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Abstract
Objective. After skinflap transplants, perfusion strengthmonitoring is essential for the early detection
of tissue perfusion disorders and thus to ensure the survival of skinflaps. Camera-based
photoplethysmography (cbPPG) is a non-contactmeasurementmethod, using video cameras and
ambient light, which provides spatially resolved information about tissue perfusion. It has not been
researched yet whether themeasurement depth of cbPPG,which is limited by the penetration depth of
ambient light, is sufficient to reach pulsatile vessels and thus tomeasure the perfusion strength in
regions that are relevant for skinflap transplants.Approach.We applied constant negative pressure
(compared to ambient pressure) to the anterior thighs of 40 healthy subjects. Sevenmeasurements
(two before andfive up to 90min after the intervention)were acquired using anRGB video camera
and photospectrometry simultaneously.We investigated the performance of different algorithmic
approaches for perfusion strength assessment, including the signal-to-noise ratio (SNR), its
logarithmic components logS and logN, amplitudemaps, and the amplitude height of alternating and
direct signal components.Main results.We found strong correlations of up to r= 0.694 (p< 0.001)
between photospectrometricmeasurements and all cbPPGparameters except SNRwhen using the
green color channel. The transfer of cbPPG signals to POS, CHROM, andO3Cdid not lead to
systematic improvements. However, for direct signal components, the transformation toO3C led to
correlations of up to r= 0.744 (p< 0.001)with photospectrometricmeasurements. Significance. Our
results indicate that a camera-based perfusion strength assessment in tissuewith deep-seated pulsatile
vessels is possible.

1. Introduction

Despite careful execution, perfusion disorders of partial or complete skinflaps can occur after skin flap
transplants due to arterial and venous stenosis, anastomoses, or the compression of pedicles due to swelling,
twisting, or kinking. Perfusion disorders lead to insufficient oxygen supply and thus to necrosis of the skinflaps
(Francis and Baynosa 2017). Postoperative perfusion strengthmonitoring can help to detect insufficient
perfusion at an early stage and thus ensure the survival of theflap (Rahmanian-Schwarz et al 2012).

Physical examination, including visual color assessment or turgor, is still the clinical standard for skinflap
monitoring (Patel et al 2017). Othermethods, like laserDopplerflowmetry, photospectrometry, pulse oximetry,
photoplethysmography (PPG), or tomographic approaches (Patel et al2017,Kohlert et al 2019,Kyriacou et al2020)
are either invasive, expensive, complex, stationary, or contact-based. In case of post-surgery skinflaporwound
monitoring, contact-based sensorsmust be applied to sensitive areas.However, there are several experimental
studies on thenon-contactflap viability assessment basedon laser speckle (CarvalhoBrinca et al 2021)or thermal
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imaging (Hummelink et al2020), near-infrared spectroscopy (Hill et al2020), or camera-based
photoplethysmography (Secerbegovic et al 2019). Camera-basedphotoplethysmography (cbPPG), also referred to
as remote or imagingphotoplethysmographyor photoplethysmography imaging, is anopticalmeasurement
method that allowsnon-contact and continuous recording of cardio-respiratory signals and spatial information
about tissue perfusion (e.g. perfusion strength)using video cameras and ambient light (Wu et al 2000,Huelsbusch
andBlazek 2002,Verkruysse et al 2008). Due to the lowpenetrationdepth of ambient light, the exact origin of
cbPPG signals is not completely understood (Verkruysse et al2017).However, it iswidely accepted that signal
fluctuations canbe attributedprimarily to cutaneous blood volumefluctuations (Huelsbusch andBlazek 2002,
Zaunseder et al 2018). Therefore, cbPPGprovides temporally and spatially resolved information about the perfusion
strength.

The structure and diameter of the different skin layers and thus the depth of the blood vessels can vary
considerably depending on the body region and individual (Kanitakis 2002). Therefore, feasibility studies for the
cbPPG-based assessment of the perfusion strength on clinically relevant skin areas are needed. For skinflap
transplants, the anterior thigh is of particular importance (Sun et al 2017). Two skin flaps (i.e. anterolateral and
anteromedial) can be removed from the anterior thigh. Their size, skin quality, and vascular as well as nervous
structuremake themparticularly suitable for large-area reconstructions with irregular shape (Song et al 1984).

With this paperwe address the research gap in thefield of cbPPG regarding non-contact perfusion strength
assessment in the clinical setting of skinflap transplantation. For this purpose, we investigated the performance
of various algorithmic approaches for perfusion strength assessment on camera recordings of the anterior thigh.
In a clinical setup, continuous topical negative pressure wound therapywas used to influence regional cutaneous
perfusion and photospectrometry at two different depths provided clinical referencemeasurements.

Even though cbPPGoffers great potential, the technology is facing fundamental challenges that partly result
from its vulnerability tomotion artifacts (Zaunseder et al 2018) and illuminationfluctuations (Holton et al 2013)
aswell as the lowpenetration depth of ambient light (Verkruysse et al 2017). So far,most of the cbPPG-related
research focuses on reliable heart rate (HR) and heart rate variability (HRV)measurement. Only few studies
target the extraction of other parameters like perfusion strength or tissue oxygenation (Zaunseder et al 2018). In
section 2we, therefore, sumup the research that has been conducted on perfusion strength assessment from
cbPPGbefore we discuss the dependence of signal quality on themeasurement region as well as color channel
combinations for themitigation ofmotion artifacts and lightingfluctuations. Section 3 introduces themethods
used for signal processing and statistical evaluation. The results are presented in section 4 and discussed in
section 5. Section 6 closes the paper with a conclusion and outlook.

