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Abstract: This work explores the hyperspectral characteristics of imaging photoplethysmogra-
phy (iPPG) to (1) deepen the understanding of iPPG signals’ origin, and (2) assess iPPG’s capacity
to capture the peripheral perfusion. Our analyses are based on an experimental study employing a
hyperspectral snapshot camera for iPPG and laser speckle contrast imaging (LSCI) at the forearm.
We demonstrate a pronounced correlation between the wavelength-dependent normalized AC
component from iPPG and the extinction coefficient of oxyhemoglobin (r= 0.975). Further, we
show iPPG’s ability to explain LSCI (linear mixed models’ β up to 0.692). Considering the
entire optical spectrum, our results support blood volume changes as a dominant factor for iPPG
signals’ generation and demonstrate iPPG’s capacity to monitor peripheral perfusion.

© 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Imaging photoplethysmography (iPPG) is a non-contact method to derive vital parameters from
modulations of superficially reflected light [1,2]. The technique is very attractive because simple
hardware, like common RGB cameras, can be used and its application is highly convenient. At
the same time, iPPG contains a wide range of information and multiple vital parameters can be
derived. The majority of works focuses on heart rate (HR) and heart rate variability (HRV) [3,4].
Beyond HR and HRV, respiration and arterial oxygen saturation by pulse oximetry (SpO2) have
been addressed [3–5]. Some works also focus on the superficial perfusion, where longitudinal
variations, i.e., variations in perfusion strength over time and stimuli [6–8], as well as spatial
variations [9–11] of perfusion were considered.

While the use of iPPG is growing and clinical applications are under debate [12,13], there
are still concerns and an ongoing debate regarding the signals’ origin. Very similar to contact
PPG, blood volume changes have been assumed to be most relevant to signal generation in
iPPG [14,15]. Kamshilin et al., in turn, described the tissue compression theory [16,17], which
attributes iPPG’s signals to pulse-pressure-driven mechanical compression of the dermis. With
respect to applications beyond HR, particularly for iPPG-based SpO2, applications to assess
perfusion and, more generally for all applications trying to analyze iPPG signals’ shape beyond
the cyclic variation with HR, a deeper understanding of the fundamentals of the technology is of
great interest [15].

The primary objectives of this work are (1) to deepen the understanding of iPPG signals’
origin, particularly to verify whether experimental observations are consistent with the blood
volume theory and (2) to assess iPPG’s capacity to capture peripheral perfusion. Both objectives
have immediate relevance for future applications of iPPG. To this end, we derive the spectral
characteristics of blood pulsation (spectral pulsation signature) using hyperspectral (HS) imaging
and explore its behavior upon stimuli against laser speckle contrast imaging (LSCI). Experimental
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data of our own, acquired using a unique technical setting, serve as base for our analyses. Our
work fundamentally expands the scope of previous works on iPPG as multi- and hyperspectral
analyses are not common [1]. While most works use RGB cameras, only few works use NIR
wavelengths, consider multiple single wavelengths from visible range or use combinations of
single wavelengths from visible and NIR range [18–20]. Our work extends previous works by
capturing HS information and analyzing the acquired data in an innovative way.

The remainder of this work is organized as follows. In section 2, we outline the existing
theories on the background of iPPG and provide a theoretical justification for the approach
pursued in this work. In section 3, we detail the experimental study, employed data processing
and statistical assessment. Section 4 provides results on the spectral characteristics of iPPG and
the longitudinal behavior. Finally, section 5 and section 6 discuss our findings against the state of
the art and draw conclusions, respectively.

2. Background

2.1. iPPG signals’ origin

The exact origin of iPPG signals remains a subject of ongoing scientific debate, with research
identifying three principal contributing mechanisms [15,21,22].

A first hypothesis attributes iPPG formation to cyclic changes in the orientation and deformation
of red blood cells (RBC) driven by pulsatile flow, whereby the transition from diastole to systole
causes erythrocytes to shift from random alignment to a configuration parallel to the vessel
axis, thereby altering the optical attenuation through the tissue [23–26]. However, microscopic
imaging studies of nailfold capillaries imply that RBC orientation changes and in turn modulates
light in counter phase to the observed iPPG waveform [22]. The counter phase modulation is
due to the light absorbance by RBC depending on their speed. In the systole, when the speed
of the RBC is higher, light absorbance becomes lower than in the diastole. This mechanism
may play a more prominent role at very shallow penetration depths, such as under blue light,
where erythrocyte movement and aggregation dynamics can produce detectable light modulation
[27,28].

The second, most widely accepted, model assumes that periodic blood volume variations in
the dermal arterioles modulate tissue’s optical absorbance with each heartbeat [14,27]. The
model is based on the known behavior of light in tissue during volume fluctuations, including a
well-developed and well-understood theory, particularly the modified Beer-Lambert Law. Monte
Carlo simulations demonstrate that even lower wavelengths such as green wavelengths effectively
probe pulsatile arterioles in the upper dermal plexus [14]. Video-capillaroscopic mapping
likewise shows that the iPPG amplitude does not correlate with local capillary density, further
supporting an arteriolar rather than capillary origin of the signal [14]. However, evidence from
mechanically rigid tissue compartments such as brain, bone and dental pulp, where volumetric
blood expansion is anatomically constrained, challenges a purely volumetric interpretation and
supports oscillatory blood flow and RBC aggregation dynamics as complementary signal sources
[26,29–31].

