30 min. Once the placement of VHP1 and VHP3 heating probes to the skin was complete and the measurement equipment was set up, the recording was started by pressing the record button on the custom-made dedicated software. The video capturing took place at 25 frames per second. During the data acquisition, the external illumination (regular room illumination) was switched off to avoid interference with the imaging device light source. To establish baseline perfusion at 32°C for both probes (VHP1 and VHP3), a 10-min pre-heating period was initiated at the beginning of the protocol. At the 10th minute, the probes were adjusted to 43°C for VHP3 and 45°C for VHP1 respectively as depicted in Figure 4C. The protocol then continued for an additional 18 min with the probes at their respective temperatures. After 28 min, the VHP1 probe was removed to expose the cutaneous flare area. The recording ended 2 min later, and the remaining VHP3 probe was then gently removed from the skin. To provide a visual representation of the protocol, a scheme is provided in Figure 4.
2.4 Signal processing
Data analysis and signal processing of video was performed offline using a dedicated Matlab software (see Figure 2). The process involved opening a previously stored measurement file and performing video pre-processing and iPPG processing. Pre-processing included three steps: 1) loading data into video buffer and spatial downsampling by factor two; 2) alignment of spectral images by estimation of geometric transformation using the “imregtform” function, and applying geometric transformation using the “imwarp” function; 3) video motion stabilization. The stabilized videos can be further analyzed to obtain haemodynamic parameters such as heart rate and perfusion index, or other parameters.
The amplitude of back-scattered light intensity pulsations fast varying component (AC) induced by heart activity is typically very small, usually below 1% from slow varying component (DC) level. Additionally, there is some fraction of biological noise present in the signal which can influence the signal-to-noise ratio and quality of signal. To address these issues, a second-order zero-phase Butterworth bandpass filter was applied within the heartbeat frequency range (0.7–5 Hz) to compute the AC signal, while the DC signal was calculated by low-pass cut-off filtering (0–0.3 Hz). The frequency ranges can be adjusted manually. To obtain hemodynamic parameters, the iPPG AC signal processing was accomplished in several steps. First, the local minima and maxima positions were found in a single PPG waveform using the built-in Matlab “findpeaks” function. If necessary, the sensitivity of the function for localization of extremal points can be adjusted manually. Then, single-period iPPG waveforms were extracted in a beat-per-beat manner, and hemodynamic parameters including pulse rate, DC signal, and AC signal amplitudes were calculated in every beat. The pulse rate was calculated using the formula:
[image: image]
where n is the number of the current heartbeat, tn is the time of the first local minima of the pulse wave, and fs is the sampling frequency of the video. Microcirculation is related to the Perfusion Index (PI), which is calculated from the AC amplitude relative to DC level in every heartbeat using the formula:
[image: image]
where ACmin and ACmax are the minimum and maximum peak values of the pulsatile component, DC is slow-varying signal, at nth beat.
The strength of camera-based contactless plethysmography lies in its high spatial resolution, which is particularly useful for determining topical heating-induced flare-a region of the skin with a substantially increased perfusion above the baseline. The process involves two steps. First, a perfusion map is generated by calculating the pulsatile component in every pixel of the video using the locking-amplification principle as described by Amelard et al. (2017) as the Pearson’s linear correlation coefficient between the signal obtained in each image pixel and the ground-truth reference signal in such a way:
[image: image]
where P is a perfusion map, x is a pixel coordinate, t is a time, T is a time buffer (10 s) of a pulsatile PPG AC signal Y, and R is the reference signal which is calculated as spatially averaged Y signal from manually selected RoI. Equation 3 represents a spatially-distributed skin blood perfusion, which varies in time. Perfusion map is auto normalized, and its value varies from 0 to 1.
The area of the flare depends on the threshold, which depends on biological zero signal in the skin non-affected by external heat stimuli. The flare area is defined as the sum of the perfusion map pixels where p > 0.5, which we assumed as an optimum threshold considering baseline perfusion level. The total flare area (FA) is calculated as the full area minus the area of the VHP1 heater contact surface, which is 100 mm2. The equation for calculating FA is as follows:
[image: image]
where x is a pixel coordinate, a is the area of a single pixel, S refers to the manually selected ellipse region of interest (RoI) that covers the area surrounding the VHP1 probe, and H is the VHP1 probe contact area. The flare intensity index, which has been introduced to characterize the density of the flare, is defined as follows:
[image: image]
where P(x) is a perfusion map values in x pixels belonging to the S and H regions, FD is a flare intensity index.
2.4.1 Analyses of cutaneous perfusion data
The characterization of heating-induced vasomotor response, heating-induced flare, and flowmotions was performed offline using data analysis software that is an integral part of the present contactless photoplethysmography (PPG) system. The relevant regions of interest were manually selected on the preview video screen, and the analyses were performed automatically. Vasomotor response was computed from the region inside the transparent part of the VHP3 heating probe, and the perfusion index changes over time were analyzed using the vasomotor response analysis module which was part of the software. The analyses incorporated perfusion index filtering and trending with the detection of characteristic inflection points that determined the amplitudes of the first peak (P), nadir (ND), and plateau phase (PL), as depicted in Figure 4B. To explore the flare response, two regions of interest were selected. First, a small circular region was selected on the contact zone of the VHP1 probe to fit directly heated skin boundaries, while the second region was placed over the larger area surrounding the VHP1 probe. The analyses were performed on a 1-min duration video fragment just following removal of the heating probe. Offline analyses included the generation of a perfusion map and the determination of the flare area, as described in the signal processing methods section. Cutaneous flowmotions were calculated from flare and heating unaffected skin by selecting a ∼40 × 40 pixel region of a 20-min duration video fragment, as depicted in Figure 5. The flowmotions were automatically divided into three spectral ranges representing the influence of myogenic (∼0.05–0.15 Hz) (Kastrup et al., 1989), neurogenic (∼0.02–0.05 Hz) (Söderström et al., 2003), and endothelial (∼0.0095–0.02 Hz) (Kvernmo et al., 1999; Kvandal et al., 2003) activity, as suggested by other studies. The averaged spectral power density for each spectral range was computed by Fast Fourier Transform using following formula:
[image: image]
[image: Figure 5]FIGURE 5 | Topical heating vasomotor response trend (A, B) Individual example from patient and healthy subject at 420 and 540 nm illumination. (C, D) Baseline normalized group (patients: n = 15, control: n = 15) mean data of vasomotor response characterizing parameters; P- initial peak, ND-nadir, PL-plateau phase, values presented as mean ± standard deviation, statistically significant difference denoted by asterisk.
Where PSD is a averaged power spectral density, F is a Fourier transform of RoI-averaged PPG signal, f1, f2—spectral range of corresponding flowmotion component.
2.5 Statistical analyses
The statistical analyses were conducted using SigmaPlot 12.0 (Systat Software Inc., San Jose, CA, United States). As the majority of the data did not conform to Gaussian distribution, non-parametric statistical tests were employed. To compare the patient group with the control group, the Mann-Whitney Rank Sum Test was utilized. The baseline cutaneous perfusion values for the different wavelengths in both the control and patient groups were compared using Kruskal–Wallis One Way Analysis of Variance on Ranks (ANOVA). To reveal relationship between flare area and flare intensity index Spearman’s correlation analyses was utilized. A statistically significant difference was defined as p < 0.05. Unless stated otherwise, the values presented in the text and graphs are expressed as the arithmetic mean ± standard deviation.