2. Relatedwork

2.1. Research on camera-based perfusion strength assessment
Asmentioned before, it is assumed that (in linewith conventional PPG) the cbPPG signal primarily results from
blood volume effects in themeasured area. Light that reaches the tissue is scattered, absorbed or reflected. A
varying blood volumemodulates the light that interacts with the tissue, which can bemeasuredwith
photoelectric sensors (Hertzman 1937, Allen 2007). Hence, PPG aswell as cbPPG signals correlate inverse to the
blood volume, ormore precisely to the amount of hemoglobin (Hb) in themeasurement volume. The cbPPG
signal can be divided into an alternating component (AC) and a direct component (DC). TheAC reflects the
blood volume fluctuations of the pulse wave triggered by the cyclic contraction of the heart (Reisner et al 2008).
Permanent blood volume and low-frequency fluctuations resulting from respiration, vasomotor activity, blood
pressure controlmechanisms (Traube-Hering-Mayer waves), and thermoregulation are usually assigned to the
DC (Nitzan et al 1994, Babchenko et al 2001, Reisner et al 2008). Therefore, Bousefsaf et al (2016) andTrumpp
et al (2016) calculated the amplitude height fromACof spatially averaged signals as a correlate to arterial
perfusion strength.

An amplitudemap shows the spatially resolved local perfusion strength, realized by a pixel-wise calculation
of perfusion strength parameters (Kamshilin et al 2011). The spatial representation enables regional differences
to be assessed, but decreases processing speed and signal quality, which in turn can be improved by (grid-based)
spatial averaging (Verkruysse et al 2008). Therefore, Verkruysse et al (2008) spatially averagedwithin a grid of
50× 40 pixels before calculating the perfusion strength for each rectangle, i.e. the respective intensity at a
referenceHR. Yang et al (2015) applied filters on single pixel traces to diminish all frequencies deviating froma
referenceHR and calculated the perfusion strength of every pixel from the amplitude spectrum.

The approach of Kamshilin et al (2011) is based on the principle of synchronous demodulation by
multiplying the pixel time series with a carrier function. The carrier function is derived from the estimatedHR
and itsfirst harmonic (±5 beats perminute (bpm)) of the spatially averaged pixel values. The complex carrier
function is normalized to 1 and thenmultiplied by the pixel values, which corresponds to a lock-in amplification
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ofHR-synchronous pixel valuefluctuations. The resulting pixel values are summed up over time. The
magnitude of the resulting complex correlationmatrix corresponds to the amplitudemap (Kamshilin et al
2011).

Zaunseder et al (2018) use the approach fromKamshilin et al (2011) but form the carrier function from a
single frequency equal to theHR. As a result, the amplitudes are constant but noHRV is considered, which leads
to less physiologically inexplicable fluctuations (Fleischhauer et al 2019).

All previous approaches only consider theHR-synchronous AC,which primarily relates to the arterial
vascular system.Marcinkevics et al (2016) andRasche et al (2020) introduced a perfusion index PI as the ratio of
the AC to theDC. Secerbegovic et al (2019) andZaunseder et al (2018) used the signal-to-noise ratio (SNR)
according to deHaan and Jeanne (2013), which originally is ameasure for signal quality, to estimate the
perfusion strength. The SNR is calculated from the ratio of theHR synchronous energy (Signal) to the of the
signal’s energy (Noise) and thus increases with an increasing ratio of AC toDC (deHaan and Jeanne 2013). Both
parameters, PI and SNR, can be understood as a ratio of theHR-synchronous AC to the low-frequencyDC.
Therefore, simultaneous effects in high and low frequency blood volumefluctuations can compensate each
other.

He andWang (2020) calculated the amount of oxy- and deoxygenatedHb in the entire arteriovenous plexus
from the intensities of three closely adjacent wavelength bandswith the associated extinction coefficients of oxy-
and deoxygenatedHb. They used aWienermatrix to reconstruct hyperspectral images fromRGB images. Since
the extinction coefficients arewavelength-dependent, the illumination’s spectral power distribution strongly
influences the approach (He andWang 2020), which requires thorough calibration and constant illumination.

2.2.Measurement location dependency in camera-based photoplethysmography
Research papers from thefield of cbPPGmostly focus on easily accessible andwell-perfusedmeasurement areas
like the face, which increases the signal quality and thus the accuracy ofHRmeasurement (Zaunseder et al 2018).

The skin consists of threemain layers: the outermost and bloodless epidermis, the dermis, and the subcutis
(Kanitakis 2002).With regard to the enclosed vessels, the dermis can be subdivided (with increasing depth) into
the papillary dermis, the superficial arteriovenous plexus, the reticular dermis, and the deep arteriovenous
plexus (Bashkatov et al 2005).While the papillary dermis is interwovenwith non-pulsatile capillaries, the other
three layers also contain arterioles beside venules and thus pulsatile vessels (Bashkatov et al 2005).