A third hypothesis proposes that pulse-pressure-driven mechanical compression of the dermis
by underlying arteries reduces the spacing between superficial capillaries, thereby increasing
the local capillary density and thus the absorption of light interacting with the capillary bed
[16,17,32]. Kamshilin et al. motivated the hypothesis by the assumption that green light might
not penetrate deep enough to interact with pulsating vessels but still produces the largest iPPG
amplitudes of all wavelengths [17,33]. Kamshilin et al. also showed that the green wavelength
iPPG’s amplitude increases by up to eightfold when in contact with a glass plate, a magnitude
difficult to reconcile with arterial blood volume changes alone [17,33]. The tissue-compression
model offers a complementary explanation for the amplitude enhancement observed when skin
is in contact with a glass plate [16,17]. Further support for the tissue-compression model



Research Article Vol. 17, No. 10 / 1 Oct 2026 / Biomedical Optics Express 5064

includes the observation of spatially adjacent skin regions exhibiting iPPG waveforms that are
phase-inverted relative to one another, which is a finding that is difficult to explain with the
blood volume variation model alone, since it would require the systole and diastole to occur
simultaneously in neighboring tissue. The tissue compression model explains this through local
variations in the mechanical coupling between arterial walls and the surrounding dermis [17,33].
On the other hand, the model faces important challenges from independent evidence. Over
larger areas the number of capillaries is limited. If mechanical capillary compression were
the sole or dominant mechanism at green wavelengths, local density increase in one location
would lead to a decrease elsewhere and in an overall signal both sites would cancel each other
out, which is not the case. Additionally, counter-phase iPPG waveforms have been attributed to
ballistocardiographic artifacts (mostly superficial tilting owing to deeper pulsation) providing a
very convincing explanation for phase inversion in iPPG signals [14,18]. Thus, counter-phase
iPPG waveforms can be explained by either model, if ballistocardiographic artifacts are taken
into account.

Notably, the aforementioned effects can coexist and even vary between measurement sites.
However, in many cases there should be a dominant effect [15,27].

2.2. Theoretical foundation

Within this work we pursue a self-consistency check to deepen the understanding of iPPG signals’
origin and, in particular, to verify whether experimental observations are consistent with the
blood volume theory. Our starting point is the assumption that the blood volume theory applies
to iPPG, i.e., blood volume changes are the most relevant mechanism for signal generation in
iPPG. Under this assumption, some widely accepted simplifications, which are also crucial for
pulse oximetry (SpO2), apply [21]. These simplifications encompass constant path lengths and
scattering losses during systole and diastole, a much larger direct current (DC) than alternating
current (AC) component in the iPPG and an arterial oxygen saturation close to 100%.

The modified Beer-Lambert Law (MBLL) serves as background. According to the MBLL, the
absorbance A (λ) at a wavelength λ caused by a single absorber is given by

A (λ) = ln
(︃
I0 (λ)

I (λ)

)︃
= ϵ (λ) · l (λ) · c + G (λ) (1)

with I0 (λ) and I (λ) input and attenuated intensities, ϵ (λ) the extinction coefficient of the absorber,
l (λ) the modified path length, c the concentration of the absorber and G (λ) a scattering-dependent
loss factor. If the difference in absorbance ∆A (λ) between diastole Ad (λ) and systole As (λ) is
considered, only arterial hemoglobin needs to be taken into account as absorber. It holds

∆A (λ) = As (λ) − Ad (λ) =

= ϵ (λ) · ls (λ) · cs + Gs (λ) − (ϵ (λ) · ld (λ) · cd + Gd (λ)) =

= ln
(︃
I0 (λ)

Is (λ)

)︃
− ln

(︃
I0 (λ)

Id (λ)

)︃
= ln

(︃
Id (λ)

Is (λ)

)︃
= − ln

(︃
Is (λ)

Id (λ)

)︃
.

(2)

Given ∆I (λ) = Id (λ) − Is (λ) and Id (λ)>Is (λ), we can rewrite the term to

− ln
(︃
Is (λ)

Id (λ)

)︃
= − ln

(︃
Id (λ) − ∆I (λ)

Id (λ)

)︃
= − ln

(︃
1 −
∆I (λ)
Id (λ)

)︃
.

(3)

With the Maclaurin series for ln (1 − x) = −
∑︁∞

n=1
xn

n and x = ∆I(λ)
Id(λ) ≪ 1 as AC ≪ DC, we can

omit higher-order terms of the Maclaurin series as they are negligibly small. The Maclaurin
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series thus approximately simplifies to ln (1 − x) ≈ −x and ∆A (λ) is then

− ln
(︃
1 −
∆I (λ)
Id (λ)

)︃
≈
∆I (λ)
Id (λ)

=
Id (λ) − Is (λ)

Id (λ)

=
AC (λ)

DC (λ)
.

(4)

AC (λ) and DC (λ) are the pulse amplitude and baseline from the iPPG signal at wavelength λ
and the term can be understood as a spectral pulsation signature. The expression itself is part of
the well-known ratio-of-ratios in SpO2. By additionally assuming the scattering losses Gs (λ)
and Gd (λ) and path lengths ls (λ) and ld (λ) to be constant through systole and diastole, i.e.,
Gs (λ) = Gd (λ) = G (λ) and ls (λ) = ld (λ) = l (λ), ∆A is given by

∆A (λ) =
AC (λ)

DC (λ)
= ϵ (λ) · l (λ) · (cs − cd) = ϵ (λ) · l (λ) · ∆c. (5)

Equation (5) expresses a proportional relation between AC(λ)
DC(λ) and extinction coefficient ϵ (λ)

times path length l (λ), i.e.,
AC (λ)

DC (λ)
∝ ϵ (λ) · l (λ) . (6)

The extinction coefficient ϵ (λ) varies by almost two and a half orders of magnitude over
the range of optical wavelengths (450 nm to 850 nm). For the path length l (λ), in a restricted
wavelength range a linear relation [34] and even over a large range much smaller variations can
be assumed [21,27]. As l (λ) is proportional to the differential path length factor (DPF) [21],
we can estimate that l (λ) varies by less than one order of magnitude in the dermis by using the
tissue model by Jacques and the definition of the DPF by Scholkmann and Wolf [35–37]. Eq. (6)
is thus dominated by ϵ (λ) and can be approximated by

AC (λ)

DC (λ)
∝ ϵ (λ) . (7)

As arterial hemoglobin is partially oxygenated, its extinction coefficient ϵ (λ) consists of two
components, namely

ϵ (λ) = SaO2SaO2 · ϵHbO2 (λ) + (1 − SaO2SaO2) · ϵHb (λ) (8)

where SaO2 is the arterial oxygen saturation and ϵHbO2 (λ) and ϵHb (λ) are the extinction coefficients
of oxygenated and deoxygenated hemoglobin, respectively. In healthy subjects under resting
conditions arterial oxygen saturation is close to 100%. It thus holds

AC (λ)

DC (λ)
∝ ϵHbO2 (λ) . (9)

If the blood volume theory applies to iPPG, the spectral pulsation signature, i.e., the wavelength-
dependent normalized AC amplitude, thus should be proportional to the wavelength-dependent
ϵHbO2 (λ). This work aims to verify this expectation by own experiments and data analyses.