3 RESULTS
Comparing baseline amplitude of PPG waveform (AC signal) at all three wavelengths, it has been noticed that the infrared channel (800 nm) signal amplitude across all subjects did not significantly differ from the noise. Therefore, these data has been excluded from subsequent analyses, and further results are provided on blue (420 nm) and green channels (540 nm). All fifty subjects (patient group and healthy control group) displayed a reasonable amplitude PPG waveform at both channels during baseline and vasomotor response. The baseline perfusion index amplitude slightly varied among the individuals, with no statistically significant difference observed between subject groups or two PPG channels (420 nm vs. 540 nm). The mean values were as follows: 420 nm - control (0.12 ± 0.04) vs. patients (0.11 ± 0.06) and 540 nm - control (0.13 ± 0.06) vs. patients (0.14 ± 0.07).
The quantification of heating-induced cutaneous response was performed on the two separate modalities as an amplitudes of vasomotor trend and extend of cutaneous reddening area-flare.
3.1 Topical heating vasomotor response trend
Control group subjects exhibited a similar trend of vasomotor response at both 420 and 540 nm, with its characteristic shape comprising sharp, increase of perfusion (P1) with the following decline, nadir, and succeeding elevation, which remained relatively unchanged until the end of recording, known as the plateau phase, as shown in Figure 5. However the signal at 420 nm PPG band was 20%–30% larger, than that of 540 nm, regardless of subjects group. Meanwhile, the neuropathic patient group demonstrated a blunted response (50%), with altered initial peak (P1), nadir (ND), and plateau phase (PL), regardless of the illumination wavelength, Figure 5.
3.2 Topical heating flare response
Topical heating induced the reddening (flare) surrounding the direct contact site of the heating probe in all subjects, with some individual differences in the intensity of flare (flare intensity index) and area noticed among the same group subjects (Figure 6). Similar to vasomotor response amplitude, flare area (63%) and flare intensity index (19%) were significantly decreased in patients compared to healthy volunteers, regardless of the illumination wavelength. The patient group (n = 15) flare intensity index and flare area at 420 nm and 540 nm were as follows: 420 nm illumination 48.74 ± 14.56 a.u. and 248.46 cm2 ± 198.08 cm2; 540 nm illumination 45.89 ± 13.69 a.u. and 246.13 cm2 ± 195.18 cm2. The control group flare intensity index and flare area were: 420 nm illumination 56.26 ± 5.31 a.u. and 598.07 cm2 ± 271.89 cm2; 540 nm illumination 57.92 ± 6.77 a.u. and 673.60 cm2 ± 275.16 cm2.
[image: Figure 6]FIGURE 6 | Topical heating induced flare response. (A–D) representative data from individual subject, flare discrimination threshold is set to 0.5. (E–H) Group mean data (control:n = 15, patients:n = 15) mean ± std, statistical significance denoted with asterisks.
3.3 Cutaneous flowmotions
Acquisition of cutaneous flowmotions was more challenging due to the requirement of long duration artefact-free recording; therefore, moderate substantial variation among the same group subjects was observed for all three components, regardless of illumination wavelength. A noteworthy finding is the significantly larger (54%) neurogenic component of the control group compared to the neuropathic patient group at both wavelengths (Figure 7). The group mean values for healthy volunteers were as follows: at 420 nm illumination-endothelial 0.85 ± 0.68 a.u., neurogenic 0.58 ± 0.49 a. u., myogenic 0.14 ± 0.11a.u.; at 540 nm illumination-endothelial 0.91 ± 0.62a.u., neurogenic 0.55 ± 0.38 a. u., myogenic 0.11 ± 0.08 a. u. Group mean values for neuropathic patients were as follow: at 420 nm illumination-endothelial 0.85 ± 0.68 a. u., neurogenic 0.58 ± 0.49 a. u., myogenic 0.14 ± 0.11 a. u.; at 540 nm illumination-endothelial 0.91 ± 0.62 a. u., neurogenic 0.55 ± 0.38 a. u., myogenic 0.11 ± 0.08 a. u.
[image: Figure 7]FIGURE 7 | Cutaneous flowmotions. Power Spectral Density of endothelial (0.009–0.022 Hz), neurogenic (0.22–0.05 Hz) and myogenic (0.05–0.15 Hz) components at two wavelength, (A, B) individual data from one subject. (C–E) group mean data (control:n = 15, patients:n = 15), statistically significant data denoted by asterisks.
4 DISCUSSION
Over decades there were several attempts to use photoplethysmography for assessment on neuropathies, ranging from PPG waveform parameter analyses (Bryce et al., 2022) to spectral analyses of PPG signal fluctuations (Bentham et al., 2018), and using single point PPG recording and multi-channel recording (Kim et al., 2007), alone or in combination with different modalities such as ECG or laser Doppler (Kim et al., 2008). However most of the studies up to date in this field were performed using contact manner conventional transmission type PPG, which is usually applied in the fingers and there are sparse studies assessing function of peripheral nerve fibers by contactless modality of PPG. The present study makes a significant contribution to the evaluation of multispectral imaging photoplethysmography for assessing neuropathic patients. By examining cutaneous flow motions and topical heating-induced vasomotor responses, we demonstrate the capability of this method, which to the best of our knowledge is the first of its kind. It was expected that a multispectral approach, comprising three different wavelengths, may provide additional diagnostic information, and therefore was implemented in our present setup. Contrary to our expectations, it was possible to obtain reliable PPG signal only at two (420 and 540 nm) out of three wavelengths during the same test of topical heating, as the signal at 800 nm illumination was extremely noisy and did not significantly differ from the biological zero level. This finding is in contrast to our previous studies where a detectable, hence smaller amplitude signal was obtained from both the dorsal and palmar aspect of the hand at the baseline and during topical heating using similar wavelength illumination (Marcinkevics et al., 2016; Marcinkevics et al., 2017), albeit with approximately four times larger spectral bandwidth, which covers a broader range of chromophores providing absorption in adjacent wavelengths. The possible reasons for the diminished PPG signal at this wavelength are low Hb absorption and lower density of arterio-venous anastomoses in the cutaneous vasculature of the foot’s dorsal aspect, which counterweights our initial idea of selecting the Hb isosbestic point, which might be indifferent to alterations of Hb saturation and could provide information regardless of the patient’s arterial oxygen content. Noteworthy was finding that baseline perfusion was similar in the blue (420 nm) and green (50 nm) PPG channels and did not differ between neuropathic and control group, which allowed us to normalize cutaneous perfusion to the baseline. Different normalization approaches have been mentioned in the early studies for inter-subject comparison, including normalization to maximal vasodilatory capacity, which is achieved by pharmacological intervention, such as iontophoresis of sodium nitroprusside used or acetylcholine, contributing as an endothelium independent vasodilators (Kellogg et al., 1999), first being an NO dependent, and second acting directly on smooth muscle cells. Or physiological normalization, such as maximal reperfusion during post occlusive reactive hyperemia (Shirazi et al., 2021) and topical heating induced vasodilation (Chaseling et al., 2020). Another option could be normalization to the baseline, which is more non-intrusive but feasible only if constant initial baseline conditions are achieved. All mentioned approaches have its own limitations therefore simpler and less intrusive baseline approach was presently utilized. Its validity can be supported by the fact that all subjects regardless age and health state exhibited similar absolute values of perfusion index during the baseline, resulted by preconditioning of 32°C preheating.
