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ABSTRACT 

This study describes noninvasive noncontact methods to acquire and analyze functional information from the skin. 
Multispectral images at several selected wavelengths in the visible and near infrared region are collected and used in 
mathematical methods to calculate concentrations of different chromophores in the epidermis and dermis of the skin. 
This is based on the continuous wave Near Infrared Spectroscopy method, which is a well known non-invasive technique 
for measuring oxygenation changes in the brain and in muscle tissue. Concentration changes of hemoglobin (dO2Hb, 
dHHb and dtHb) can be calculated from light attenuations using the modified Lambert Beer equation. We applied this 
technique on multi-spectral images taken from the skin surface using different algorithms for calculating changes in 
O2Hb, HHb and tHb. In clinical settings, the imaging of local oxygenation variations and/or blood perfusion in the skin 
can be useful for e.g. detection of skin cancer, detection of early inflammation, checking the level of peripheral nerve 
block anesthesia, study of wound healing and tissue viability by skin flap transplantations. Images from the skin are 
obtained with a multi-spectral imaging system consisting of a 12-bit CCD camera in combination with a Liquid Crystal 
Tunable Filter. The skin is illuminated with either a broad band light source or a tunable multi wavelength LED light 
source. A polarization filter is used to block the direct reflected light. The collected multi-spectral imaging data are 
images of the skin surface radiance; each pixel contains either the full spectrum (420 – 730 nm) or a set of selected 
wavelengths. These images were converted to reflectance spectra. The algorithms were validated during skin oxygen 
saturation changes induced by temporary arm clamping and applied to some clinical examples. The initial results with 
the multi-spectral skin imaging system show good results for detecting dynamic changes in oxygen concentration. 
However, the optimal algorithm needs to be determined. Multi-spectral skin imaging shows to be a promising technique 
for various clinical applications were the local distribution of oxygenation is of major importance. 

.   
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1. INTRODUCTION 
Conventional visual observation of the skin can give the clinicians addition information that can be used in establishing 
the diagnoses of a patient. An objective way of collecting skin information can therefore be useful also extra information 
can be achieved in studying the physiology of the skin processes or pathophysiology of skin diseases or tumors and their 
response to treatments. Near infrared (NIR) light is being used for more then 3 decades to study blood and tissue 
oxygenation changes in the brain and muscles1. Many studies have been published about the improvements of this 
method, physiological modeling in animal studies2 and clinical intervention studies3-5. This technique could also be 
applied to study skin properties. Near Infrared Spectroscopy (NIRS) is based on the relative transparency of biological 
tissue for light in the wavelength range from 700 to 1000 nm (near infrared region), and on the limited number absorbing 
chromophores in tissues. In this near infrared wavelength range the penetration depth of the light is large (up to several 
cm). For studying the skin in the reflection mode the most of the detected light penetrated the skin less deep (up to 2 
mm), because of this also visible light (400-700 nm) could be used.  

Various other imaging modalities have been developed, for example confocal microscopy and optical coherence 
tomography. With both methods 3D structures of the upper layer skin can be made. The major limitations are: limited 
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penetration depth, no functional information and they have a limited field of view. We want to look at a wide field 
multispectral 2D non contact imaging system that gives an image of the skin oxygenation changes. We will compare two 
different concentration calculation methods to calculate changes in O2Hb and HHb. The selection of the wavelengths at 
which the images were collected was based on the spectra of O2Hb and HHb and the available multispectral imaging 
system. In addition, we developed a simple and inexpensive multispectral imaging system of which the first results will 
be presented. 

2. MATERIAL AND METHODS 
2.1 Skin model 

Under normal physiological conditions the cells in tissue will be supplied with the necessary oxygen, this is regulated 
trough the blood supply and the oxygen saturation of the hemoglobin. An exception is the skin, the blood supply to the 
skin can, even under normal conditions, extremely vary. This is caused by the thermo regulating function of the skin. 
Several physiological and patho-physiological processes (aging, smoking, cancer wounds) may influence the blood flow 
to the skin and consequently influence the partial oxygen pressure (pO2) in the skin6.  Healthy skin has a high pO2 level 
(8-13 kPa) but in tumors or hypoxic wounds the pO2 level can fall to 0.7 kPa7,8. An other process that can influence the 
skin pO2 is anesthesia, different type of anesthetics influence the skin oxygenation in different ways9.  