3. Materials and methods

3.1. Experimental study

Experimental procedure: Fig. 1 shows the experimental protocol. Optical recordings were
taken from the forearm in supine position. Our protocol included two types of stimuli, namely
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a cold pressure test (CPT) and application of a pharmacologically active substance. CPT is
known to trigger an instantaneous systemic response mediated through the sympathetic nervous
system. Most prominently, this response includes vasoconstriction and an associated rise of blood
pressure [38]. In our experiment, CPT was executed twice employing custom instrumentation
and a water temperature of approximately 1 ◦C. Participants were asked to keep their left hand
submerged in the water for 20 seconds. Earlier removal was possible at any time if desired. CPTs
took place right after a baseline recording (CPT1) and after the pharmacological stimulation was
likely to have reached its full effect (CPT2).

Fig. 1. Experimental protocol. We executed two CPT (1 and 2) and introduced a
pharmacological stimulation by Finalgon ointment DUO. The ointment was removed after
approximately two minutes to avoid specular reflections, but there is enough time to penetrate
the skin barrier for the substance to sustainably affect the perfusion. Intermittent LSCI and
HS camera recordings were done in 12 epochs j, numbered consecutively j ∈ {1, 2, . . . , 12}.
Recordings had to be taken sequentially but we tried to minimize time in between and
consider the physiological state to be the same for each pair of belonging LSCI and HS
recordings. Each recording has a duration of 20 s per modality.

As a pharmacologically active substance, we used Finalgon ointment DUO. The ointment
contains nonivamide (a capsaicinoid) and nicoboxil (a nicotinic acid ester). It provokes a local
response characterized by local vasodilation and increased perfusion [6]. The ointment was
applied to a predefined region, delimited by a tape which also serves to define the region of interest
on the forearm. After applying the ointment, there was a two-minute exposure time. Then we
removed any remaining ointment from the skin surface to minimize specular reflection caused by
residue. This exposure time is enough for the active ingredients to penetrate the skin barrier and
take effect even after superficial removal. To observe the effect of pharmacological stimulation,
we monitored the reaction over approximately 35 minutes starting from ointment administration
with the second CPT (CPT2) taking place approximately 31 minutes after administration.

Throughout the whole experiment, HS video recordings and LSCI recordings were done
intermittently at the right forearm as indicated in Fig. 1. Recordings had to be taken sequentially
but we minimized the time between both recordings. Each recording (HSI and LSCI) lasted
approximately 20 s.

Hardware setting: Our hardware setting comprised two cameras (HSI and RGB), LSCI and
instrumentation to record multiple biosignals. As not all hardware and signals are relevant to
this work, we only describe the used components in detail. For HSI we used Cubert Ultris HR5
(Cubert GmbH, Ulm, Germany) with a spectral range from 450 nm to 850 nm. Videos were taken
at a resolution of 290 × 275 pixels and a frame rate of 20 Hz. The HS camera was positioned
approximately 45 cm above the forearm. HS measurements were taken perpendicular to the
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measurement location. We employed indirect illumination by two halogen lights. As a reference
measure for skin perfusion, we captured LSCI by PeriCam PSI NR (Perimed AB, Järfälla, Sweden).
LSCI recordings were taken intermittently by rotating the measuring head perpendicular above
the measurement location at a distance of approximately 25 cm. During the whole experiment
we recorded multiple biosignals using Biopac MP36 (Biopac, Goleta, United States of America).
Recorded biosignals covered electrocardiogram, (contact) photoplethysmogram and continuous
non-invasive blood pressure. Synchronization between HSI and Biopac was done by feeding the
flash trigger into Biopac. LSCI was not synchronized via hardware but assigned to specific times
in the experimental protocol.

Participants: Overall, 17 healthy volunteers participated (5 female; age 32.6 ± 10.8 years).
Skin tones covered fair to lightly-pigmented tone skin colors (Fitzpatrick Scale I - III according
to qualitative, visual assessment). All participants gave written informed consent. The study was
approved by the local ethics committee of the University of Augsburg (Zaunseder-30-10-2024).

3.2. Data analysis

Figure 2 shows the processing pipeline applied to HS video recordings and LSCI recordings. We
analyzed data excerpts of 20 s per epoch.

Fig. 2. Overview on the processing pipeline for a single subject and epoch. For each
subject i we derive (AC (λ) /DC (λ) )i,j and fluxi,j per epoch j summing up to (at most) 12
assessments per subject.

HS data processing: Before processing HS data, raw HS data were pixel-wise transformed to
reflectance by using a white-black reference. To further process the data, first we manually defined
a region of interest (ROI) per epoch. Those ROIs were kept static throughout the 20 s of the epoch.
Using the ROI, we extracted HS iPPG signals per wavelength by spatial averaging over the ROI
and normalized the signals by the temporal average of the epoch (DC normalization). Notably,
single epochs are assumed to be stationary. Using the temporal mean for DC normalization
thus approximates a beat wise normalization approach as assumed in the theoretical derivation.
Normalized HS iPPG signals were then filtered by a 4th-order Butterworth bandpass filter with
cutoff frequencies of 0.5Hz and 8Hz. We used the finger PPG to detect single pulses and the
median pulse interval PI. To yield a pulse template per epoch and wavelength, we employed
coherent averaging of single pulses. To this end, for each detected pulse we segmented the
interval tn − 0.1 · PI to tn + 1.1 · PI, where tn are the time instants of troughs in the finger PPG
signal. We used the generated templates for qualitative assessment and we derived the normalized
AC component (AC (λ) /DC (λ) )i,j per subject i, epoch j and wavelength λ. Figure 3 illustrates
the procedure to yield (AC (λ) /DC (λ) )i,j and different intermediate results for one epoch.