4.1 Heating induced vasomotor response trend
All subjects responded to topical heating, producing well-known three-phase pattern of cutaneous vasodilation: an initial peak within the first 5–6 min and a subsequent nadir followed by a sustained plateau (Kellogg et al., 1999; Minson et al., 2001). Neuropathic patients showed diverse response with significantly reduced amplitude of cutaneous vasodilation in both PPG channels, particularly in the initial vasodilatory peak (approximately 58%) and to a moderate extent in the plateau phase (approximately 45%). This observation was consistent across all subjects, regardless of the PPG channel, with some individual variations. The interpretation of this phenomenon is particularly challenging, as there is a lack of studies on contactless PPG assessment of neuropathies. However, our recent study evaluating reversible pharmacological impairment of cutaneous sensory nerve fibers using remote photoplethysmography showed a decrease in the initial vasodilatory peak, but unaltered plateau phase (Marcinkevics et al., 2021), which is contrary to the present finding. Similar were provided from neuropathic patients studies using laser Doppler technique (Kilo et al., 2000; Krishnan and Rayman, 2004; Carter and Hodges, 2011; Obayashi and Ando, 2014; Kubasch et al., 2017), hence the technique substantially differs from PPG. The decreased vasodilatory response in the neuropathic group may be explained by underlying physiological mechanisms of heat induced vasodilation. The literature suggest that major contributor to transient initial vasodilatory peak is a local sensory nerve-mediated axon reflex (Minson et al., 2001), mediated by TRPV1 channel dependent activation of C-fiber afferent nerve fibers that release substance-P and calcitonin gene-related peptide (GCRP) with a modest contribution of NO during early phase (Marche et al., 2017) and therefore may reflect both endothelial and small nerve fiber function. Studies suggest slightly diminishing initial peak due to the aging (Millet et al., 2012), and equally sympathetic-parasympathetic balance along to hormonal level could influence response, potentially accounting to observed variance in our subjects groups. Nevertheless, the substantial effect of age on vasomotor response is excluded, as the patient and control groups have similar age structure, confirmed by statistics. The possible explanations to reduced plateau phase in our patient cohort, is contribution of plethora of mechanisms in its genesis. There is evidence that plateau is only 60%–70% endothelium NO-dependent (Fieger and Wong, 2010; Bruning et al., 2012; Fujii et al., 2014), and could be modulated by other factors such as adenosine receptors, endogenous reactive oxygen species (Huang et al., 2012) and transient receptor potential vanilloid type 1 (TRPV1) channels which are expressed on the membrane of sensory nerve fibers (Wong and Fieger, 2010) and could be deranged in neuropathic patients. In addition etiology of peripheral neuropathies is multifaceted, frequently related to endothelial dysfunction such as in diabetic polyneuropathy. Clinical studies have shown that endothelial function assessed by endothelium-dependent vasodilation is impaired in diabetic patients (McVeigh et al., 1992) although the pathogenesis has not been fully elucidated. Our neuropathic group was etiologically heterogeneous and impairments of endothelial function cannot be ruled out.
4.2 Flare response
Another more robust expression of topical heating is the flare response-a type of localized neurogenic inflammation manifested as the reddening of the skin region which surrounds directly heated site. In our study, the flare response along the vasomotor response trend was employed to evaluate cutaneous nerve fiber function in neuropathic patients. The essential finding of present photoplethysmography study is reduced flare area (approx. 63%) and flare intensity (approx. 19%) in neuropathic patients in comparison to control group regardless of the illumination wavelength. The similar effect have been showed by several laser Doppler studies utilizing different provocation procedures, such as topical skin heating and vasoactive substance iontophoresis in neuropathic patients (Krishnan and Rayman, 2004; Bickel et al., 2009; Green, 2009; Green et al., 2009; Illigens et al., 2013; Namer et al., 2013; Sharma et al., 2015; Abraham et al., 2016; Calero-Romero et al., 2018). However there are also controversial studies, suggesting decreased flare area in neuropathic patients with structurally deranged nerve fibers (Bickel et al., 2009), while others points on flare reliability only for painful neuropathy conditions (Ysihai, 2009). Notably, our present research revealed that the flare intensity index in neuropathic patients remained unchanged regardless of the size of the flare area. What is in line to the laser Doppler study by Alistair et al. suggesting correlation of flare intensity to microvascular function and correlation of flare area to small fiber functions (Arnold et al., 2015). And in the light of this study the slight decrease of flare intensity index might point on moderate microvascular impairments in our neuropathic patient group, which is consisted with findings related to diminished plateau phase of these patients. Hence, it is difficult to interpret the present data due to the lack of relevant studies and sparse evidence regarding photoplethysmography’s ability to assess neuropathic patients using quantification of flare response, as this imaging modality differs substantially from Laser Doppler technique and results cannot be directly attributed to other imaging modalities without appropriate investigation. Nonetheless, there is some evidence from our previous research (Marcinkevics et al., 2021) on potential of imaging photoplethysmography for assessment of small fiber functions in the healthy volunteers, which may be extrapolated to the neuropathic patients. Recent evidence suggest that pathophysiology of small fiber neuropathy is related to spontaneous activation of small unmyelinated sensory polymodal nerve fibers which are aimed to detect and transmit temperature and slow pain to the central nervous system; hence, when impaired, can cause chronic neuropathic pain. In the healthy individuals topical skin heating (above 42°C) depolarizes small unmyelinated dermal C-fibers, resulting in afferent action potentials that are conducted toward the spinal cord and, at branching points, antidromically invade peripheral branches adjacent to the initial stimulation point, triggering release of vasoactive substances, such as substance P and calcitonin gene-related peptide (CGRP), from nerve terminals, which leads to arteriolar smooth muscle relaxation and vasodilation at the localized skin area extending outside heated skin region (Weidner et al., 2003). While in the neuropathic patients deranged nerve fibers produce substantially blunted response, which can be detected by imaging photoplethysmography, Laser Doppler imaging, and likely any imaging technique with potential to measure cutaneous blood perfusion.
4.3 Flowmotions
Spectral analysis of photoplethysmography (PPG) signals has long been a desirable technique due to the relative ease of recording and the potential for advanced mathematical tools to yield valuable diagnostic information. In the recent study, we have expanded upon this approach and performed a comprehensive evaluation of the efficacy of contactless PPG in the assessment of patients with small fiber neuropathy using cutaneous flowmotion analyses. The key finding of our present study is a marked reduction in the neurogenic component of vasomotor responses in patients with neuropathy, which is consistent with the observed reductions in flare area, flare intensity, and initial peak pointing on deranged small nerve fiber function. Surprisingly, there was no statistically significant difference between the endothelial flowmotion component in healthy subjects and neuropathic patients, despite the latter group showing a reduced plateau phase in vasomotor response, which can be partly explained by contribution of systemic factors or insufficiently deranged endothelial function of patients. Overall, our results are consistent with other studies (Bernardi et al., 1997; Lefrandt et al., 2003; Meyer et al., 2003; Quattrini et al., 2007; Sun et al., 2013; Körei et al., 2015) that have used Laser Doppler to evaluate diabetic patients with neuropathy, as well as with our previous study that utilized photoplethysmography to assess small cutaneous nerve fibers in healthy subjects (Marcinkevics et al., 2021). However, the interpretation of our present findings is constrained by the lack of literature on flowmotions studies that utilize the same spectral analysis approach (three major spectral components) and photoplethysmography, as most existing research on this topic are conducted with the Laser Doppler technique, emphasizing the necessity for further research using comparable methodologies to validate and expand our results. Furthermore, the interpretation of our results is limited by incomplete knowledge of the genesis and influencing factors of flowmotions. The precise mechanism underlying these oscillations remains unclear, but prior research suggests a local origin stemming from dynamic interactions between sympathetic vasoconstriction, pressure-dependent vasoconstriction, flow-dependent endothelium-mediated vasodilation, metabolic vasodilation, and spontaneous myogenic activity (Rossi et al., 2006), which can indirectly support our recent findings on alteration on neurogenic component in neuropathic patients.