Depending on the penetration depth5 of the ambient light into the skin, which is approximately 1.8 mm for
light from redwavelengths and less for lowerwavelengths (Trumpp 2019), and the thickness of the epidermis,
which can vary significantly regionally and individually (Kanitakis 2002), ambient light reaches tissuewhich
contains pulsatile vessels, i.e.minimumupper vascular plexus.

Measurements byKakasheva-Mazhenkovska et al (2011) indicate that the pulsatile vessels at the anterior
thigh are situated deeper than at the forehead because of a thicker papillary dermis6, even if the epidermis at the
thigh is thinner than at the forehead7. To the best of our knowledge, there are noworks applying cbPPG to assess
the perfusion strength on the anterior thigh, even though this is of great importance to skinflap transplantation.

2.3. Research on color channel combinations
Most cbPPG setups use RGB cameras that provide an (R), a (G), and a (B) color channel for each pixel
(Zaunseder et al 2018). The color channels contain different information (e.g. information fromdifferent tissue
depths (Mishra et al 2017) and absorption bands (Addison et al 2017)). Due to the strong absorption of green
light byHb, theG channel provides the best SNR and is therefore favored (Verkruysse et al 2017). However,
comparative studies (Tsouri and Li 2015, Ernst et al 2020, 2021) have shown that separation of color
information, e.g. into hue, saturation, and luminance, through transformation into other color spaces can
significantly improve the accuracy ofHRmeasurement. This is due to lower susceptibility to unsteady
illumination or smallmovement artifacts of some of these color spaces’ channels (Tsouri and Li 2015).

In darker skin types fewer photons contribute to the pulsatile signal due to an increased constant photon
absorption by an elevatedmelanin concentration in the epidermis. This reduces the signal intensity and thus also
the signal quality but not the spectral absorption characteristics ofHb (deHaan and Jeanne 2013). CHROM (de
Haan and Jeanne 2013) and POS (Wang et al 2017) assume a standardized skin tone

= + + =R G B R G B R G B, , , , 0.7682, 0.5121, 0.3841 1s s s
2 2 2[ ] [ ] [ ] ( )

that is similar for every skin tone under white light as described by deHaan and Jeanne (2013). CHROMuses two
orthogonal chrominance signals to eliminate specular reflections, and skin color standardization aswell as

5
Defined as the depth, at which the light has still 37%of its incident intensity.

6
Average thickness of 107.9 μmat the forehead and 314.9 μmat the anterior thigh for people between the ages of 23 and 53 years.

7
Average thickness of 244.4 μmat the forehead and 143.9 μmat the anterior thigh for people between the ages of 23 and 53 years.
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α-amplitude tuning to correct violations of white illumination (deHaan and Jeanne 2013). POS follows the
same approach butwith a projection orthogonal to the skin color (Wang et al 2017). Themain components of
the algorithmic implementation of CHROMandPOS can be found in table 1. Due to theα-amplitude tuning,
both approaches are time dynamic, which leads to an elimination ofDC and can alter cbPPG signalmorphology
(Ernst et al 2021). Therefore, Ernst et al (2021) empirically derived an optimal linear RGB color channel
combination (O3C)

= - +S R G B0.25 0.83 0.5 2O C3 ( )

for skin tone independentHRmeasurement that outperformed conventional color channels and preserves
theDC.

3.Material andmethods

3.1.Datamaterial and study design
In contrast tomost cbPPG studies, our study focuses on the anterior thigh to assess changes in perfusion
strength in a clinical setting. Our study design is based on previous work byMuenchow et al (2019) in which
continuous topical negative pressure wound therapywas used to increase regional tissue perfusion in healthy
subjects beyond the duration of the intervention.Our studywas approved by the Institutional ReviewBoard of
TUDresden (EK495122018) in accordance with theHelsinki Declaration.

Measurements on 40 healthy subjects (male: 20)with an average age of 27.0± 4.1 years were recordedwith
anRGB camera (UI-3060CP-C-HQRev. 2, IDS ImagingDevelopment SystemsGmbH,Obersulm,Germany,
100 frames per second (fps), 604× 608 pixels, RGB 3× 12 bit) at a distance of approximately 60–100 cm. A lens
(Cinegon 1.8/16 0901, Jos. SchneiderOptischeWerkeGmbH, BadKreuznach, Germany)with 16 mm focal
lengthwasmounted on the camera. To enable individual illumination adaption for each subject, a dimmable
cold light source in formof a light emitting diode (LED) ring (MIC-209; EPE (HengYang)Apparatus Light
Factory, Hengyang, China)was attached around the camera.

Referencemeasurements were recordedwith the oxygen to see® (O2C®) device fromLEAMedizintechnik
GmbH (Gießen, Germany). By combiningwhite light spectroscopy (450–1000 nm) and laserDoppler
flowmetry (820 nm), theO2C®devicemeasured the regionalHb concentration (rHb), the oxygen saturation
(sO2), the bloodflow (Flow), and the blood flow velocity (Velocity). Flow and rHb are directly related to
temporalfluctuations of the regional amount ofHb and are therefore suitable as reference parameters for
cbPPG. The use of two different sensors, eachwith different distances between photo sensor and light source,
allows tomeasure at two different depths, i.e. 3 and 7 mm. TheO2C®parameters refer to the arteriovenous
system. Since the proportion of venous blood clearly predominates in the vascular system (i.e. 75%of total blood
volume), themeasured values are dominated by venous components (Krug 2006).