The spectral pulsation signature was calculated by taking the mean of (AC (λ) /DC (λ) )i,j over
subjects i and epochs j (if such epoch was available for this subject) according to

AC (λ)

DC (λ)
=

1
N

∑︂
i,j

(︃
AC (λ)

DC (λ)

)︃
i,j

(10)

The maximun number of intervals per subject, i.e., when no intervals are missing, is 12.
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Fig. 3. Overview on the processing steps including intermediate results to yield
(AC (λ) /DC (λ) )i,j . Shown here is subject i = 4 and epoch j = 8. Note that the RGB image
has a slightly different view and is not used for processing but shown to illustrate the tape,
which was used for a defined usage of ointment and manual ROI segmentation.

LSCI data processing: At first we manually defined an ROI per epoch j. Again, those ROIs
were kept static throughout the 20 s of this epoch. LSCI flux was calculated by spatially and
temporally averaging the pixel-wise flux values provided by the PeriCam PSI NR over the ROI to
yield one value per epoch. No further processing was applied.

3.3. Statistical assessment

To compare the spectral pulsation signature AC (λ) /DC (λ) with ϵHbO2 , and thus to assess Eq. (9),
we first calculated the mean spectral signature across all epochs and subjects, resulting in a single
representative spectrum across the 51 wavelengths. We then applied a non-parametric pairs
bootstrap approach to the wavelength-dependent pairs of the mean spectral signature and ϵHbO2 .
While this pairs-resampling scheme inherently disrupts the sequential autocorrelation between
adjacent wavelengths, it provides a robust estimate of the correlation’s sensitivity to individual
spectral channels. For each bootstrap iteration, the correlation coefficient was calculated to
construct the empirical distribution, from which the 95% confidence intervals (CI) were derived.

To assess the relationship of flux and the normalized AC component per wavelength we
employed linear mixed effects models (LMM). For each wavelength λ, a separate LMM was fitted
using restricted maximum likelihood. Both, LSCI flux and the normalized AC components from
iPPG, were z-score standardized prior to modeling in Order to yield directly comparable, unitless
β coefficients, which represent the slope of the LMM (i.e., a standard deviation σ increase in
flux is associated with a β · σ increase in the normalized AC component). They represent the
population-average relationship between the explanatory variables for which the fixed effects are
estimated and the response variable. LSCI flux was used as an explanatory variable. Subject
was included as a random intercept to account for between-subject baseline differences and the
repeated measures structure of the data, i.e.,(︃

AC (λ)

DC (λ)

)︃
i,j
= β(λ) · fluxi,j + (b0(λ) + bi(λ)) + ϵi,j(λ). (11)
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The random intercept consists of the population intercept b0 and the subject-specific random
intercept bi. The residual is denoted by ϵi,j. Standardized fixed effects estimates for flux β with
their standard errors were extracted from each model (i.e., per wavelength). β coefficients were
tested against zero using a two-sided t-test with a significance level of α = 0.05. To control the
false discovery rate across the 51 simultaneously tested wavelengths, i.e., to account for multiple
testing, p values were adjusted using the Benjamini-Hochberg procedure [39].

4. Results

Recordings: Overall, 17 volunteers participated. Data of four subjects could not be used owing
to persisting problems in recording and synchronization. From the remaining 13 volunteers,
selected epochs could not be used for technical reasons (see Table 1). Overall, 146 single epochs
could be used.

Table 1. Overview on missing epochs. One reason was a spontaneous outage of
the HSI camera. The second reason was an obstructed view of the HSI camera by

the LSCI system due to an overlooked position change. A third reason was
movement because of pain during CPT. Four subjects were completely excluded
because their recordings showed persistent/recurrent technical problems (like

corrupted files and missing synchronization) resulting in less than 8 usable
epochs

Subject Excluded epochs Reason

4 2, 9 HSI discontinuation

10 9 HSI view blocked

13 9, 10, 11, 12 HSI discontinuation

15 3 HSI view blocked

17 2, 11 Strong movements during CPT

2, 5, 7, 14 all Persistent technical problems

Spectral pulsation signature: Fig. 4 shows the spectral pulsation signature AC (λ) /DC (λ)
according to Eq. (10) together with the extinction coefficient of oxygenated hemoglobin. The
bootstrapped Pearson Correlation Coefficient between AC (λ) /DC (λ) and ϵHbO2 (λ) is r = 0.975
(CI = [0.957, 0.989]). .

Fig. 4. The figure shows the spectral pulsation signature AC (λ) /DC (λ) derived over all
epochs and subjects together with the extinction coefficients of oxygenated hemoglobin.
Extinction coefficients of oxygenated hemoglobin ϵHbO2 were taken from [40] (the values
provided in [40] comply very well with a recent work of Gruensfelder et al. [41]). The
graph visually demonstrates a high agreement between the spectral pulsation signature
AC (λ) /DC (λ) and the extinction coefficient of oxygenated hemoglobin, which supports
blood volume changes to be a distinctive factor in iPPG signals’ generation.
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Perfusion assessment: Fig. 6 shows the temporal behavior of mean LSCI flux fluxj and mean
AC from iPPG (AC (λ) /DC (λ) )j per epoch throughout the experiment. Both flux and AC, were
standardized by their channel-wise means and standard deviations. The channel-wise parameters
for (AC (λ) /DC (λ) )j considered all wavelengths, usable subjects and usable epochs; for fluxj we
considered all usable subjects and usable epochs.

As expected, LSCI flux shows a marked and sustained response upon heat ointment. In
addition, CPT intermittently increases perfusion slightly according to LSCI at j = 2 and j = 11.