4.4 Study limitations
While the study was conducted with a commitment to precise methodology and strict adherence to the experimental design, certain limitations were encountered that could impact the reliability of the findings, necessitating careful interpretation of the results.
First, the generalizability of our findings could be affected by the relatively small sample size and the diverse nature of the neuropathic patients we studied. Nevertheless, significant results were still achieved, underscoring the robustness of our photoplethysmographic evaluations.
Second, our study primarily focused on functional assessments of neuropathic patients, without a direct morphologic evaluation of nerve fibers by biopsy to validate clinical diagnoses. However, the intent of our study was not to provide structural assessments, but to showcase a potential functional evaluation technique that could augment existing structural testing methods.
Third, there exists the possibility of parameter drift in the photoplethysmography imaging system during recording, which could potentially affect the recording of vasomotion due to their low frequency. To mitigate this, we assessed the stability of light sources prior to the experiment. Our data showed that for all three channels, the standard deviation did not exceed 0.05% of the mean PPG signal in the 0–5 Hz frequency range. Moreover, the power spectral density (PSD) of the PPG signal, calculated from a white reference video in the 0.0095–0.15 Hz frequency range, was two orders of magnitude lower than the PPG signals obtained from healthy subjects. This indicates that any potential instability of the LED did not significantly influence the flowmotion measurements.
Fourth, the slow respiration rate of subjects could potentially affect the myogenic component of flowmotions (Liu et al., 2020). However, we did not control for this as we assumed subjects were breathing normally in either sitting or resting positions (Rodríguez-Molinero et al., 2013; Miles-Chan et al., 2014; Katz et al., 2018). Further, normal breathing does not interfere with the myogenic frequency range or affect the PPG signal. As corroborated by other studies of vasomotion using laser Doppler, the control of respiratory rate during cutaneous blood perfusion recording is not a critical factor for measuring vasomotion components (Kastrup et al., 1989; Meyer et al., 2003).
Despite these limitations, we believe our study makes valuable contributions to the literature and opens avenues for future research.
4.5 Conclusive remarks
Overall, our study highlights that photoplethysmographic evaluation of the flare response is the most methodically simple and robust technique among all we tested. While the analysis of flowmotions may appear simple and attractive, but is less informative due to its sensitivity to slow fluctuation artifacts and measurement site variations. Taken together, these results suggest that photoplethysmographic evaluation of the vasomotor flare response holds promise as an objective clinically valuable tool for assessing small fiber function in neuropathic patients.
One partially unresolved issue in our study concerns the diagnostic utility of the multispectral approach in photoplethysmography. Our findings suggest that there are no clear indications for any additional diagnostic information gained from the simultaneous use of the green (540 nm) and blue (420 nm) channels, nor are there any strong implications for the preference of the blue channel over the green in assessing neuropathic patients. However, we did observe that in the blue channel, the vasomotor response was numerically larger by approximately 20%–30% in both the patient and control groups, which could be attributed to the higher hemoglobin absorption at this wavelength (Zijlstra et al., 1991) and slightly different penetration depth into the skin, comprising different density of vessels (Finlayson et al., 2022). Nonetheless, despite these differentiating factors, both 420 nm and 540 nm light penetrate only superficially at the epidermal-dermal junction where the majority of vessels are densely situated capillary loops without substantial contractile elements, the two wavelengths provide a similar pattern of vasomotor response. These results suggest that the application of the two band approach in photoplethysmography may not yield significant diagnostic value in the evaluation of neuropathic patients and the usefulness of different PPG bands in diagnostics is highly debatable, while several studies emphasize the contrary (Asare et al., 2011; Chen et al., 2020), such as the study by Labuda et al. (2022) The argument put forth by the authors is that information can be extracted from different depths. At the outset of our study, we hypothesized that simultaneous recording at different illuminations would provide valuable diagnostic information from varying vascular layers within the skin due to the wavelength-dependent penetration depth of light. However, our findings failed to support this hypothesis. An explanation for this may be found in the genesis mechanisms of photoplethysmography, which, despite decades of research and widespread application varying from heart rate monitors to intensive care pulse oximeters, have not been fully elucidated. Several recent studies have advocated the classical, well-accepted volumetric photoplethysmography model (Moço et al., 2018), which posits that the PPG signal originates from volume variations in the arteriole-arterial network at different depths. According to this model, the depth-origin of PPG using green wavelengths is dermal blood volume variations, while red-IR wavelengths may interact with subcutaneous blood volume variations. Another, the red blood cell aggregation model (Fine and Kaminsky, 2022), suggests that the source of the optical signal pulsation is associated with the modulation of the scattering of RBCs in the blood vessels that is caused by the modulation of blood flow velocity. The change in blood scattering can be explained by the change in the average size of aggregates following the fluctuations of shear forces, which vary during the course of the pulse wave. Recently, an interesting tissue compression model was proposed by Kamshilin et al. (2015), which states that pulse oscillations of the arterial transmural pressure, which occur during every cardiac cycle, deform the connective-tissue components of the dermis. Therefore, further studies using advanced tissue modeling are necessary to reveal a more unified mechanism of PPG signal origin that would fit all existing hypotheses and experimental data.
5 CONCLUSION
Overall, this study demonstrate the potential of imaging photoplethysmography as a cost-effective and straightforward alternative to existing imaging techniques for the assessment of neuropathic patients, providing novel information to the field of chronic pain diagnostics. However, in order to effectively implement this technology in clinical settings, further extensive research is required to improve provocation methodology, enhance PPG signal quality, and establish diagnostic criteria and referent values for heat-induced vasomotor tests, which can be achieved through the utilization of novel approaches, such as deep learning.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The studies involving humans were approved by Ethics Committee of the University of Latvia, Institute of Cardiology and Regenerative Medicine and Riga Stradins University Research Ethics Committee (Prot.Nr: 03.05.2018). The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