For stimulating the tissue perfusion on the anterior thigh, we used the vacuum-assisted-closure (VAC)
systemACTIV.A.C.TM byKCIMedizinprodukte GmbH (Wiesbaden, Germany) and created a constant negative
pressure (compared to ambient pressure) of 125 mmHg for 30min. Figure 1 shows the design of theVAC study.
Prior to the firstmeasurement, the subjects spent a 15min resting phase (already in themeasuring position),
firstly tominimize influences fromprevious physical stress and secondly to avoid technical interference from
heating processes of the camera. The resting phasewas followed by twomeasurements (preVAC1 and
preVAC2), the 30minVAC intervention and another fivemeasurements 0, 15, 30, 60, and 90min after the
intervention (VACOff0 toVACOff90). At each of these sevenmeasurement times, video recordingswith a

Table 1.Algorithmic implementation of CHROM (de
Haan and Jeanne 2013) and POS (Wang et al 2017). RGB
color channels are temporally normalized, expressedwith
subscript n in both cases, and included in the calculation of
the chrominance signalsX andY.α is recalculated as the
ratio of the chrominance signals’ standard deviationsσ for
everywindow,whereas the subscript f indicates an
upstreamband-pass filter for CHROM.Calculations are
carried out for overlappingwindows of 1.6 s and combined
to form a signal S bymeans ofHanningwindows
(CHROM) or overlap adding (POS).

Variable CHROM POS

X 3Rn − 2Gn Gn − Bn
Y 1.5Rn + Gn − 1.5Bn −2Rn + Gn + Bn
α σ(Xf)/σ(Yf) σ(X)/σ(Y)
S(α) Xf − αYf X + αY
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length of 90 s andO2C®measurements were carried out simultaneously. The subjects remained in a lying
position the entire time. Theywere instructed not to speak during themeasurements and tomove as little as
possible. The pilosity was removed beforehand.

3.2. Signal extraction and color channel combination
For signal extraction, the region of interest (ROI)was definedmanually for each 90 s video enclosing thewhole
area of theVAC sponge (ROI1). In some videos (especially during preVAC1 and preVAC2) spots of saturated
pixels on the top of the thighs (see figure 2)were observed, which indicates that blood volume fluctuations
cannot bemapped correctly by the corresponding pixel values. Therefore, a secondROI (ROI2)was generated.
ROI2 contained only those pixels of ROI1 inwhich neither of the color channels reached saturation during a
measurement.

Channel-wise spatial averaging of pixel values within eachROIwas performed to reduce noise and thus to
improve the signal quality (Verkruysse et al 2008). For spatially resolved approaches (i.e. amplitudemaps), the
pixel valueswere retained.

CHROM, POS andO3C (in the following simply referred to as color channels)were applied to the spatially
averaged and spatially resolved RGB signals. For CHROMandPOSwe used the iPhys toolbox (McDuff 2020) for
Matlab.O3Cwas implemented according to equation (2) (Ernst et al 2021). Pixel-wise transformationwas only
carried out for ROI2, since themissing pixel fluctuations in saturated pixels of ROI1 distort theα amplitude
tuning of POS andCHROMaswell as the channel combination ofO3C. The superimposition of 1.6 s windows
in POS andCHROMrequired the omission of the first and last 0.8 s of eachmeasurement. Therefore, we used 8
consecutive 10 s windows (no overlap) to calculate the perfusion strength parameters.With 40 subjects and
7 measurement times, our study provided a total sample size of 2240 10 swindows. Figure 2 summarizes the
approaches of signal processing and the calculation of perfusion strength parameters. All signal processingwas
executed inMatlab R2020b (MathWorks, Inc., Natick,Massachusetts, USA).

3.3. Perfusion strength parameter calculation
TheO2C®parameters relate to arteriovenous vasculature.Measurements fromEnezi et al (2015) on 103 subjects
of different age groups (21 of themwith cardiovascular diseases) show a strong correlation between arterial and
venous amount ofHb (r= 0.774, p< 0.01). Therefore, cbPPGparameters based on the AC (mainly arterial
effects)were calculated as well as parameters based on theDC (low-frequency arteriovenous effects).

3.3.1. Amplitude height
ACandDCwere extracted from the spatially averaged signals of all color channels (G,CHROM, POS andO3C)
by using a band pass (AC) or low-pass (DC)filter.We used 5th order Butterworth filters with cut-off frequencies
at 0.5 and 3.3̄Hz for AC and 0.5 Hz forDC. Amplitude heightwas calculated fromACas the peak-trough
difference (ΔPT). For identifying peaks and troughs, we used theMatlab functionfindpeaks()with a
minimumpeak-to-peak distance of 0.3 s, aminimumprominence (0.5 ·mean(|AC|)) and aminimumheight
(max median AC0.1 , 0[ · (∣ ∣) ]). The parameterDCwas calculated as the arithmeticmean of theDCover the
entire window length.