With respect to HS iPPG, first of all, we noticed a distinct increase in iPPG’s signal quality
over the experiment. This increase is expected as signals from the forearm are known to show
limited quality but improve with higher perfusion. Figure 5 exemplarily illustrates this effect by
providing templates from different epochs j. The normalized AC also shows a reaction upon
stimuli but the behavior varies between wavelengths. While the temporal behavior of blue and
green wavelengths strongly resembles LSCI flux, red and infrared wavelengths differ in two
aspects. First, the reaction upon heat ointment is much weaker. Second, CPT seems to cause a
more pronounced decrease (epoch 2 and 11) followed by an increase after CPT (epoch 3 and
12). Figure 7 shows β per wavelength, i.e., the capacity of (AC (λ) /DC (λ) )j to estimate LSCI
flux fluxj. Most wavelengths (except a range of wavelengths around red wavelengths) show a
significant relation as indicated by the colors in Fig. 7. However, even in Fig. 7 the varying
correspondence of HS iPPG and LSCI becomes evident, e.g., for green light at λ = 560 nm the
model yields β = 0.692 (variance explained by fixed effect R2 = 0.537) while for red light at
λ = 680 nm the model yields β = 0.068 (variance explained by fixed effect R2 = 0.010).

Fig. 5. Exemplary iPPG templates (and constituting single beats) at green wavelength
(λ = 554 nm) and NIR wavelength (λ = 850 nm) from selected epochs for subject 9. Signal
quality is typically low in epochs 1-4. After application of heat ointment (epoch 4), signal
quality increases substantially in all wavelengths.
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Fig. 6. Mean longitudinal behavior of AC (λ) /DC (λ) and flux for all wavelengths. The solid
lines represent the visible wavelengths while the dashed lines represent the NIR wavelengths.
For clarity the legend only refers to selected wavelengths. The graph visually demonstrates a
high agreement between LSCI and iPPG at lower wavelengths with a maximum at green
wavelengths. Higher wavelengths (red and infrared) show lower agreement and higher
variation that is not contained in LSCI.

Fig. 7. Analysis of AC (λ) /DC (λ) versus flux by means of LMM. The figure shows the
β per wavelength and the corresponding standard error. Significant and non significant
channels are shown in black and gray colors, respectively. The high β coefficients in lower
wavelengths with a maximum in green indicate iPPG’s capacity to capture outcome changes
and thus monitor perfusion.
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5. Discussion

5.1. Spectral pulsation signature and iPPG background

As shown in Fig. 4, and also indicated by a high correlation coefficient of 0.970, the spectral
pulsation signature matches very well the spectrum of the extinction coefficient of oxygenated
hemoglobin. On an individual level, we observe even more details in the individual spectral
pulsation signature, including the notch in extinction around 560 nm as shown in Fig. 8. However,
taking the mean over subjects introduces blurring, e.g., due to varying hemoglobin characteristics,
melanin concentrations and slight illumination differences. The simplifications we made in the
derivation of equation 9 (e.g., the omission of l (λ) in Eq. (7)) could also possibly explain some of
the differences. Although some details vanish, the spectral pulsation signature fits the expectation
on the behavior of pulsating arterial blood over the entire considered wavelength range. This
finding supports the theory that blood volume variations are a crucial factor in iPPG’s signal
generation, which is in line with [14,15].

Fig. 8. Exemplary spectral pulsation signatures from two different subjects. Both graphs
show the characteristic notch in extinction known from oxyhemoglobin. The graphs visually
demonstrate a high agreement between spectral pulsation signatures AC (λ) /DC (λ) and the
extinction coefficients of oxygenated hemoglobin on an individual basis. However, together
with the averaged spectral pulsation signature from before the graphs also highlight the
blurring, which arises from intra- and interindividual averaging and is one limitation of our
processing.

To what extent tissue compression, as it was introduced by Kamshilin et al. [16,17], plays an
additional role is hard to distinguish (see also [42], which considers blood volume changes and
tissue changes together) and cannot be answered by our experiment. This is especially true if one
assumes that tissue compression also alters blood volume. In principle, the tissue-compression
model is accompanied by blood volume variations in the capillary bed as the density of capillaries
increases due to compression [22]. However, in our opinion the mechanical effect of tissue
compression as the dominant effect would be likely to introduce additional effects (e.g., superficial
deformation and associated reflectance variations) that deviate from Eq. (9) and from our results.
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In addition, the ability to do pulse oximetry using green and red iPPG signals can also be seen
as an indicator for the dominance of the effects explained by the blood volume theory [43]. In
fact, when introducing their theory, Kamshilin et al. assumed an insufficient penetration depth
for visible light to interact with pulsating vessels. Moco et al. have already shown in extensive
simulations and associated experiments that visible light does interact with pulsating vessels [14].
This observation calls into question a fundamental assumption of Kamshilin’s theory and favors
volume changes as the signal’s origin, as stated by [15].

Of course, one should not rule out additional effects to contribute to iPPG signals’ generation.
One should, in particular, be aware that dominant mechanisms might differ between wavelengths.
The high β (λ) at blue wavelengths might indicate such an additional effect. While blue
wavelengths can reach the upper plexus they are not expected to be heavily affected by blood
volume variations in the upper plexus. Blood cell aggregation as a mechanism contributing to
iPPG signals’ formation [27] and even tissue effects might be relevant. Even if capillaries do not
pulsate, blood cell aggregation might result in the same effect as the pulsation of larger vessels,
namely blood volume variations or more precisely an increase in effective absorber amount, this
time at the capillary level and thus being integrated in our hypothesis. With respect to capillary
blood volume variations, even capillary recruitment might contribute. In fact, pulsatile flow was
shown to increase recruitment in lungs being at least a hint to suchlike effect [44]. More closely
related, Gu et al. have shown intra-pulse-cyclic variations of hemodynamics at capillary level in
retinal capillaries [45] but the relevance of such findings for iPPG remains to be explored in the
future.

5.2. Peripheral perfusion assessment by iPPG

Our results show a pronounced relation between normalized AC (AC (λ) /DC (λ) )j of iPPG and
LSCI flux fluxj. This finding is in line with previous work combining both modalities [6–8].
While there are significant relations throughout the entire considered range of wavelengths, the
differences between wavelengths are large. To some extent, differences (and the existence of
significant changes or not) can be attributed to varying signal qualities between wavelengths.
According to the literature and our data, green wavelengths show the highest signal-to-noise
ratio. The higher quality makes it easier to show effects, which should be kept in mind in the
interpretation of our findings.