ZM and AG contributed to the design of the experiment, IL and DG collection of data. UR and AA analyses of data. ZM and IL interpretation of data and drafted the article. All authors contributed to the article and approved the submitted version.
FUNDING
This study was funded by the Latvian Council of Science Fundamental and Applied Research Project “Imaging Photoplethysmography for Chronic Pain Assessment” No. LZP-2018/1-0188.
ACKNOWLEDGMENTS
We would like to express our gratitude to the employees of the University of Latvia who participated in this study as subjects. Additionally, we extend our thanks to the staff at the University of Latvia, Institute of Atomic Physics and Spectroscopy, and Professor Janis Spigulis, head of the Biophotonics Laboratory, for their support and valuable discussions throughout the course of this research.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abraham, A., Alabdali, M., Alsulaiman, A., Breiner, A., Barnett, C., Katzberg, H. D., et al. (2016). Laser Doppler flare imaging and quantitative thermal thresholds testing performance in small and mixed fiber neuropathies. PLoS One 11, e0165731. doi:10.1371/JOURNAL.PONE.0165731
 Allen, J. (2007). Photoplethysmography and its application in clinical physiological measurement. Physiol. Meas. 28, R1–R39. doi:10.1088/0967-3334/28/3/R01
 Amelard, R., Hughson, R. L., Greaves, D. K., Pfisterer, K. J., Leung, J., Clausi, D. A., et al. (2017). Non-contact hemodynamic imaging reveals the jugular venous pulse waveform. Sci. Rep. 7, 40150. doi:10.1038/SREP40150
 Ando, A., Miyamoto, M., Saito, N., Kotani, K., Kamiya, H., Ishibashi, S., et al. (2021). Small fibre neuropathy is associated with impaired vascular endothelial function in patients with type 2 diabetes. Front. Endocrinol. (Lausanne). 12, 1. doi:10.3389/fendo.2021.653277
 Arnold, W. D., Kassar, D., and Kissel, J. T. (2015). Spinal muscular atrophy: diagnosis and management in a new therapeutic era. Muscle Nerve 51, 157–167. doi:10.1002/MUS.24497
 Asare, L., Kviesis-Kipge, E., Rubins, U., Rubenis, O., and Spigulis, J. (2011). “Multi-spectral photoplethysmography technique for parallel monitoring of pulse shapes at different tissue depths,” in Clinical and biomedical spectroscopy and imaging II ed Editors N. Ramanujam, and J. Poppdoi:10.1117/12.889954
 Bashkatov, A. N., Genina, E. A., and Tuchin, V. V. (2011). Optical properties OF SKIN, subcutaneous, and muscle tissues: a review. J. Innov. Opt. Health Sci. 4, 9–38. doi:10.1142/S1793545811001319
 Bentham, M., Stansby, G., and Allen, J. (2018). Innovative multi-site photoplethysmography analysis for quantifying pulse amplitude and timing variability characteristics in peripheral arterial disease. Diseases 6, 81. doi:10.3390/DISEASES6030081
 Bernardi, L., Rossi, M., Leuzzi, S., Mevio, E., Fornasari, G., Calciati, A., et al. (1997). Reduction of 0.1 Hz microcirculatory fluctuations as evidence of sympathetic dysfunction in insulin-dependent diabetes. Cardiovasc. Res. 34, 185–191. doi:10.1016/S0008-6363(97)00017-5
 Bickel, A., Heyer, G., Senger, C., Maihöfner, C., Maihoefner, C., Heuss, D., et al. (2009). C-fiber axon reflex flare size correlates with epidermal nerve fiber density in human skin biopsies. J. Peripher. Nerv. Syst. 14, 294–299. doi:10.1111/j.1529-8027.2009.00241.x
 Breivik, H., Eisenberg, E., and O’Brien, T.OPENMinds (2013). The individual and societal burden of chronic pain in europe: the case for strategic prioritisation and action to improve knowledge and availability of appropriate care. BMC Public Health 13, 1229. doi:10.1186/1471-2458-13-1229
 Bruning, R. S., Santhanam, L., Stanhewicz, A. E., Smith, C. J., Berkowitz, D. E., Kenney, W. L., et al. (2012). Endothelial nitric oxide synthase mediates cutaneous vasodilation during local heating and is attenuated in middle-aged human skin. J. Appl. Physiol. 112, 2019–2026. doi:10.1152/JAPPLPHYSIOL.01354.2011
 Bryce, Y., Santos-Martin, E., Ziv, E., Gonzalez-Aguirre, A., Moussa, A., Friedman, A., et al. (2022). Abnormal photoplethysmography waveforms are associated with chemotherapy induced neuropathy. Vasa 51, 85–92. doi:10.1024/0301-1526/A000987
 Calero-Romero, I., Suter, M. R., Waeber, B., Feihl, F., and Kuntzer, T. (2018). Axon reflex–mediated vasodilation is reduced in proportion to disease severity in TTR-FAP. Neurol. Genet. 4, e251. doi:10.1212/NXG.0000000000000251
 Callaghan, B. C., Price, R. S., and Feldman, E. L. (2015). Distal symmetric polyneuropathy: a review. JAMA 314, 2172–2181. doi:10.1001/JAMA.2015.13611
 Carnago, L., O’Regan, A., and Hughes, J. M. (2021). Diagnosing and treating chronic pain: are we doing this right?J. Prim. Care Community Health 12, 21501327211008055. doi:10.1177/21501327211008055
 Carter, S. J., and Hodges, G. J. (2011). Sensory and sympathetic nerve contributions to the cutaneous vasodilator response from a noxious heat stimulus. Exp. Physiol. 96, 1208–1217. doi:10.1113/expphysiol.2011.059907
 Chaseling, G. K., Crandall, C. G., and Gagnon, D. (2020). Skin blood flow measurements during heat stress: technical and analytical considerations. Am. J. Physiol. Regul. Integr. Comp. Physiol. 318, R57-R69–R69. doi:10.1152/AJPREGU.00177.2019
 Chen, S. H., Chuang, Y. C., and Chang, C. C. (2020). Development of a portable all-wavelength PPG sensing device for robust adaptive-depth measurement: a spectrometer approach with a hydrostatic measurement example. Sensors 2020 20, 6556 20, 6556. doi:10.3390/S20226556
 Cheng, D., Wang, J., Yokota, T., and Someya, T. (2022). Spatiotemporal processing in photoplethysmography for skin microcirculatory perfusion imaging. Biomed. Opt. Express 13, 838–849. doi:10.1364/BOE.442764
 Colloca, L., Ludman, T., Bouhassira, D., Baron, R., Dickenson, A. H., Yarnitsky, D., et al. (2017). Neuropathic pain. Nat. Rev. Dis. Prim. 3, 17002. doi:10.1038/NRDP.2017.2
 Costigan, M., Scholz, J., and Woolf, C. J. (2009). Neuropathic pain: a maladaptive response of the nervous system to damage. Annu. Rev. Neurosci. 32, 1–32. doi:10.1146/ANNUREV.NEURO.051508.135531
 Cracowski, J.-L., and Roustit, M. (2016). Current methods to assess human cutaneous blood flow: an updated focus on laser-based-techniques. Microcirculation 23, 337–344. doi:10.1111/micc.12257
 Desquins, T., Bousefsaf, F., Pruski, A., and Maaoui, C. (2022). A survey of photoplethysmography and imaging photoplethysmography quality assessment methods. Appl. Sci. 12, 9582. doi:10.3390/APP12199582
 Fieger, S. M., and Wong, B. J. (2010). Adenosine receptor inhibition with theophylline attenuates the skin blood flow response to local heating in humans. Exp. Physiol. 95, 946–954. doi:10.1113/EXPPHYSIOL.2010.053538
 Fine, I., and Kaminsky, A. (2022). Scattering-driven PPG signal model. Biomed. Opt. Express 13, 2286–2298. doi:10.1364/BOE.451620
 Finlayson, L., Barnard, I. R. M., McMillan, L., Ibbotson, S. H., Brown, C. T. A., Eadie, E., et al. (2022). Depth penetration of light into skin as a function of wavelength from 200 to 1000 nm. Photochem. Photobiol. 98, 974–981. doi:10.1111/PHP.13550
 Ftiha, F., Shalom, M., and Jradeh, H. (2020). Neurological symptoms due to Coronavirus disease 2019. Neurol. Int. 12 (1), 8639. doi:10.4081/NI.2020.8639
 Fujii, N., Brunt, V. E., and Minson, C. T. (2014). Tempol improves cutaneous thermal hyperemia through increasing nitric oxide bioavailability in young smokers. Am. J. Physiol. Heart Circ. Physiol. 306, H1507–H1511. doi:10.1152/AJPHEART.00886.2013
 Gautam, M., Thakrar, A., Akinyemi, E., and Mahr, G. (2020). Current and future challenges in the delivery of mental healthcare during COVID-19. SN Compr. Clin. Med. 2, 865–870. doi:10.1007/s42399-020-00348-3
 Green, A. Q., Krishnan, S. T., and Rayman, G. (2009). C-fiber function assessed by the laser Doppler imager flare technique and acetylcholine iontophoresis. Muscle Nerve 40, 985–991. doi:10.1002/mus.21333
 Green, A. Q. M. (2009). Small fibre function assessed using the LDI flare technique in subjects with type 1 diabetes mellitus and impaired glucose tolerance. Available at: http://www.novonordiskfoundation.org.uk/content/dam/NNRF/AFFILIATE/www-novonordiskfoundation-org-uk/en_gb/Homepage/Documents/al-green-md-thesis.pdf.