3.3.2. Amplitudemaps
Amplitudemaps as ameasure of the perfusion strengthwere calculated according toKamshilin et al (2011).
However, we followed amore recent approach described by Zaunseder et al (2018) to generate the reference
function based on a single frequency (corresponding to theHR).

Each of the spatially resolved time series (G for ROI1; G, CHROM, POS andO3C for ROI2)were detrended
with theMatlab functiondetrend() and band-pass filtered between 0.5 and 6 Hz (5th order Butterworth).

For each color channel, a sine function oscillatingwith the estimatedHRwas used as carrier function
respectively. To compute the estimatedHR, the signals were spatially averagedwithin the respective ROI and

Figure 1. Schematic representation of theVAC study design. The study beginswith a 15min resting phase followed by the
measurement times before (preVAC1/2) and after (VACOff0-90) theVAC intervention. Themeasurements lasted 90 s each. The
intervals between themeasurements were resting phases.

5

Physiol.Meas. 43 (2022) 025007 AHammer et al



transferred to the frequency domain using fast Fourier ransformation (FFT). TheHRwas defined as the
frequencywith themaximum energy between 0.5 and 3.3̄Hz, which corresponds to aHRbetween 30 and
200 bpm. In line with Zaunseder et al (2018), the spectral power of all other frequencies was set to zero. The
carrier functionswere generatedwith the inverse FFT of themanipulated spectra and normalized to the value
range between−1 and 1.

The spatially resolved signals weremultipliedwith the carrier function, which led to complex time series.
Integration over time yielded a spatially resolved complex correlationmatrix. Contrary toKamshilin et al (2011),
we used the real part of thismatrix which contains fluctuations that are in phase with the carrier function to form
the amplitudemap. By spatially averaging the amplitudemapwe derived the perfusion strength index ampMap.

3.3.3. Signal-to-noise ratio
After linear detrending, the spatially averaged signals (bothROIs and all color channels)were band-passfiltered
(5th order Butterworth) between 0.5 and 6 Hz and transferred to the frequency domain using FFT. Then, SNR
was calculated according to deHaan and Jeanne (2013) as the sumof all amplitude valuesX of those frequencies f

Figure 2.Representation of the process from video recording to perfusion parameter calculation. All parameters, except ampMap,
were calculated from spatially averaged signals of all color channels. The parameter ampMapwas calculated pixel-wise from green (G)
color channel (ROI1) or all color channels (ROI2).
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includedwithin the±5 bpm frequency bands around theHR frequency fhr or itsfirst harmonic fhr1 in relation to
the remaining amplitude spectrum:
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the frequency rangewas limited toλ1� f� λ2 withλ1= 30 bpmandλ2= 200 bpm.As described before, fhr
corresponds to the frequencywith themaximum energy in the spectral power distribution.

In addition to the SNR,we considered signal and noise (numerator and denominator in equation (3))
individually. Both, signal and noise, were scaled using the decadic logarithm, andwe refer to them as logS and
logN respectively.

3.4. Statistics
3.4.1. General linearmixedmodel
Due to the complex settingwith various possible influencing factors (including ROI and color channel),
multipleGLMMs—one for every cbPPGparameter—were performed to examinewhich factors influence the
cbPPGparameters significantly (section 3.4.1). Based on this, we performed linear relationship analysis between
cbPPG andO2C®parameters to validate the used algorithms (section 3.4.2). All statistics were donewith IBM®
SPSS® Statistics 27 (IBMCorporation; Armonk (NY), USA).

GLMMs belong to the linear regressionmodels and allow to analyze the influence ofmultiple factors on an
outcome variable, that does not have to be normal distributed (Williams 1982, Breslow 1984) andmay underlay
additional random effects (Breslow andClayton 1993) in a repeatedmeasures design (Clayton andKaldor 1987).

We carried out oneGLMManalysis per cbPPGparameter, with the respective cbPPGparameter defined as
target variable. Repeatedmeasures were defined as a coupling betweenmeasurement time and signal-processing
windowwith diagonal covariance. Gender, age, body-mass index (BMI), color, ROI andmeasurement time
were defined as fixed factors, and subjects were defined as random factors. Themaximumnumber of iterations
was set to 100, the confidence level to 95%, and due to the large sample size, the residualmethodwas chosen for
the calculation of degrees of freedom.

3.4.2. Correlation analysis
Linear relationship analyses were performed betweenO2C® and cbPPGparameters, in consideration of the
factors that have significant influence (identified by theGLMMs). For eliminating inter-individual base-level
differences, all parameter values (cbPPG andO2C®)were normalized to a baseline by subtraction. The baseline
was calculated for each parameter as the subject-dependent average of the parameter values, derived from eight
consecutive windows, at preVAC2.

Two bivariate normally distributed parameters with at least interval-scaled data can be tested for linear
relationship using theBravais-Pearson correlation coefficient r (Bortz and Schuster 2010). Therefore, all
parameters were checked for normal distribution using theKolmogorov–Smirnov and Shapiro–Wilk tests. In case
of no normal distribution is found, the calculation of Spearmanʼs rank correlation coefficient ρ as ameasure for
monotone relationship is indexed (Bortz and Schuster 2010). However, in compliance with the central limit
theorem, the superposition of independent random effects leads to an approximately normal distribution in
large samples (Bortz and Schuster 2010), which can be assumed in our studywith 2240 values for each
parameter. Therefore, Bravais-Pearson’s correlation coefficient rwas used.