As stated before, wavelength-dependent differences should be considered with respect to the
stimuli.

Regarding the effect of heat ointment, green and blue wavelengths show marked reactions
while red and NIR do not. This finding aligns well with other works like [46]. One reasonable
explanation is the primary effect zone of the heat ointment, which we expect to be in the superficial
plexus [47]. We assume blue and green wavelengths to be primarily affected by this region as
well, which explains the strong reaction in these wavelengths. Red and NIR wavelengths are
more affected by deeper vessels. These wavelengths show a reaction too, but this reaction is
much less pronounced. This behavior can be well explained by the combination of the primary
effect zone of the heat ointment and the assumed dominant regions of light absorption.

Even regarding CPT, there seem to be differences between wavelengths. In red and NIR
wavelengths CPT provokes a more pronounced reaction than in shorter wavelengths even in CPT1,
namely an instantaneous decrease in (AC (λ) /DC (λ) )j. A possible explanation again relates to
the varying penetration depths of light and different contributions of vessels to iPPG signals’
generation [14,27]. In general, CPT increases pulse pressure and vessel stiffness [38]. Concerning
pulsatility, both effects are opposing but vessels are affected by varying degrees. The arterial
vessels of the deep plexus, which we assume to play a significant role for red and NIR wavelengths,
are larger and more muscular than those in the upper plexus [48]. Against that background, it
is reasonable to assume, they are being affected stronger by vasoconstriction upon sympathetic
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activation. Unlike in the superficial plexus, this increase might not be compensated by the
increased pulse pressure, which might explain the reaction in higher wavelengths. Interestingly,
at CPT2 we observe an effect even in lower wavelengths. This effect might be due to the fact that
vessels are, owing to the active agent, initially at a dilated state making them more susceptible to
vasoconstriction.

A final remark refers to a subtle but relevant and rarely discussed difference between LSCI and
iPPG. Notably, LSCI indicates an increase in perfusion upon CPT. Despite vasoconstriction, such
increase is reasonable owing to increased cardiac output and resulting flow velocities. Being
strongly affected by pulsation, iPPG does not capture this increase but shows a decrease. Said
difference is a result of different working principles and quantities that are acquired by both
techniques (perfusion vs. pulsatility). In other words, iPPG, or more precisely the normalized
AC component (AC (λ) /DC (λ) )j which we used and is often used, can capture variation in skin
perfusion but only in certain situations. Further methodological developments should try to
complement (AC (λ) /DC (λ) )j by additional parameters to be usable to monitor perfusion in
more general terms.

5.3. Limitations

One obvious limitation of our work is the limited number of subjects and usable epochs. However,
in our view, the results are quite clear with respect to the key points we made and we do not expect
fundamental changes in these points from a larger cohort. Another limitation refers to the early
epochs of our experimental data. As stated, such epochs exhibit poor signal quality and analyses
there must be treated with caution as the pulse shape barely exists. With respect to handling HS
data, refined procedures including separate consideration of varying melanin concentrations,
ROI stabilization and improved template generation (e.g., accounting for intra-epoch heart rate
variations and minor shifts for coherent averaging) might be possible, but again we believe that
our key findings won’t be affected. Finally, we want to emphasize that regions with vessels
exhibiting strong pulsation and inhomogeneous regions are likely to exhibit additional or different
effects. Signals acquired from such regions will always be difficult to interpret and might not be
suitable for iPPG analyses beyond heart rate detection, to assess the perfusion.

6. Conclusion

To the best of our knowledge, our work is the first to demonstrate the HS characteristics of
iPPG. We found a spectral pulsation signature which resembles the extinction coefficient of
oxygenated hemoglobin to a high degree. Taking into account the theory provided in section 2,
we interpret this finding as a strong indicator that, considering the entire optical spectrum, blood
volume changes are distinctive for iPPG signals’ generation. Even though we cannot rule out
the influence of other mechanisms, like tissue compression, we can state that their effects are
not strong enough to significantly undermine the central prediction that follows from the blood
volume theory if it is valid.

With respect to using iPPG to monitor perfusion, our results demonstrate the capabilities
of iPPG. As available methods for functional skin imaging, e.g., dynamic optical coherence
tomography, laser Doppler and laser speckle imaging [49], are powerful but complex and more
difficult to apply, we believe that iPPG has the potential to complement these techniques. However,
our results also show iPPG’s limitations and highlight wavelength-dependent differences. Such
differences can be partially attributed to varying signal-to-noise ratios but they also seem to carry
physiological information. A deeper understanding of the technique in general, of the existing
wavelength-dependent differences and methods to exploit them are required to further develop
iPPG towards routine use.
Funding. Federal Ministry of Research, Technology and Space (BMFTR, project insitu, FKZ: 13GW0775C);
University of Augsburg (COHYPERA).



Research Article Vol. 17, No. 10 / 1 Oct 2026 / Biomedical Optics Express 5075

Acknowledgment. We would like to thank all volunteers taking part in our study.

Disclosures. The authors declare no conflicts of interest.

Data availability. Data underlying the results presented in this paper are not publicly available at this time but may
be obtained (concerns extracted iPPG and reference PPG data) from the authors upon reasonable request.

References
1. D. McDuff, “Camera Measurement of Physiological Vital Signs,” ACM Comput. Surv. 55(9), 1–40 (2023).
2. S. Zaunseder, A. Trumpp, D. Wedekind, et al., “Cardiovascular assessment by imaging photoplethysmography – a

review,” Biomed. Tech. 63(5), 617–634 (2018).
3. P. Pirzada, A. Wilde, and D. Harris-Birtill, “Remote Photoplethysmography for Heart Rate and Blood Oxygenation

Measurement: A Review,” IEEE Sens. J. 24(15), 23436–23453 (2024).
4. S. Sakib, Z. Hasan, and N. Roy, “A State-Of-The-Art Survey of Remote Photoplethysmography for Contactless Health

Parameters Sensing,” Wiley Interdisciplinary Reviews: Data Mining and Knowledge Discovery 15, e70039 (2025).
5. A. Wuyart, L. Abensur Vuillaume, C. Maaoui, et al., “A survey of blood oxygen saturation assessment from video,”

Biomed. Signal Process. Control 110, 108069 (2025).
6. V. Fleischhauer, J. Adrians, and S. Zaunseder, “Validation of Skin Perfusion Monitoring by Imaging PPG versus

Laser Speckle Imaging,” in Current Directions in Biomedical Engineering, vol. 9, (2023), pp. 351–354.
7. M. Harford, M. Villarroel, J. Jorge, et al., “Contactless skin perfusion monitoring with video cameras: tracking

pharmacological vasoconstriction and vasodilation using photoplethysmographic changes,” Physiol. Meas. 43(11),
115001 (2022).