 Hagblad, J., Lindberg, L. G., Andersson, A. K., Bergstrand, S., Lindgren, M., Ek, A. C., et al. (2010). A technique based on laser Doppler flowmetry and photoplethysmography for simultaneously monitoring blood flow at different tissue depths. Med. Biol. Eng. Comput. 48, 415–422. doi:10.1007/S11517-010-0577-2
 Harrison, D. K., Abbot, N. C., Swanson Beck, J., and McCollum, P. T. (1993). A preliminary assessment of laser Doppler perfusion imaging in human skin using the tuberculin reaction as a model. Physiol. Meas. 14, 241–252. doi:10.1088/0967-3334/14/3/002
 Hertzman, A. B. (1937). Photoelectric plethysmography of the fingers and toes in man. Proc. Soc. Exp. Biol. Med. 37, 529–534. doi:10.3181/00379727-37-9630
 Huang, C., Wang, S., and Tsai, Y. (2012). Axon reflex-related hyperemia induced by short local heating is reproducible. Microvasc. Res. 84, 351–355. doi:10.1016/j.mvr.2012.07.003
 Huelsbusch, M., and Blazek, V. (2002). “Contactless mapping of rhythmical phenomena in tissue perfusion using PPGI,” in Proceedings of the SPIE, 110–117. doi:10.1117/12.463573
 Illigens, B. M. W., Siepmann, T., Roofeh, J., and Gibbons, C. H. (2013). Laser Doppler imaging in the detection of peripheral neuropathy. Auton. Neurosci. Basic Clin. 177, 286–290. doi:10.1016/j.autneu.2013.06.006
 Jazieh, A. R., and Kozlakidis, Z. (2020). Healthcare transformation in the post-coronavirus pandemic era. Front. Med. 7, 429. doi:10.3389/FMED.2020.00429
 Kamshilin, A. A., Mamontov, O. V., Koval, V. T., Zayats, G. A., and Romashko, R. V. (2015). Influence of a skin status on the light interaction with dermis. Biomed. Opt. Express 6, 4326–4334. doi:10.1364/BOE.6.004326
 Kastrup, J., Bülow, J., and Lassen, N. A. (1989). Vasomotion in human skin before and after local heating recorded with laser Doppler flowmetry. A method for induction of vasomotion. Int. J. Microcirc. Clin. Exp. 8, 205–215.
 Katz, S., Arish, N., Rokach, A., Zaltzman, Y., and Marcus, E. L. (2018). The effect of body position on pulmonary function: a systematic review. BMC Pulm. Med. 18, 159. doi:10.1186/S12890-018-0723-4
 Kellogg, D. L. (2006). In vivo mechanisms of cutaneous vasodilation and vasoconstriction in humans during thermoregulatory challenges. J. Appl. Physiol. 100, 1709–1718. doi:10.1152/japplphysiol.01071.2005
 Kellogg, D. L., Liu, Y., Kosiba, I. F., and O’Donnell, D. (1999). Role of nitric oxide in the vascular effects of local warming of the skin in humans. J. Appl. Physiol. 86, 1185–1190. doi:10.1152/JAPPL.1999.86.4.1185
 Kilo, S., Berghoff, M., Hilz, M., and Freeman, R. (2000). Neural and endothelial control of the microcirculation in diabetic peripheral neuropathy. Neurology 54, 1246–1252. doi:10.1212/WNL.54.6.1246
 Kim, D. W., Kim, S. W., Kim, S. C., Nam, K. C., Kang, E. S., and Im, J. J. (2007). Detection of diabetic neuropathy using blood volume ratio of finger and toe by PPG. In 2007 29th Annual International Conference of the IEEE Engineering in Medicine and Biology Society2007, 2211–2214. doi:10.1109/IEMBS.2007.4352763
 Kim, S. W., Kim, S. C., Nam, K. C., Kang, E. S., Im, J. J., and Kim, D. W. (2008). A new method of screening for diabetic neuropathy using laser Doppler and photoplethysmography. Med. Biol. Eng. Comput. 46, 61–67. doi:10.1007/S11517-007-0257-Z
 Körei, A. E., Istenes, I., Papanas, N., Kempler, P., Korei, A. E., Istenes, I., et al. (2015). Small-fiber neuropathy: a diabetic microvascular complication of special clinical, diagnostic, and prognostic importance. Angiology 67, 49–57. doi:10.1177/0003319715583595
 Krishnan, S. T. M., and Rayman, G. (2004). The LDIflare: a novel test of C-fiber function demonstrates early neuropathy in type 2 diabetes. Diabetes Care 27, 2930–2935. doi:10.2337/diacare.27.12.2930
 Kubasch, M. L., Kubasch, A. S., Torres Pacheco, J., Buchmann, S. J., Illigens, B. M.-W., Barlinn, K., et al. (2017). Laser Doppler assessment of vasomotor axon reflex responsiveness to evaluate neurovascular function. Front. Neurol. 8, 370. doi:10.3389/fneur.2017.00370
 Kvandal, P., Stefanovska, A., Veber, M., Kvernmo, H. D., Kirkebøen, K. A., and Kirkebøen, K. A. (2003). Regulation of human cutaneous circulation evaluated by laser Doppler flowmetry, iontophoresis, and spectral analysis: importance of nitric oxide and prostaglandines. Microvasc. Res. 65, 160–171. doi:10.1016/s0026-2862(03)00006-2
 Kvernmo, H. D., Stefanovska, A., Kirkeboen, K. A., and Kvernebo, K. (1999). Oscillations in the human cutaneous blood perfusion signal modified by endothelium-dependent and endothelium-independent vasodilators. Microvasc. Res. 57, 298–309. doi:10.1006/mvre.1998.2139
 Labuda, M., Smondrk, M., Babusiak, B., and Borik, S. (2022). System for non-contact and multispectral examination of blood supply to cutaneous tissue. Electron 11, 2958. doi:10.3390/ELECTRONICS11182958
 Leal, J. M., de Souza, G. H., Marsillac, P. F. de, and Gripp, A. C. (2021). Skin manifestations associated with systemic diseases - Part II. An. Bras. Dermatol. 96, 672–687. doi:10.1016/J.ABD.2021.06.003
 Lefrandt, J. D., Bosma, E., Oomen, P. H. N., Hoeven, J. H., Roon, A. M., Smit, A. J., et al. (2003). Sympathetic mediated vasomotion and skin capillary permeability in diabetic patients with peripheral neuropathy. Diabetologia 46, 40–47. doi:10.1007/S00125-002-1004-5
 Lenasi, H. (2011). “Assessment of human skin microcirculation and its endothelial function using laser Doppler flowmetry,” in Medical imaging ed . Editor F. Okechukwu Erondu (London, United Kingdom: IntechOpen Limited), 412. Available at: http://www.intechopen.com/books/medical-imaging/assessment-of-human-skin-microcirculation-and-its-endothelial-function-using-laser-doppler-flowmetry.
 Liu, H., Chen, F., Hartmann, V., Khalid, S. G., Hughes, S., and Zheng, D. (2020). Comparison of different modulations of photoplethysmography in extracting respiratory rate: from a physiological perspective. Physiol. Meas. 41, 094001. doi:10.1088/1361-6579/ABAAF0
 Magerl, W., Krumova, E. K., Baron, R., Tölle, T., Treede, R. D., and Maier, C. (2010). Reference data for quantitative sensory testing (QST): refined stratification for age and a novel method for statistical comparison of group data. Pain 151, 598–605. doi:10.1016/J.PAIN.2010.07.026
 Maity, A. K., Maity, A. K., Wang, J., Wang, J., Wang, J., Sabharwal, A., et al. (2022). RobustPPG: camera-based robust heart rate estimation using motion cancellation. Biomed. Opt. Express 13 (10), 5447–5467 13. doi:10.1364/BOE.465143
 Marche, P., Dubois, S., Abraham, P., Parot-Schinkel, E., Gascoin, L., Humeau-Heurier, A., et al. (2017). Neurovascular microcirculatory vasodilation mediated by C- fi bers and Transientreceptor potential vanilloid-type-1 channels (TRPV 1) is impaired in type 1 diabetes. Nat. Publ. Gr. 7, 44322. doi:10.1038/srep44322
 Marcinkevics, Z., Aglinska, A., Rubins, U., and Grabovskis, A. (2021). Remote photoplethysmography for evaluation of cutaneous sensory nerve fiber function†. Sensors Switz. 21, 1272. doi:10.3390/s21041272
 Marcinkevics, Z., Ilango, K., Balode, P., Rubins, U., and Grabovskis, A. (2020). The assessment of gingivitis using remote photoplethysmography, In Proceedings of the SPIE11585. doi:10.1117/12.2581969
 Marcinkevics, Z., Rubins, U., Aglinska, A., Caica, A., and Grabovskis, A. (2019). Remote photoplethysmography for skin perfusion monitoring using narrowband illumination. in Progress in Biomedical Optics and Imaging - Proceedings of SPIE. doi:10.1117/12.2527221
 Marcinkevics, Z., Rubins, U., Caica, A., and Grabovskis, A. (2017). Evaluation of nitroglycerin effect on remote photoplethysmogram waveform acquired at green and near infra-red illumination. SPIE Proc. 10592, 18. doi:10.1117/12.2297385
 Marcinkevics, Z., Rubins, U., Zaharans, J., Miscuks, A., Urtane, E., and Ozolina-Moll, L. (2016). Imaging photoplethysmography for clinical assessment of cutaneous microcirculation at two different depths. J. Biomed. Opt. 21, 35005. doi:10.1117/1.JBO.21.3.035005
 McVeigh, G. E., Brennan, G. M., Johnston, G. D., McDermott, B. J., McGrath, L. T., Henry, W. R., et al. (1992). Impaired endothelium-dependent and independent vasodilation in patients with type 2 (non-insulin-dependent) diabetes mellitus. Diabetologia 35, 771–776. doi:10.1007/BF00429099
 Merla, A., di Donato, L., Romani, G. L., Proietti, M., and Salsano, F. (2008). Comparison of thermal infrared and laser Doppler imaging in the assessment of cutaneous tissue perfusion in scleroderma patients and healthy controls. Int. J. Immunopathol. Pharmacol. 21, 679–686. doi:10.1177/039463200802100322