 

Figure 1 shows a schematic drawing of the blood vessels in the human skin. The skin is a complex multilayered organ 
which covers the whole body. The skin can be roughly divided into three layers: epidermis, dermis and the hypodermis.  
The epidermal thickness depends on factors such as gender, age, skin type, and anatomic position, and is 60 – 80 μm 
thick10. The epidermis consists of five different layers composed among other things of keratinocytes, melanocystes, 
Langerhans cells, and Merkel cells. There are no blood vessels and it is build up and nourished, by diffusion, from the 
underlying dermis. The epidermis is a protective barrier against infections; keep the skin hydrated by preventing water 
evaporation and colors the skin (pigmentation). The water content influences the physical characteristics such as: 
elasticity tensile strength and thermal conductivity. The dermis is 1- 4 mm thick and consists out two layers; papillary 
dermis and the reticular dermis. They are buildup from a network of collagen and elastin fibers, which is crucial for the 
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Figure 1 Schematic drawing of the skin with its blood vessels and a schematic drawing of the optical path of an 
incident beam. The average depth of the back scattered light is maximal around 2 mm this is deep enough to 
reach the demis levels that contain blood. 
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skin tensile, strength and elasticity. The dermis contains the hair follicles, sweat glands, lymphatic vessels and blood 
vessels. The blood vessels in the dermis provide nourishment and remove the waist from it own cells as well as the 
Stratum basale of the epidermis. The hypodermis is 1  - 6 mm thick and lies below the dermis, it attaches the skin to the 
underlying bone and muscles. It consists of loose connective tissue and elastin it is supplied with blood vessels, nerves 
and lymph vessels.   

2.2 Interaction of light with skin tissue. 

Optical properties of the skin have been studied by several groups11-16. Multi layered skin models are studied and Monte 
Carlo simulations were done to study the light transport trough the skin. The scattering (μs’) coefficients are about 10 
times larger then the absorption (μa) coefficients this causes that the optical path in the tissue is much larger then the 
distance between entrance and emittance of the photon. The mean optical path length is in the visible light (500-650nm) 
~1-2mm and in the near infrared region ~6-10mm. The information in the spectral images comes then from the tissue 
area from the skin surface up to a depth of 0.5 mm in the visible range and 2-3 mm in the near infrared range. The blood 
pool is in a normal skin at ~0.3 and ~2 mm deep and in tissue with a vascular tumor the vessels are located at a depth of 
~0.5 mm. For calculating the concentration changes of O2Hb and HHb we use the Lambert Beer theory (see chapter 3) 
for this the molar extinction coefficients for these absorbers at the used wavelengths are found in literature (table 1).  

Wavelength HHb O2Hb HHb O2Hb 
[nm] [cm -1 mM-1] [cm -1 mM-1] [cm-1] [cm-1] 

440 413.28 102.58 2147.63 533.06 
470 161.564 33.2092 839.57 172.57 
530 39.0364 39.9568 202.85 207.64 
560 53.788 32.6132 279.51 169.48 
620 6.5096 0.942 33.83 4.90 
660 3.442 0.445 17.89 2.31 
690 2.142 0.416 11.13 2.16 
720 1.412 0.474 7.34 2.46 
750 1.532 0.6 7.96 3.12 
760 1.669 0.647 8.67 3.36 
767 1.54 0.683 8.00 3.55 
810 0.801 0.909 4.16 4.72 
850 0.781 1.097 4.06 5.70 

 

Table 1: The molar extinction coefficients of the wavelength we used in 
the skin oxygenation calculations (Prahl (omlc.ogi.edu/) and Wray at al17) 

2.3 Experimental setups 

We have three experiments setup to collect spectral information from the skin. To select the wavelength images of the 
skin we use in two setups a Liquid Crystal Tunable Filter (LCTF). One system is for long distance (2-3 m) imaging and 
the second system is placed on the skin (dermatoscopic system) and uses a LED ring lightning. The third system uses 
LED that flashes to select the wavelength images. For all the three setups reference images (dark and a white) where 
made for each used wavelength. 