4. Results

4.1. Significant influencing factors
The results of GLMM in table 2 indicate a significant influence of the factors color channel andmeasurement
time on all cbPPGparameters. Furthermore, all parameters except logN (p= 0.189) are influenced by the choice
of ROI. Gender, age, and BMIwere no significant influencing factors. Therefore, in correlation analysis, we
considered all parameters separately for different color channels andROIs.

Since theGLMMshowed that the ROIwas not a significant factor for all cbPPGparameters, we tested for
consistency between bothROIs by examining a two-waymixed intraclass correlation (ICC) analysis (adjusted to
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mean differences betweenROIs). The value range of ICCs is between−1 and 1, whereby an ICCof rICC= 0
means no consistency and |rICC|= 1means 100% consistency (Koo and Li 2016). Our results of ICC analysis are
shown infigure 3. A consequently excellent consistency between the values of both ROIswas found in case of
O3C. ForDC, the ICCswere just below the threshold for excellent consistency forG (rICC= 0.896) and for
CHROM (rICC= 0.870). In case of G, the upper bound of the confidence interval with rICC= 0.905was barely
above the threshold.With ICCs ranging between rICC= 0.401 and rICC= 0.495, no excellent consistency
between bothROIs could be found for logS and logNwhenusing POS orCHROM.

4.2. Influence of the intervention on perfusion strength
As it can be seen infigure 4, the continuous topical negative pressure wound therapy effects rHb, Flow and sO2 at
bothmeasurement depths in the formof a temporary increase (Flowdeep and surface, rHb surface, and sO2

surface) or decrease (rHb deep). The extent of the effect differs for surface and deepmeasurements as themedian
change frompreVAC2 toVACOff0was+41.9 a. u. for Flow,+19.9 a. u. for rHb, and+30.2 percentage points
(p. p.) for sO2 in the surfacemeasurements and+49.7 a. u. for Flow,−3.9 a. u. for rHb, and+1.7 p. p. for sO2 in
the deepmeasurements. In the following 90min, the valuesmoved towards the level of preVAC2, but especially
the values of the surfacemeasurements remained slightly increased (Flow:+6.4 a. u., rHb:+6.8 a. u., and sO2:
+4.1 p. p.). Bota et al (2022) have examined the effectmore closely based on the same data.

4.3. Relationship between reference and camera-based perfusion strength assessment
According to Shapiro–Wilk test, none of the parametersmet the normal distribution requirement (see
appendix A, table A1). Table 3 shows the results of the correlation analysis. Correlations are highlighted by color
referring their strength according toCohen (1988): |r|� 0.1 implies aweak, |r|� 0.3 amoderate, and |r|� 0.5 a
strong linear relationship between two variables. In case of an excellent consistency between bothROIs, we only
included theROIwith stronger correlations in table 3. A full correlation table including Spearman’s ρ, both
ROIs and all O2C® parameters is attached in appendix B (table B1).

Figure 3.Consistency of ROIs (i.e. intraclass correlation rICC) for the different cbPPGparameters and color channels including 95%
confidence intervals (CI). For ampMap, the rICC could only be calculated forG, since the other color channels only allowed a
calculation for ROI2. Significance level is p < 0.001 and sample size is n = 2, 240 for all intraclass correlations.

Table 2. Significance levels p, extracted from the results of the generalized linearmixedmodels
(GLMMs), withfixed and random effects on cbPPGparameters.

p-value p-value p-value p-value p-value p-value

SNR logS logN ΔPT DC ampMap

Fixed effects

Correctedmodel *** *** *** *** *** ***

Gender 0.958 0.253 0.256 0.335 0.130 0.532

Age 0.939 0.475 0.439 0.468 0.276 0.780

BMI 0.808 0.773 0.692 0.828 0.507 0.794

Color *** *** *** *** *** ***

ROI * * 0.189 *** *** ***

Time *** *** *** *** *** ***

Random effects *** *** *** *** *** ***

*p < 0.05; *** p < 0.001.
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Strong correlationswere found between all cbPPGparameters (except SNR) and theO2C®parameters Flow
(deep and surface) and rHb (surface). In addition, we found strong correlations between almost all cbPPG
parameters and the sO2 (surface).

In case of some cbPPGparameters (in particular logS, logN and,DC), the choice of color channel has a
strong influence on the correlations to the reference parameters.G andO3Cperform significantly better for all
of these three cbPPGparameters and slightly better forΔPT (across all O2C® parameters), whereby forDCO3C
outperformsG. Only in the case of ampMap the correlations of all color channels are on a comparable level.