 Meyer, M. F., Rose, C. J., Hülsmann, J. O., Schatz, H., and Pfohl, M. (2003). Impaired 0.1-Hz vasomotion assessed by laser Doppler anemometry as an early index of peripheral sympathetic neuropathy in diabetes. Microvasc. Res. 65, 88–95. doi:10.1016/S0026-2862(02)00015-8
 Miles-Chan, J. L., Sarafian, D., Montani, J. P., Schutz, Y., and Dulloo, A. G. (2014). Sitting comfortably versus lying down: is there really a difference in energy expenditure?Clin. Nutr. 33, 175–178. doi:10.1016/J.CLNU.2013.11.009
 Millet, C., Roustit, M., Blaise, S., and Cracowski, J. (2012). Aging is associated with a diminished axon reflex response to local heating on the gaiter skin area. Microvasc. Res. 84, 356–361. doi:10.1016/j.mvr.2012.06.009
 Minson, C. T., Berry, L. T., and Joyner, M. J. (2001). Nitric oxide and neurally mediated regulation of skin blood flow during local heating. J. Appl. Physiol. 91, 1619–1626. doi:10.1152/jappl.2001.91.4.1619
 Minson, C. T., Tew, G. A., Klonizakis, M., Moss, J., Ruddock, A. D., Saxton, J. M., et al. (2011). Thermal provocation to evaluate microvascular reactivity in human skin Mechanisms and Modulators of Temperature Regulation Thermal provocation to evaluate microvascular reactivity in human skin. J. Appl. Physiol. (1985) , 1239–1246. doi:10.1152/japplphysiol.00414.2010
 Mizeva, I., Di Maria, C., Frick, P., Podtaev, S., and Allen, J. (2015). Quantifying the correlation between photoplethysmography and laser Doppler flowmetry microvascular low-frequency oscillations. J. Biomed. Opt. 20, 037007. doi:10.1117/1.JBO.20.3.037007
 Moço, A. V., Stuijk, S., and de Haan, G. (2018). New insights into the origin of remote PPG signals in visible light and infrared. Sci. Rep. 8, 8501. doi:10.1038/s41598-018-26068-2
 Namer, B., Pfeffer, S., Handwerker, H. O., Schmelz, M., and Bickel, A. (2013). Axon reflex flare and quantitative sudomotor axon reflex contribute in the diagnosis of small fiber neuropathy. Muscle Nerve 47, 357–363. doi:10.1002/mus.23543
 Obayashi, K., and Ando, Y. (2014). Diagnosis of small-fiber neuropathy using various autonomic function tests. Rinsho Shinkeigaku 54, 1044–1046. doi:10.5692/CLINICALNEUROL.54.1044
 Pires, S. M., Wyper, G. M. A., Wengler, A., Peñalvo, J. L., Haneef, R., Moran, D., et al. (2022). Burden of disease of COVID-19: strengthening the collaboration for national studies. Front. public Heal 10, 907012. doi:10.3389/FPUBH.2022.907012
 Quattrini, C., Harris, N. D., Malik, R. A., and Tesfaye, S. (2007). Impaired skin microvascular reactivity in painful diabetic neuropathy. Diabetes Care 30, 655–659. doi:10.2337/DC06-2154
 Rajan, V., Varghese, B., Van Leeuwen, T. G., and Steenbergen, W. (2009). Review of methodological developments in laser Doppler flowmetry. Lasers Med. Sci. 24, 269–283. doi:10.1007/S10103-007-0524-0
 Rodrigues, L. M., Rocha, C., Ferreira, H., and Silva, H. (2019). Different lasers reveal different skin microcirculatory flowmotion - data from the wavelet transform analysis of human hindlimb perfusion. Sci. Rep. 9, 16951. doi:10.1038/s41598-019-53213-2
 Rodríguez-Molinero, A., Narvaiza, L., Ruiz, J., and Gálvez-Barrõn, C. (2013). Normal respiratory rate and peripheral blood oxygen saturation in the elderly population. J. Am. Geriatr. Soc. 61, 2238–2240. doi:10.1111/JGS.12580
 Rossi, M., Bertuglia, S., Varanini, M., Giusti, A., Santoro, G., and Carpi, A. (2005). Generalised wavelet analysis of cutaneous flowmotion during post-occlusive reactive hyperaemia in patients with peripheral arterial obstructive disease. Biomed. Pharmacother. 59, 233–239. doi:10.1016/J.BIOPHA.2004.01.008
 Rossi, M., Carpi, A., Galetta, F., Franzoni, F., and Santoro, G. (2006). The investigation of skin blood flowmotion: a new approach to study the microcirculatory impairment in vascular diseases?Biomed. Pharmacother. 60, 437–442. doi:10.1016/j.biopha.2006.07.012
 Rubins, U., Marcinkevics, Z., Muckle, R. A., Henkuzena, I., Roze, A., and Grabovskis, A. (2019). “Remote photoplethysmography for assessment of oral mucosa,” in Progress in Biomedical Optics and Imaging - Proceedings of SPIE. doi:10.1117/12.2526979
 Rubins, U., Miscuks, A., Rubenis, O., Erts, R., and Grabovskis, A. (2010). “The analysis of blood flow changes under local anesthetic input using non-contact technique,” in 2010 3rd International Conference on Biomedical Engineering and Informatics ( IEEE), 601–604. doi:10.1109/BMEI.2010.5640023
 Ryals, S., Chiang, A., Schutte-Rodin, S., Chandrakantan, A., Verma, N., Holfinger, S., et al. (2023). Photoplethysmography—new applications for an old technology: a sleep technology review. J. Clin. Sleep. Med. 19, 189–195. doi:10.5664/JCSM.10300
 Scott, K., Simmons, Z., and Kothari, M. J. (2003). A comparison of quantitative sensory testing with skin biopsy in small fiber neuropathy. J. Clin. Neuromuscul. Dis. 4, 129–132. doi:10.1097/00131402-200303000-00006
 Sharma, S., Venkitaraman, R., Vas, P. R. J., and Rayman, G. (2015). Assessment of chemotherapy-induced peripheral neuropathy using the LDIFLARE technique: a novel technique to detect neural small fiber dysfunction. Brain Behav. 5, e00354. doi:10.1002/brb3.354
 Shirazi, B. R., Valentine, R. J., and Lang, J. A. (2021). Reproducibility and normalization of reactive hyperemia using laser speckle contrast imaging. PLoS One 16, e0244795. doi:10.1371/JOURNAL.PONE.0244795
 Slominski, A. T., Manna, P. R., and Tuckey, R. C. (2015). On the role of skin in the regulation of local and systemic steroidogenic activities. Steroids 103, 72–88. doi:10.1016/J.STEROIDS.2015.04.006
 Söderström, T., Stefanovska, A., Veber, M., and Svensson, H. (2003). Involvement of sympathetic nerve activity in skin blood flow oscillations in humans. Am. J. Physiol. Heart Circ. Physiol. 284, H1638–H1646. doi:10.1152/ajpheart.00826.2000
 Sun, P. C., Kuo, C. D., Chi, L. Y., Lin, H. Da, Wei, S. H., and Chen, C. S. (2013). Microcirculatory vasomotor changes are associated with severity of peripheral neuropathy in patients with type 2 diabetes. Diabetes Vasc. Dis. Res. 10, 270–276. doi:10.1177/1479164112465443
 Sun, Y., and Thakor, N. (2016). Photoplethysmography revisited: from contact to noncontact, from point to imaging. IEEE Trans. Biomed. Eng. 63, 463–477. doi:10.1109/TBME.2015.2476337
 Terkelsen, A. J., Karlsson, P., Lauria, G., Freeman, R., Finnerup, N. B., and Jensen, T. S. (2017). The diagnostic challenge of small fibre neuropathy: clinical presentations, evaluations, and causes. Lancet. Neurol. 16, 934–944. doi:10.1016/S1474-4422(17)30329-0
 Tesfaye, S., Boulton, A. J. M., Dyck, P. J., Freeman, R., Horowitz, M., Kempler, P., et al. (2010). Diabetic neuropathies: update on definitions, diagnostic criteria, estimation of severity, and treatments. Diabetes Care 33, 2285–2293. doi:10.2337/DC10-1303
 Trumpp, A., Schell, J., Malberg, H., and Zaunseder, S. (2016). Vasomotor assessment by camera-based photoplethysmography. Curr. Dir. Biomed. Eng. 2, 199–202. doi:10.1515/cdbme-2016-0045
 Walters, E. T., and De C Williams, A. C. (2019). Evolution of mechanisms and behaviour important for pain. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 374, 20190275. doi:10.1098/RSTB.2019.0275
 Weidner, C., Schmidt, R., Schmelz, M., Torebjork, H. E., and Handwerker, H. O. (2003). Action potential conduction in the terminal arborisation of nociceptive C-fibre afferents. J. Physiol. 547, 931–940. doi:10.1113/jphysiol.2002.028712
 Wong, B. J., and Fieger, S. M. (2010). Transient receptor potential vanilloid type-1 (TRPV-1) channels contribute to cutaneous thermal hyperaemia in humans. J. Physiol. 588, 4317–4326. doi:10.1113/JPHYSIOL.2010.195511
 World Medical Association, (2013). World medical association declaration of Helsinki: ethical principles for medical research involving human subjects. JAMA 310, 2191–2194. doi:10.1001/jama.2013.281053
 Ysihai, R., Quattrini, C., Jeziorska, M., Malik, R. A., and Rayman, G. (2009). Abnormal LDIflare but normal quantitative sensory testing and dermal nerve fiber density in patients with painful diabetic neuropathy. Diabetes Care 32, 451–455. doi:10.2337/dc08-1453
 Zijlstra, W. G., Buursma, A., and Meeuwsen-van der Roest, W. P. (1991). Absorption spectra of human fetal and adult oxyhemoglobin, de-oxyhemoglobin, carboxyhemoglobin, and methemoglobin. Clin. Chem. 37, 1633–1638. doi:10.1093/clinchem/37.9.1633
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Marcinkevics, Rubins, Aglinska, Logina, Glazunovs and Grabovskis. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/math_qu1.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Contactless photoplethysmography for assessment of small fiber neuropathy		1 Introduction