2.4 Setup 1: Multi-spectral imaging system using LCTF 

Our basic multi spectral imaging system has been described earlier18-21, in short. A compact temperature compensated 
(B/W) 12-bit CCD camera (PCO PixelFly QE) is used in combination with a Liquid Crystal Tunable Filter (LCTF) (CRI, 
Cambridge Research &. Instrumentation, Inc.) . The LCTF is positioned between the lens and the CCD camera. This 
hyper spectral imaging device can make an image at any wavelength between 400 and 720 nm, with a band width of 7-
10 nm. A high power white light source has been used to illuminate the skin. In front of the light source a linear 
polarization filter is placed, the polarization filter in front of the camera is at 90˚ to the illumination polarization, so the 
camera sees only the light that has been scattered in the skin and the direct surface reflected light is discarded. The 
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acquisition software corrects for the spectrum of the illuminating light source by adapting the integration time for each 
wavelength. The registration was be done at relative large distance (2-4 meter). The selected wavelengths where: 440, 
470, 530, 560 end 620 nm.  
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Figure 2: The experimental setup of the multi spectral imaging, in non contact mode, of the skin of a hand. 

 

2.5 Setup 2: Multi-spectral dermatoscope. 

The compact multispectral dermatoscope uses the same equipment as in setup 1 but with some additions. A high power 
LED (Luxeon 5W White) is fiber optically coupled to a ring shaped polarized illuminator which is mounted on the 
camera head of the multispectral dermatoscope. A light shield is used to exclude all other light sources and keep a 
standard focal distance. The liquid crystal tunable filter is based on a LYOT filter and therefore has polarizing effect. The 
polarizing angle of the liquid crystal tunable filter is crossed to the illumination polarization so that direct surface 
reflections are eliminated and the camera sees only scattered light. The dermatoscope is placed in contact with the tissue; 
the skin area studied is 2.8 cm2

.  The selected wavelengths where: 440, 470, 530, 560 end 620 nm.  
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Figure 3: The experimental setup of the multi-spectral dermatoscope it is placed on top of the skin. 
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2.6 Setup 3: Multi-spectral LED  light source 

In the former setups we used a LCTF to select the wavelength images. In this setup we select the wavelengths by the 
light source. This is a preliminary setup to proof the principle. The LED light source exists of 4 LED’s with different 
wavelengths: 690, 750, 810 and 850 nm with a bandwidth 60–80 nm. A LED controller lights the four groups of LED’s 
with the same wavelength sequentially and sets the power to make the intensity of all the LED groups equally. On top of 
the LED’s is a diffuser placed to achieve a homogeneous lightning of the skin surface. The camera integration time for 
each wavelength is around 300 ms. 

 
2.7 Physiological experiments 

To test the multispectral imaging systems and the concentration calculation methods, we did experiments on adult 
volunteers. The aim of the experiments was to make changes in the skin oxygenation; we used a hand as study object. It 
is easy to change the oxygenation by arm clamping as was done for all 3 setups. First, the experimental subject is at rest 
in a stable situation then the arm is clamped for 1 to 2 minutes using a blood pressure cuff to create a total occlusion. The 
cuff is released and the reperfusion of the hand is recorded for one minute. The created hypoxic-ischemic condition will 
be monitored and the concentration changes of O2Hb and HHb will be calculated (see paragraph 3). The saturation of the 
skin cannot be monitored with a pulse-oxymeter because the clamping will stop the pulsatility in the finger. To avoid this 
we did an experiment were the volunteer hyperventilated for 1 minute and then recovered to a normal situation. 
Hyperventilation causes a rise in pH blood level which results in a vasoconstriction of the blood vessels in the skin. The 
pulsatility remains during this experiment and the oxygen saturation is measured with a pulse oxymeter on a finger.    

