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New Insights in the Phenomenon of 
Distributed Dermal Perfusion Rhyth-
micity using Computer Aided Optoe-
lectronic Sensor Measuring Strategies
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ABSTRACT
In recent years optoelectronic sensor concepts have gained an important role in med-
ical diagnosis because of their non-invasive nature. They are generally accepted by the 
patients since they don’t cause pain and are devoid of harmful radiation or ionising 
phenomena. One method which is nowadays an accepted and widely used diagnosis 
technique for assessment of skin perfusion is Photoplethysmography (PPG). It assesses 
the optical attenuation of the skin, which is modulated by the time varying blood 
contents. This non-invasive technique allows acquiring functional data from the arte-
rial and/or venous system. However the classical PPG sensors, which consist of a LED 
as light source and a photodiode as detector, need skin contact for the measurements 
and can only assess a single spot of a few square millimetres. Advancement to classi-
cal PPG is camera based Photoplethysmography-Imaging Method (PPGI), which is not 
only non-invasive but can assess dermal perfusion completely without skin contact 
and also delivers spatially resolved measurements.

INTRODUCTION
The phenomena of rhythm fluctuation of arterial blood pressure were discovered 
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in the 18th cen-tury. Since the first continuous 
recording of blood pressure, a series of investiga-
tions have been de-veloped, which deal with the 
problem of acquisi-tion of the rhythm fluctuation 
of the circulation. However, the formation of such 
rhythms hasn’t be explained till now. A practical, 
noninvasive acquisition of the perfusion rhythms 
of skin can be realized by optoelectronic method 
with the help of quantitative Photoplethysmogra-
phy (PPG). 
A multi sensor system is introduced, which is ca-
pable of identification of rhythms from several 
sensors together with the acquisition of the respi-
ration and ECG signal. The measured data can be 
analyzed using a high time resolution and can also 
be displayed in time and frequency domain.
Recently, the optoelectronics, using new camera 
based sensors and signal processing strategies, 
al-low the contactless measurement of cutaneous 
perfusion with spatial resolution (PPGI method). 
The possibilities of this concept will be explained 
in some examples and perfusion protocols. Actual 
research concentrates especially on the perfusion 
frequency range of about 0.1 Hz, however the as-
sessment and interpretation of these perfusion 
rhythms are especially hindered by the fact that 
these patterns have very strong spatial variability 
and are highly transient.
Together with the necessary mathematical analysis 
tools like the Wavelet Transform, artifact reduction 
algorithms, advanced signal processing and visual-
ization of virtual perfusion 2D skin im-ages a sound 
basis for assessment and evaluation of rhythm fluc-
tuations in human hemodynamics is provided. Us-
ing the presented framework new, spatial resolved 
phenomena of high distributed blood volume 
movements in dermal perfusion in vivo observed 
by PPGI were discovered at RWTH Aachen Univer-
sity in the last time.

PHOTOPLETHYSMOGRAPHY: HISTORICAL NOTES 
AND BIOPHYSICAL FUNDAMENTALS
Apart from Doppler ultrasonography, photople-
thysmography is the most popular noninvasive 
method for monitoring peripheral vascular hemo-
dynamics. The history of PPG goes back to over 60 
years. After ground works by Cartwright, Haxthau-
sen, Mathes and Molitor et al., Hertzman [1] found 
a relationship between the intensity of backscat-
tered polychromatic light and blood volume in the 

skin in 1938. His instruments consisted of three es-
sential components still found in modern systems: 
a light source, a light detector and a registration 
unit. He called the device Photoelectric Plethys-
mograph and wrote about his findings ([1], p. 336): 
“The volume pulse of the skin as an indicator of the 
state of the skin circulation at rest” and “Amplitude 
of volume pulse as a measure of the blood supply 
of the skin”. 
The basic principle behind the measurement of 
blood volume changes in the skin by means of PPG 
is the fact that hemoglobin in the blood absorbs 
infrared light many times more strongly than the 
remaining skin tissues [2] (Fig. 1). For example as 
blood pressure in the skin vessels decreases, the 
surface area of the vessels is reduced. This increas-
es the average reflection in the measuring window 
under the sensor (Fig. 2), so it will be recorded as an 
increase in PPG signal.