5.Discussion

TheO2C®measurements relate to the arteriovenous vascular system and are approximated as venous
parameters due to the dominance of venous blood volume (Krug 2006). Classically, cbPPGparameters are
calculated fromACand thus refer primarily to pulsatileHb fluctuations in the arterial vascular system
(Huelsbusch andBlazek 2002). Nevertheless, concerning the correlation between the arterial and the venous
amount ofHb (Enezi et al 2015), we implemented some classical approaches (i.e. SNR, logS, logN,ΔPT, and
ampMap). DC includes low-frequency signal fluctuations and hence, likeO2C®parameters, relates to the
arteriovenous vascular system. Regardless of the cbPPG signal origin, we found equally strong correlations
between cbPPGparameters andO2C®parameters rHb and Flow. There are (a) physiological or (b) device-
related explanatory approaches for this:

(a) Since the effect of continuous topical negative pressure wound therapy (performed here using the VAC
device) on local perfusion is not yet fully understood (Muenchow et al 2019), it is conceivable that arterial
and venous blood volumes are increased equally. The two vascular systems form a closed system. If blood
accumulates in a part of the venous vascular system, there is either a venous stenosis/occlusion or a
regionally increased arterial inflowdue to dilatation of the upstream arterial vessels (Brandes and
Busse 2011). The latter affects cbPPGparameters with arterial reference as shown byTrumpp et al (2016).

(b) Although venous effects are overrepresented in O2C® measurements, they also contain arterial effects
(Krug 2006). Thus, strong arterial effects, whichmay be provoked byVAC intervention, appear in both
cbPPG andO2C®measurements.

Themeasurement depth of cbPPG is determined by the penetration depth of visible light, which is
approximately 1.8 mm for red light and less for lowerwavelengths (Bashkatov et al 2005). Keeping the tissue
characteristics inmind (section 2.2), it is plausible that we found strong correlations between cbPPG andmore
superficial O2C® parameters. In contrast, strong correlations of almost all cbPPGparameters with Flow,
measured in up to 7mm,were less to be expected. Since theO2C®parameters are calculated based on sum

Figure 4.Referencemeasurements of theO2C® device at two depths (up to 3 and 7 mm) before VAC intervention (preVAC1/2) and
up to 90min after intervention (VACOff0-90), normalized on baseline (average preVAC2). Changes in sO2 are given in percentage
points (p. p.). A similar presentation of the data can be found in Bota et al (2022).
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signals, a possible explanation is that the change in Flow results primarily from superficial effects that are
recorded by bothmeasuring probes. Another explanation is that the Flow is equally influenced in different
depths.

Also, as sO2 is not directly connected to perfusion strength it was not expected that the cbPPGparameters
(especiallyΔPT) correlated strongest with surface sO2. The reason for this could be a combination of three
factors: first, stronger arterial perfusion, which can bemeasuredwith the cbPPGparametersΔPT, ampMap,
and logS, leads to an increased arteriovenous sO2 if venous blood volume keeps constant. Second, it can be
assumed that if arterial sO2 and the oxygen consumption in the cells remain the same, the venous sO2 is also
increased due to an increased supply of oxygen that comes alongwith stronger arterial perfusion. Third, the
absorption characteristics ofHb change depending on the sO2, which, depending on the color channel,might
increase the signal quality and intensity.

The strong correlations of logS and logN for color channels G andO3Cwith differentO2C®parameters
indicate a change in the frequency-dependent signal energy, both around theHR and its first harmonic (logS)
and in the remaining frequency range (logN) as a result of altered arteriovenous sO2, perfusion strength and/or
blood volume.When calculating SNR, the effects on logS and logN seem to balance each other out, so that the
VAC effect is hardly reflected in SNR.

In contrast to POS andCHROM,O3C retains theDC and thus, alsowhen used in combinationwith logS,
logN, andDC,O3C achieves strong correlationswithO2C®parameters. In general, competitive results are
achievedwith the relatively simple color channels G andO3C, althoughO3C is not adapted to the examined data

Table 3.Bravais-Pearson’s correlation coefficients r between referenceO2C® parameters and cbPPGparameters for different color channel
combinations andROIs. Correlation strengths according toCohen (1988) are highlighted by color and significance levels by stars (see
legend). If consistency betweenROIswas found in intraclass correlation analysis (see figure 3), the ROIwith the stronger correlations is
shown.

10

Physiol.Meas. 43 (2022) 025007 AHammer et al



set (i.e. illumination, skin tones). A conversion to POS andCHROM is therefore notworthwhile for perfusion
strength assessment.

In summary, our results indicate that the penetration depth of light into the tissue is sufficient to even reach
deep-seated pulsatile vessels such as those on the anterior thigh. Thus, perfusion strength assessmentwith
cbPPG seems to be conceivable in clinical applications like skinflap transplantation or others such aswound
healing assessment or themonitoring of ischemic extremities. However, our attempts to explain the
relationships between different cbPPG andO2C®parameters are based on the assumption of healthy subjects.
Therefore, it is questionable whether these relationships similarly exist in patients with cardiovascular diseases,
metabolic disorders, or similar diseases. Furthermore, the applicability toflapswith inhibited perfusion is to be
investigated. Automatic pre-measure adjustment of the LEDs’ intensity could thereby help to prevent pixel
saturation.However, it should be noted that the intensitymust not change betweenmeasurements on the same
subject.

The arithmetic averaging of the pixel values within ROIs is based on the assumption that the regional
perfusion strength is changed in thewhole region.However, ampMaps could also provide valuable information
in the case of partial perfusion disorders inwhich only parts of the skinflap are insufficiently perfused and thus at
risk fromnecrosis.

The explanatory power of statistical significance is restricted by the large size of the dataset andmultiple
testingwithout alpha correction. As the Bravais-Pearson correlation only considers linear relationships, we
tested Spearman correlationwith similar results.