8. S. Rasche, R. Huhle, E. Junghans, et al., “Association of remote imaging photoplethysmography and cutaneous
perfusion in volunteers,” Sci. Rep. 10(1), 16464 (2020).

9. D. Allan, N. Chockalingam, and R. Naemi, “Validation of a non-invasive imaging photoplethysmography device
to assess plantar skin perfusion, a comparison with laser speckle contrast analysis,” J. Med. Eng. Technol. 45(3),
170–176 (2021).

10. A. A. Kamshilin, A. N. Konovalov, F. V. Grebenev, et al., “Advancing Intraoperative Cerebral Blood Flow
Monitoring: Integrating Imaging Photoplethysmography and Laser Speckle Contrast Imaging in Neurosurgery,”
Front. Optoelectron. 18(1), 20 (2025).

11. P. Procka, D. Celovska, M. Smondrk, et al., “Correlation Mapping of Perfusion Patterns in Cutaneous Tissue,” Appl.
Sci. 12(15), 7658 (2022).

12. M. J. Bautista, M. Kowal, D. G. Cave, et al., “Clinical applications of contactless photoplethysmography for
monitoring in adults: A systematic review and meta-analysis,” J. Clin. Trans. Sci. 7(1), e129 (2023).

13. S. Zaunseder and S. Rasche, “Clinical applications for imaging photoplethysmography,” in Contactless Vital Signs
Monitoring (Elsevier, 2022), pp. 149–164.

14. A. V. Moço, S. Stuijk, and G. De Haan, “New insights into the origin of remote PPG signals in visible light and
infrared,” Sci. Rep. 8(1), 8501 (2018).

15. D. G. Lapitan, A. P. Tarasov, M. E. Shtyflyuk, et al., “On the Origin of the Photoplethysmography Signal: Modeling
of Volumetric and Aggregation Effects,” Photonics 11(7), 637 (2024).

16. I. S. Sidorov, R. V. Romashko, V. T. Koval, et al., “Origin of infrared light modulation in reflectance-mode
photoplethysmography,” PLoS One 11(10), e0165413 (2016).

17. A. A. Kamshilin, E. Nippolainen, I. S. Sidorov, et al., “A new look at the essence of the imaging photoplethysmography,”
Sci. Rep. 5(1), 10494 (2015).

18. J. Jin, J. Q. Lu, C. Chen, et al., “Photoplethysmographic imaging and analysis of pulsatile pressure wave in palmar
artery at 10 wavelengths,” J. Biomed. Opt. 27(11), 1–14 (2022).

19. D. McDuff, S. Gontarek, and R. W. Picard, “Improvements in Remote Cardiopulmonary Measurement Using a Five
Band Digital Camera,” IEEE Trans. Biomed. Eng. 61(10), 2593–2601 (2014).

20. G. Slapničar, W. Wang, and M. Luštrek, “Feasibility of Remote Blood Pressure Estimation via Narrow-band
Multi-wavelength Pulse Transit Time,” ACM Trans. Sen. Netw. 20(4), 1–21 (2024).

21. J. Allen and P. Kyriacou, eds. Photoplethysmography (Elsevier, 2022).
22. W. Wang and X. Wang, eds. Contactless Vital Signs Monitoring (Elsevier, 2022).
23. A. V. J Challoner and C. A. Ramsay, “A photoelectric plethysmograph for the measurement of cutaneous blood flow,”

Physics in Medicine Biology 19(3), 317–328 (1974).
24. V. Roberts, “Photoplethysmography- fundamental aspects of the optical properties of blood in motion,” Trans. Inst.

Meas. Control 4(2), 101–106 (1982).
25. L.-G. Lindberg, “Optical properties of blood in motion,” Opt. Eng. 32(2), 253 (1993).
26. L. Shvartsman and I. Fine, “Optical transmission of blood: effect of erythrocyte aggregation,” IEEE Trans. Biomed.

Eng. 50(8), 1026–1033 (2003).
27. S. Chatterjee, K. Budidha, and P. A. Kyriacou, “Investigating the origin of photoplethysmography using a multiwave-

length Monte Carlo model,” Physiol. Meas. 41(8), 084001 (2020).
28. M. V. Volkov, N. B. Margaryants, A. V. Potemkin, et al., “Video capillaroscopy clarifies mechanism of the

photoplethysmographic waveform appearance,” Sci. Rep. 7(1), 13298 (2017).

https://doi.org/10.1145/3558518
https://doi.org/10.1515/bmt-2017-0119
https://doi.org/10.1109/JSEN.2024.3405414
https://doi.org/10.1002/widm.70039Digital Object Identifier (DOI)
https://doi.org/10.1016/j.bspc.2025.108069
https://doi.org/10.1088/1361-6579/ac9c82
https://doi.org/10.1038/s41598-020-73531-0
https://doi.org/10.1080/03091902.2021.1891309
https://doi.org/10.1007/s12200-025-00163-5
https://doi.org/10.3390/app12157658
https://doi.org/10.3390/app12157658
https://doi.org/10.1017/cts.2023.547
https://doi.org/10.1038/s41598-018-26068-2
https://doi.org/10.3390/photonics11070637
https://doi.org/10.1371/journal.pone.0165413
https://doi.org/10.1038/srep10494
https://doi.org/10.1117/1.JBO.27.11.116004
https://doi.org/10.1109/TBME.2014.2323695
https://doi.org/10.1145/3597302
https://doi.org/10.1088/0031-9155/19/3/003
https://doi.org/10.1177/014233128200400205
https://doi.org/10.1177/014233128200400205
https://doi.org/10.1117/12.60688
https://doi.org/10.1109/TBME.2003.814532
https://doi.org/10.1109/TBME.2003.814532
https://doi.org/10.1088/1361-6579/aba008
https://doi.org/10.1038/s41598-017-13552-4


Research Article Vol. 17, No. 10 / 1 Oct 2026 / Biomedical Optics Express 5076

29. Z. Miwa, M. Ikawa, H. Iijima, et al., “Pulpal blood flow in vital and nonvital young permanent teeth measured by
transmitted-light photoplethysmography: a pilot study,” Pediatric Dentistry 24, 594 (2002).