Fig. 1 Optical properties of human skin and blood in the visible 

and near infrared area of the spectrum.. Typical reflection spectra 

of anemic skin and of a 0.12 mm thick blood layer on glassare are 

shown as well as an extinction spectrum of a 0.3 mm epidermal 

layer. The difference in reflectivity between the skin tissue and the 

blood is evident and results in a high optical contrast between skin 

and dermal vessel plexus. The optical attenuation of epidermis is 

very high in the ultraviolet and blue regions and lowest at IR wave-

lengths of about 950 nm.

Following this principle, the optoelectronic PPG 
sensor signal reflects the blood volume changes in 
the cutaneous and partially also the subcutaneous 
vessel plexus and consists of a high constant part 
which is independent from the perfusion (light scat-
tering in tissue), a smaller quasi static vein signal and 
a very small, periodical modulated arterial signal 
(Fig. 3). It must not be forgotten that this indirect 
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kind of blood volume measurement is also associ-
ated with some fundamental disadvantages:
dependency on the optical attenuation of the skin 
due to individual texture and pigmentation of the 
skin,
dependency on the initial blood volume in the 
measurement zone below the sensor and thus on 
the actual perfusion status of the skin and the tem-
perature.
In the quantitative photoplethysmography dis-
cussed here, these disadvantages were reduced 
by the introduction of a patented control concept 
which provides an automatic calibration of the PPG 
signal [2, 3]. The skin is not illuminated with constant 
light intensity: instead, the integrated microproces-
sor adjusts the amount of light in a control loop until 
a defined skin illumination is achieved beneath the 
PPG sensor. Its signal can be recorded with com-
mon terminal equipment, a connection to external 
PC and means of data storage is also part of today’s 
standard.

Fig. 2 Typical PPG sensor, working in reflection mode. The sensor 

consists of a light source (LED) and a light detector (Si photodiode), 

both optoelectronic components are placed at a distance of 6 mm 

inside the sensor case and are equipped with optical lenses (left). 

Schematic illustration of a transilluminated skin vessel plexus un-

der the sensor to explain the correlation between blood volume 

and PPG signal (right).

Fig. 3 Composition of the photoplethysmographic signal. The in-

tensity of the backscattered light depends on the blood volume in 

arterial and venous vessels in the measuring zone. A separation of 

the venous and arterial parts of the detected signal is possible by 

electronic filtering of the signal.

dI (z)
dz

I (x, y, z) dxdy
(1)=

##

Fig. 4 Sensor sensitivity dI in relation to skin depths for different 

wavelengths (top) and expected signal intensity changes on rela-A sensitivity profile in relation to skin depth can be 

calculated when the light intensity I(x,y,z) at differ-
ent locations are regarded. The contribution of any 
skin  depth dz to the whole detector signal can be 
specified as

Figure 4 shows typical sensor sensitivity profiles, 
calculated by Monte Carlo method for different 
wavelengths. A strong influence of wavelength on 
penetration depths can be observed. The “green” 
sensor, which only measures the upper skin layers 
up to a depth of about 0.3 mm will provide mea-
surements solely of the skin microcirculation.  While 
sensors utilising red or infrared light will additionally 
collect information of deeper and larger vessels in 
the skin and thus gather information of the macro-
circulation.
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tion to blood contents on the skin (below). The blood volume in 

the capillary layer has been changed by  20 %, a linear relation be-

tween blood contents and sensor intensity could be found [4, 13].

FIRST EXPERIMENTAL SETUP
The design of our multi-chanel PPG measuring sys-
tem with microprocessor control for noninvasive 
monitoring of neurological induced skin perfusion 
dynamics is shown in Fig. 5. 

Fig. 5 Multi sensor measuring system for non-invasive monitor-

ing of skin perfusion dynamics, capable of simultaneously reading 

multiple PPG channels, ECG, temperature and respiratory signal 

(left) and used ECG electrodes & PPG sensors for detection of blood 

volume changes in reflection and transmission mode (right); se-

lected windows in the screenshot allow the control and visualiza-

tion of the detected signals (below) [5].