6. Conclusion

The aimof our studywas to investigate the feasibility of assessing changes in perfusion strength using cbPPG
regarding a future clinical application, for whichwe evaluated ROIs on the anterior thigh as a relevant area for
skinflap transplants.We exposed the tissue to negative pressure (compared to ambient pressure) for 30minwith
the clinically establishedVAC system to influence the regional perfusion. TheO2C®device, a clinically
established device for assessing tissuemetabolism, was used as a reference.

We applied various parameters for evaluating the perfusion from cbPPG signals to a data set consisting of
2,240 10 s segments from40 subjects and found strong correlationswith the perfusion-relatedO2C®parameters
rHb and Flow. The transfer of cbPPG signals to POS, CHROM, andO3Cdid not lead to systematic
improvements compared to theG channel. Parameters based onO3C (exceptΔPT and ampMap) correlated
slightly strongerwith reference parameters compared to theG channel and, in contrast to POS andCHROM,
O3C retained theDC.

Our study thus provides valuable information that a camera-based perfusion strength assessment in tissue
with deep-seated pulsatile vessels is possible, which, in addition to postoperative skin flapmonitoring, can be
relevant formonitoringwound healing or ischemic extremities. Future research should focus on approaches for
artifact suppression thatmaintain theDC, on validation of cbPPGparameters with the help of separate arterial
and venous referencemeasurements, and on targeted influencing of individual perfusion parameters. Our
results should also be verified in patients with cardiovascular disease ormetabolic disorders and in skinflaps that
are insufficiently perfused.
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AppendixA. Test for normal distribution

TableA1.Results from tests for normal distribution including the statistics for Kolmogorov–Smirnov and Shapiro–Wilk tests and the
significance (p-value). Tests were applied to the cbPPG and theO2C® data. No subdivision according tomeasurement times and no sorting
out of outliers was carried out.

Kolmogorov–Smirnov Shapiro–Wilk

Statistics p Statistics p

O2C® parameter Deep Surface Deep Surface Deep Surface Deep Surface

Flow 0.137 0.161 <0.001 <0.001 0.831 0.835 <0.001 <0.001

rHb 0.085 0.119 <0.001 <0.001 0.955 0.914 <0.001 <0.001

sO2 0.139 0.109 <0.001 <0.001 0.898 0.952 <0.001 <0.001

Velocity 0.086 0.149 <0.001 <0.001 0.969 0.889 <0.001 <0.001

cbPPGparameter Color channel ROI1 ROI2 ROI1 ROI2 ROI1 ROI2 ROI1 ROI2

SNR G 0.048 0.043 <0.001 <0.001 0.990 0.990 <0.001 <0.001

POS 0.059 0.063 <0.001 <0.001 0.984 0.984 <0.001 <0.001

CHROM 0.061 0.066 <0.001 <0.001 0.979 0.979 <0.001 <0.001

O3C 0.069 0.068 <0.001 <0.001 0.981 0.980 <0.001 <0.001

logS G 0.041 0.024 <0.001 0.006 0.989 0.991 <0.001 <0.001

POS 0.137 0.110 <0.001 <0.001 0.949 0.957 <0.001 <0.001

CHROM 0.052 0.103 <0.001 <0.001 0.993 0.968 <0.001 <0.001

O3C 0.035 0.015 <0.001 0.200a 0.990 0.995 <0.001 <0.001

logN G 0.021 0.016 0.027 0.200a 0.997 0.997 <0.001 <0.001

POS 0.142 0.123 <0.001 <0.001 0.946 0.940 <0.001 <0.001

CHROM 0.059 0.108 <0.001 <0.001 0.994 0.966 <0.001 <0.001

O3C 0.015 0.021 0.200a 0.025 0.998 0.997 0.003 0.001

ampMap G 0.141 0.156 <0.001 <0.001 0.835 0.816 <0.001 <0.001

POS 0.176 <0.001 0.761 <0.001

CHROM 0.159 <0.001 0.806 <0.001

O3C 0.135 <0.001 0.860 <0.001

ΔPT G 0.143 0.152 <0.001 <0.001 0.808 0.796 <0.001 <0.001

POS 0.095 0.099 <0.001 <0.001 0.940 0.931 <0.001 <0.001

CHROM 0.143 0.155 <0.001 <0.001 0.817 0.788 <0.001 <0.001

O3C 0.136 0.134 <0.001 <0.001 0.847 0.842 <0.001 <0.001

DC G 0.108 0.102 <0.001 <0.001 0.948 0.931 <0.001 <0.001

POS 0.050 0.028 <0.001 <0.001 0.979 0.993 <0.001 <0.001

CHROM 0.125 0.133 <0.001 <0.001 0.857 0.817 <0.001 <0.001

O3C 0.105 0.101 <0.001 <0.001 0.928 0.927 <0.001 <0.001

n= 2240; n(Velocity)= 1176.
a This is the lower bound of real significance.
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Appendix B. Correlation coefficients

Table B1.Correlations between cbPPGparameters (lines; with different color channels andROIs) and referenceO2C® parameters
(columns) according to Bravais Pearson (r) and Spearman (ρ). Correlation strengths according toCohen (1988) are highlighted by color and
significance levels by stars (see legend).
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