30. S. N. Krieger, M. N. Streicher, R. Trampel, et al., “Cerebral Blood Volume Changes during Brain Activation,” J
Cereb Blood Flow Metab 32(8), 1618–1631 (2012).

31. J. Näslund, J. Pettersson, T. Lundeberg, et al., “Non-invasive continuous estimation of blood flow changes in human
patellar bone,” Med. Biol. Eng. Comput. 44(6), 501–509 (2006).

32. A. Y. Sokolov, V. V. Zaytsev, A. V. Shcherbinin, et al., “Revealing of imaging photoplethysmography changes in
cerebral blood supply caused by temporary arterial occlusion,” J. Innovative Opt. Health Sci. 2640006, 1–14 (2026).

33. A. A. Kamshilin and N. B. Margaryants, “Origin of Photoplethysmographic Waveform at Green Light,” Phys.
Procedia 86, 72–80 (2017).

34. M. Nitzan and S. Engelberg, “Three-wavelength technique for the measurement of oxygen saturation in arterial blood
and in venous blood,” J. Biomed. Opt. 14(2), 024046 (2009).

35. F. Scholkmann and M. Wolf, “General equation for the differential pathlength factor of the frontal human head
depending on wavelength and age,” J. Biomed. Opt. 18(10), 105004 (2013).

36. S. L. Jacques, “Erratum: Optical properties of biological tissues: A review (Physics in Medicine and Biology (2013)
58),” Phys. Med. Biol. 58(14), 5007–5008 (2013).

37. S. Prahl, “Generic tissue optical properties,” (2015).
38. V. Fleischhauer, J. Bruhn, S. Rasche, et al., “Photoplethysmography upon cold stress—impact of measurement site

and acquisition mode,” Front. Physiol. 14, 1–15 (2023).
39. Y. Benjamini and Y. Hochberg, “Controlling the False Discovery Rate: A Practical and Powerful Approach to

Multiple Testing,” Journal of the Royal Statistical Society Series B: Statistical Methodology 57(1), 289–300 (1995).
40. S. Prahl, “Tabulated Molar Extinction Coefficient for Hemoglobin in Water,” (1998).
41. H. D. Gruensfelder, F. Shofu, M. S. Michie, et al., “Characterization of Biological Absorption Spectra Spanning the

Visible to the Short-Wave Infrared,” J. Visualized Exp. 10(215), 67403 (2025).
42. C. Dominguez, M. Martinelli, L. Bachmann, et al., “Arterial pulsation modulates the optical attenuation coefficient

of skin,” J. Opt. Soc. Am. A 40(4), C87–92 (2023).
43. A. Moço and W. Verkruysse, “Pulse oximetry based on photoplethysmography imaging with red and green light :

Calibratability and challenges,” Journal of clinical monitoring and computing (2020).
44. R. G. Presson, W. A. Baumgartner, A. J. Peterson, et al., “Pulmonary capillaries are recruited during pulsatile flow,”

J. Appl. Physiol. 92(3), 1183–1190 (2002).
45. B. Gu, D. Sarraf, M. Ip, et al., “In vivo measurement of the lineal density of red blood cells in human retinal

capillaries using high-speed adaptive optics ophthalmoscopy,” Opt. Lett. 46(14), 3392 (2021).
46. Z. Marcinkevics, U. Rubins, J. Zaharans, et al., “Imaging photoplethysmography for clinical assessment of cutaneous

microcirculation at two different depths,” J. Biomed. Opt. 21(3), 035005 (2016).
47. J. J. Calcutt, M. S. Roberts, and Y. G. Anissimov, “Predicting Viable Skin Concentration: Modelling the Subpapillary

Plexus,” Pharm. Res. 39(4), 783–793 (2022).
48. I. M. Braverman, “The cutaneous microcirculation,” J. Invest. Dermatol. Symp. Proc. 5(1), 3–9 (2000).
49. A. J. Deegan and R. K. Wang, “Microvascular imaging of the skin,” Phys. Med. Biol. 64(7), 07TR01 (2019).

https://doi.org/10.1038/jcbfm.2012.63
https://doi.org/10.1038/jcbfm.2012.63
https://doi.org/10.1007/s11517-006-0070-0
https://doi.org/10.1142/S1793545826400067
https://doi.org/10.1016/j.phpro.2017.01.024
https://doi.org/10.1016/j.phpro.2017.01.024
https://doi.org/10.1117/1.3120496
https://doi.org/10.1117/1.JBO.18.10.105004
https://doi.org/10.1088/0031-9155/58/14/5007
https://doi.org/10.3389/fphys.2023.1127624
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.3791/67403
https://doi.org/10.1364/JOSAA.482939
https://doi.org/10.1152/japplphysiol.00845.2001
https://doi.org/10.1364/OL.428538
https://doi.org/10.1117/1.JBO.21.3.035005
https://doi.org/10.1007/s11095-022-03215-z
https://doi.org/10.1046/j.1087-0024.2000.00010.x
https://doi.org/10.1088/1361-6560/ab03f1

	Hyperspectral imaging photoplethysmography: insights into the signals’ origin and usage
	Tobias Vogelsang, Vincent Fleischhauer, Alexander Woyczyk, Michael Wellnhofer, Stefan Rasche, Sebastian Zaunseder
	Nutzungsbedingungen / Terms of use:
	licsonst  