Five PPG channels will be provided allowing instan-
taneous measurements on different locations of the 
human body. Two of these channels are equipped 
with interfaces for both standard electrical and spe-
cial fibre optical sensors which are free of any metal-
lic parts. Possible applications of such sensors are for 
example comparative studies and dynamic control 
during NMR imaging. Two other PPG channels are 
prepared for the use of recently developed optical 
sensors with heating facilities that can be adapted 
to the skin surface temperature or which can even 
locally warm up the tissue to increase the blood vol-
ume in the skin and to paralyze local vasomotion of 
dermal vascular plexus. The processing of the PPG 

signals includes filters to distinguish between ma-
jor frequency components as well as an automatic 
calibration process and a compensation network 
for the suppression of noise caused by surrounding 
light sources. In addition to the optical sensors, the 
system will provide two breath monitoring channels 
(for both nostrils) and an electrocardiograph. After 
A/D conversion all bio signals are transferred to a 
PC for the purpose of data visualization & storage. 
As a major advantage of our measuring concept, all 
functional settings and sensor control can be man-
aged by the PC.

LOCAL SKIN PERFUSION DYNAMICS IN THE TIME 
AND FREQUENCY DOMAIN
First visualisation of pulsatile skin perfusion patterns 
in the time and frequency domain was published in 
1985 [6]. Our “historical” results are shown in Fig. 6. 
These recording shows beside the heartbeat syn-
chronous waveforms also other fluctuations in PPG 
signal with lower frequencies, which correspond to 
the respiration and other neurological (local or cen-
trally induced) vasomotion activities. These rhyth-
mical perfusion patterns can also be found in the 
FFT recording. The heartbeat as a “hemodynamical 
pump” is dominating here at the frequency of about 
1.1 Hz (66 BPM). The respiratory rhythm of 0,2 Hz (12 
per minute) is clearly seen as well. Apart from these 
cardiac and respiratory oscillations auto-nomous 
perfusion changes (vasomotion patterns) can also 
be observed at lower frequencies [7-10]. Our fur-
ther experiments have shown that local perfusion 
vary greatly from place to place (Fig. 7), so that their 
spatial assessment and analysis appears to be nec-
essary.

Fig. 6 Skin perfusion behavior, recorded with a standard PPG sen-

sor (reflection mode) on forehead of a resting subject in horizontal 

position.
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Fig. 7 Distributed dermal rhythmicity, measured with five classical 

PPG sensors on the volar side on the left hand.

EXPERIMENTAL PPGI SETUP
The PPG-Imager is a contactless and spatially resolv-
ing advancement of the classical and well estab-
lished PPG [11-13]. A part of the skin surface is illumi-
nated by illumination panels consisting of multiple 
LEDs and as optoelectronic sensor a high sensitivity 
CCD camera is used. To detect also the weak light 
modulation, which is caused by the hemodynamical 
perfusion changes in the skin, our setup utilizes the 
UltraPix FE 250 camera from Life Science Resources 
because of its high dynamic range of 84 dB and it’s 
high readout speed of 5,5 MB/s. The imaging sensor 
is EEV 37-10, a silicon frame-transfer CCD with a pixel 
resolution 512x512, the spectral range is 400-1100 
nm with a quantum efficiency of 40% at 800 nm. 
To reduce the readout noise, the camera is cooled 
down to -40° C. 

Fig. 8 Photoplethysmography Imaging setup. The skin is illuminat-

ed by a custom LED floodlight and the backscattered light intensity 

dynamics is recorded by a high sensitivity CCD camera.