		2 Methods		2.1 Design of contactless photoplethysmography system

		2.2 Subjects

		2.3 Measurement procedure

		2.4 Signal processing

		2.5 Statistical analyses





		3 Results		3.1 Topical heating vasomotor response trend

		3.2 Topical heating flare response

		3.3 Cutaneous flowmotions





		4 Discussion		4.1 Heating induced vasomotor response trend

		4.2 Flare response

		4.3 Flowmotions

		4.4 Study limitations

		4.5 Conclusive remarks





		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/math_5.gif
o010 (Sre-Trw) 6





OPS/images/math_4.gif
@





OPS/images/math_3.gif
LY (R OR()

SLY (xS R(P

P(x.t) = o









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





OPS/images/fphys-14-1180288-g005.gif
m H
i L
1] .
o &
L§ .
I
e e P
L e T
I
&
5
!m‘ .
H
NN RIZIIITIIAN





OPS/images/fphys-14-1180288-g006.gif





OPS/images/fphys-14-1180288-g003.gif
e oo

P

imaging device

— G rare

b5 —
cTa—
ks —
z{}mu
-

Frame processing

c

A
JEN
I

Mustorm
oy






OPS/images/fphys-14-1180288-g004.gif





OPS/images/math_2.gif
100 - (ACmax,, = ACmin,)/DC,, (2)





OPS/images/fphys-14-1180288-g007.gif





OPS/images/math_1.gif
(1)





OPS/images/cover.jpg
& frontiers | Frontiers in Physiology






OPS/images/fphys-14-1180288-g001.gif





OPS/images/fphys-14-1180288-g002.gif