Using the PPGI setup shown in Fig. 8 it is possible 
to measure arbitrary parts of the skin surface and to 
simultaneously assess the dermal perfusion in differ-
ent skin regions.  After recording of short video se-
quences of the skin surface the operator can chose 
different regions of interest (ROIs, “virtual PPG sen-
sors”) for which the backscattered light intensity is 
calculated. The resulting signals contain the same 
information as classical PPG signals.
The camera is connected to a high performance PC 
through a specially designed camera controller. The 
PPGI software was developed to control the camera 
settings, capture the image sequence, and perform 
the post processing and analysis. Currently, the PPGI 
software is capable of acquiring the video in on-line 
mode and saving it for off-line processing. 
In the on-line mode, the live video can be dynami-
cally displayed. By changing the sensitivity, readout 
speed and acquiring only subarray or through bin-
ning, the sample rate can be changed in a wide 
range according to different requirement. For the 
off-line processing, the video acquired will be cali-
brated first. The calibration includes equally inter-
valed resampling and motion compensation. The 
resampling is done by linear interpolation so that 
the time-varying PPG signal can be treated by Fast 
Fourier Transform (FFT). The motion compensation 
is intended to overcome the movement artifact of 
the patient during measurement to make the result 
more accurate [8]. Like in on-line mode, different 
ROIs can be chosen to investigate the spatial varia-
tion of dermal perfusion change. The software was 
written in Microsoft Visual C++ 6.0 under Windows 
98. It utilizes the advantages of Windows program-
ming environment like graphical user interface, 
large memory management and powerful painting 
function which are essential for imaging and image 
processing. The acquired video can be played back, 
displayed with different colormap scheme or zoom-
ing to increase the visual effects. The calculated PPG 
signals for ROIs give a description of the skin perfu-
sion in time domain (Fig. 9).

ADVANCED SIGNAL PROCESSING
A typical recording with corresponding PPGI signals 
can be seen in Fig. 10, done on a left hand with a 
small fresh wound in the skin of the middle finger. 
As can be seen in the figure the perfusion patterns 
from healthy skin and the wound on the middle fin-
ger show significant differences. When looking only 
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at the heart beat it is slightly increased inside the 
wound, however the slow rhythms of about 0,1 Hz 
are strongly reduced inside the wound. Not only it is 
possible to discriminate the wound and the healthy 
skin when comparing the different three regions, it 
is also apparent, that the low perfusion patterns has 
strong local variation. Even the two ROIs on healthy 
skin in distance of some mm show evident differ-
ences in the 0,1 Hz band.

Fig. 9 Typical program window of PPGI software

Fig. 10 PPGI recordings of a hand with a wound on the middle fin-

ger. Calculated perfusion signals for three selected ROIs.

When trying to further analyse the perfusion pat-
terns with the classical Fourier Transform not much 
new information is revealed. It is possible to recog-
nise differences at low frequencies; however the 
resolution is quite limited. The frequency spectrum 
can’t reveal much advanced information, the reason 
is that the FFT is not well suited for analysis of tran-
sient signals. 
Much more new insights into the distributed perfu-
sion patterns allow the Wavelet Transform. This anal-
ysis leads to a 3dimensional time - fre-quency signal 
representation where the spectral evolution over 
time can be directly assessed [13]. It is in reality a 
family of transformations where a signal g(t) is trans-
formed by an analysing function   (t). The analysis 

function    (t), which is called the “mother wavelet”, 
is not fixed but can be chosen from a collection of 
functions. All of these have to meet certain restraints 
(see [10]), most notably are localisation in time as 
well as in frequency domain. To analyse the signal 
g(t), the mother wavelet is shifted across the time 
axis (by parameter b) and also scaled by different 
factors a. Thus a family of basis functions
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Utilising this transform a higher dimensional rep-
resentation of the signal g(t) can be obtained where 
the dimension b is responsible for the time infor-
mation and the other dimension a for the scaling 
information which is inversely proportional to the 
frequency.
The original function can be recovered from  by the 
inverse transform
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where the normalising coefficient C    is determined 
by the shape of the mother wavelet:
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To fully describe the Wavelet Transform also the 
mother wavelet     (t) has to be specified. An often 
applied function is the Morlet Wavelet, which is a 
wave modulated by a Gaussian of unit width (see 
Fig. 11):
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The parameter s determines the time versus fre-
quency resolution, the relation between scaling 
and frequency becomes . When using the Morlet 



48 VOLUME 14, No. 2,  2010

wavelet the resemblance to the win-dowed Fourier 
Transform becomes apparent. The Gaussian can be 
interpreted as the windowing function. In distinc-
tion to the windowed Fourier Transform the width 
of the function is not fixed but is scaled together 
with the wave function. So for for every frequency 
the same number of oscil-lations is taken into ac-
count, i.e. if we search for slow rhythms of 0,1 Hz the 
window function will be ten times wider than if we 
would search for 1 Hz components. This makes the 
Wavelet Trans-form admissible to investigate a very 
broad fre-quency range of multiple decades.

Fig. 11 Morlet mother wavelet consisting of a complex wave mod-

ulated by a Gaussian

The wavelet transform of the three PPGI signal plots 
from Fig. 10 is shown in Fig. 12. The resulting spec-
trum is a joint time-frequency representation of the 
signal, the evolution of different frequency com-
ponents (vertical axis) can be directly recognised 
versus the time (horizontal axis). The classical FFT 
power spectrum can be interpreted as a projection 
of the Wavelet spectrum in horizontal direction and 
thus looses any time representation. The generated 
advanced signal visualisation reveals on first sight, 
that the slow rhythms of about 0.1 Hz are not sta-
tionary but fluctuate in amplitude and also slightly 
in frequency.
Besides the interactive inspection of perfusion pat-
terns in selected skin regions also an automated 
spatial representation of the dermal perfusion sta-
tus can be achieved. For this purpose a ROI is placed 
in one corner of the video sequence and from the 
related perfusion signal a characteristic parameter 
e.g. the amplitude of heart synchronous oscillations 
is calculated. According to the magnitude of the pa-
rameter the ROI is colourised by a specified colour-

map. The ROI is then moved to an adjacent position 
and again colourised; this process is repeated until 
the whole image area is scanned. The resulting per-
fusion map does not depend on morphological in-
formations anymore but only represents functional 
data of the perfusion status.   The mentioned algo-
rithms have been tested on different PPGI record-
ings. Figure 13 shows one example of locally applied 
vasocative liniment where the effect of the drug on 
the microcirculation can functionally be visualized. 
The treated skin region exhibits an increase in perfu-
sion intensity of 250 %.

Fig. 12 Example of the advanced analysis of transient perfusion 

patterns: Wavelet spectra of selected signals from Fig. 10.
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Apart from the strong temporal fluctuations in der-
mal perfusion also a new behaviour of distributed 
spatial rhythm fluctuations could be observed in 
our lab at IHF/RWTH Aachen University. This phe-
nomenon which can only be observed in animat-
ed video representations of the PPGI recordings is 
“blood volume clouds” which move on the forehead 
in a coherent but complicated pattern [10].

Fig. 13 Functional mapping of a lower arm. Left: image from PPGI 

video sequence of a lower arm, the marked skin region is treated 

with a vasoactive liniment. Right: functional mapping of perfusion 

intensity, the colour displays the amplitude of the heart syncho-

nous oscillations.

CONCLUSIONS
The analysis of complex rhythmical changes in der-
mal perfusion requires sophisticated assessment 
strategies. Using selected multisensor concepts it is 
possible to acquire undistorted vital signals in a very 
broad frequency range, correlation of the differ-
ent sensor signals reveals that besides the known 
central rhythms certain local oscillations especially 
around  0.1 Hz occur, which show endogenous in-
fluencability. The local variability of the perfusion 
patterns can further be assessed by novel imaging 
techniques. The presented Photoplethysmography 
Imaging is capable of assessing the skin perfusion 
of arbitrary skin surface regions in a completely 
contactless manner and at the same time provides 
results with high spatial resolution. This allows even 
perfusion studies in wounds or transplanted skin. 
Altered skin perfusion can already be detected in 
very small skin wounds. Together with advanced 
joint-time-frequency signal processing the local 
autonomy of slow rhythms even in adjacent skin 
regions can be visualised. The Wavelet Transform al-
lows the analysis of a signal over a wide frequency 

range, while providing good resolution also at low 
frequencies. At the same time also the temporal 
evolution of different frequency components over 
time can be revealed. 
A completely new, previously unreported phenom-
enon of distributed blood volume movements in 
dermal perfusion could first be observed using the 
PPGI technique. Latest results clearly document 
the existence of local oscillators which show high 
autonomy and local variability. The physiological 
cause and implications of this phenomenon are so 
far unknown. However it is expected that the low 
frequency “relaxation” rhythms around 0.1 Hz have 
a very important bearing on the human physiology 
and have potential therapeutic implications i.e. in 
psychosomatic medicine.
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