3. THEORY 
3.1 Classical delta time (Δt) NIRS method  

The attenuation of light in tissue is caused by absorption and scattering. The absorption mechanism can be separated in 
two parts: one due to chromophores with (in time) a constant tissue concentration and one due to chromophores with a 
variable concentration. In skin tissue, the main varying components are the concentrations of oxy- and deoxyhemoglobin 
(O2Hb and HHb). These concentrations depend on the oxygen saturation and the total blood volume in the tissue. The 
absorbance A in optical densities (OD) is defined as:  

10 10

0

log( ) log ε= − = − = Σn n n
IA T c d
I

     (3-1) 

   

LED controller
CCD camera

Lens

LED
Light

                    
 
Figure 4: The experimental setup of the LED illuminated skin imaging. At the right a picture of the LED 
illumination, four different wavelengths were used and the LED’s are dispersed equally around the camera hole.   
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I0 is the intensity of the incident light, I the intensity of the received light, T is the transmission I/I0, d is the optical 
pathlength in the tissue,  ε is the molar extinction coefficient [M-1 cm-1] describing the absorption per molar 
concentration of the substance per centimeter of optical path, c the concentration of the substance [M] summed over all 
the particle types (n).Scattering causes light propagation in all directions, which increases the light path through the 
tissue and thus decreases the received light intensity. Incorporation of these effects leads to the modified Lambert-Beer 
law22 

( ) ( ) ( ) ( )A c DPF d Gλ λ λ λε= +        (3-2) 

(λ)

-1 -1
( )  

( )

A  Measured absorbence (Optical Densities) [ - ]

Molair Extinction coefficients              [mM  cm ] 

   Concentration of molecules [mM]

G   Oxygen independent losses.   [ - ]
 Source detect

λ

λ

ε

c

d
( )

or distance  (optode distance)   [cm]
DPF Differential Path length Factor           [ - ]λ

 

DPF(λ) is the differential pathlength factor, which corrects the geometrical source-detector distance to the mean optical 
path in the tissue. G(λ) is the oxygen independent loss caused by geometry, scattering and other boundary losses (fibre 
coupling) and is unknown. If we take two absorbers in the skin we can rewrite formula (2.2) in matrix form as:  

2 2

2

1 11 1

2 2 2 2

( ) ( )( , ) ( )( )
( , ) ( ) ( )) ( )( )

ε λ ε λλ λ

λ ε λ ε λ λ
⎡ ⎤⎡ ⎤ ⎡ ⎤⎡ ⎤

= +⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥
⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎣ ⎦⎣ ⎦ ⎣ ⎦⎣ ⎦

O Hb HHb O Hb

O Hb HHb HHb

A t Gc t
d DPF

A t Gc t
      (3-3) 

In the classical Δt-method the assumption is that the G factor must be constant in time during the period of the 
measurement but may be wavelength dependent. Calculating the difference in time (Δt) relative to a stable starting 
moment the absolute concentration change can be calculated using known DPF values of the interrogated tissue:   

1
ε
−

Δ
Δ = t
t

Ac
d DPF         (3-4)

 

3.2 Delta wavelength (Δλt) NIRS method 

In this chapter a new method of calculating the concentrations of oxygen dependent chromophores is described using the 
modified Lambert Beer law (equation 3-2) with different assumptions. The modified Lambert Beer equation for two 
oxygen dependent absorbing chromophores: O2Hb and HHb, is rewritten with the following assumptions: 1)Optical 
pathlength is wavelength dependent and constant during the experiment: DPF(λ)*d.  2)The geometry factor G is 
wavelength independent. 3)The geometry factor G may be time dependent. 

Equation 3-3 is rewritten for 3 wavelengths and 2 absorbers; the third wavelength is the reference wavelength: 
   

2

2

2

2

1 1 1 11

2 2 2 22

3 3 3 33

( ) ( ) ( ) ( )( , ) ( )
( )

( ) ( ) ( ) ( )( , ) ( )
( )

( )( ) ( ) ( ) ( )( , )

O Hb HHb
O Hb

O Hb HHb
HHb

O Hb HHb

DPF DPFA t G t
c t

DPF DPFA t d G t
c t

G tDPF DPFA t

ε λ λ ε λ λλ
ε λ λ ε λ λλ
ε λ λ ε λ λλ

⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎡ ⎤⎢ ⎥ ⎢ ⎥= • • +⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥

⎣ ⎦⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦⎣ ⎦⎣ ⎦

 (3-5) 

The matrix notation is written out as three attenuation equations for the three wavelengths. One wavelength is the 
reference wavelength against which the delta wavelength is calculated. From literature it is known that the scattering 
term contributes much more to the attenuation then the absorption term. Under the assumption that G is wavelength 
independent this factor can be eliminated what resulted in an absolute concentration expression for cO2Hb and cHHb.  
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Simplifying the notation (O2Hb →O, HHb ≅H, d•.DPF ≅d λ1 ≅1  etc.) and subtracting the rows results in: 

12 1 2 1 2 1 2

13 1 3 1 3 1 3

( ) ( ) ( )

( ) ( ) ( )
λ

λ

ε ε ε ε

ε ε ε ε

Δ = − = − • • + − • •

Δ = − = − • • + − • •
O O O H H H

O O O H H H

A t A A c d c d

A t A A c d c d
   (3-6) 

Under the assumption that G is wavelength independent this factor is eliminated and the equations give absolute values 
for the concentration. Rewriting equation (2-8) gives the following equations for the concentrations of O2Hb en HHb: 

1 3 12 1 2 13
0

1 3 1 2 1 2 1 3

( ) ( ) ( ) ( )
[( ) ( ) ( ) ( ) ]

λ λε ε ε ε
ε ε ε ε ε ε ε ε

− •Δ − − •Δ
=

• − • − − − • −
H H H H

H H O O H H O O

A t A t
c

d

1 3 12 1 2 13

1 3 1 2 1 2 1 3

( ) ( ) ( ) ( )
[ ( ) ( ) ( ) ( )]

λ λε ε ε ε
ε ε ε ε ε ε ε ε

− •Δ − − •Δ
=

• − • − − − • −
O O O O

H
O O H H O O H H

A t A t
c

d
    (3-7) 

Knowing that the second assumption is not defensible, G depends on the scattering properties of the tissue which are 
wavelength dependent. This is corrected by calculating a delta time concentration change, with respect to the one at a 
stable starting point accordingly to the Δt method:  

1 3 12 1 2 13
0

1 3 1 2 1 2 1 3

( ) ( ) ( ) ( )
[( ) ( ) ( ) ( ) ]

λ λε ε ε ε
ε ε ε ε ε ε ε ε

− •Δ − − •Δ
Δ =

• − • − − − • −
H H t H H t

t
H H O O H H O O

A t A t
c

d

1 3 12 1 2 13

1 3 1 2 1 2 1 3

( ) ( ) ( ) ( )
[ ( ) ( ) ( ) ( )]

λ λε ε ε ε
ε ε ε ε ε ε ε ε

− •Δ − − •Δ
Δ =

• − • − − − • −
O O t O O t

t H
O O H H O O H H

A t A t
c

d
   (3-8) 

These expressions are corrected for wavelength independent Geometry factor changes during a measurement. 

The changes in blood oxygenation can be expressed in the HbDiff; subtracting the change in the concentration of 
deoxygenated hemoglobin from the change in concentration of oxygenated hemoglobin and applying this for both the 
concentration methods: 

2[ ] [ ]HbDiff O Hb HHb=Δ − Δ        (3-9) 

This parameter magnifies the oxygenation effects when the hypoxic condition changes. 

3.3 Multi-spectral skin oxygenation imaging 

The modified Lambert-Beer equation can be applied to a highly scattering biological tissue like skin to calculate the 
chromophore concentrations from the reflectance spectrum. The collected multi spectral images of the skin surface can 
be converted to the reflectance spectrum by correcting them for spatially non uniform light distribution and the camera 
dark current:  

Ref

( ) ( )( )
( ) ( )
λ λλ
λ λ
−

=
−

S DR
W D

       (3-10) 

S(λ)  measured light CCD camera 
D(λ) Dark current signal 
Wref(λ) Reference of 100% reflectance of a white standard 

The reflectance R can be interpreted as the transmission T (see (3-1)), 
10 10log( ) log( ) ( ) ( )ε λ λ= − = − = +∑ i i

i
A T R C d DPF G    (3-11) 

This results that the formulas derived for calculating the changes in O2Hb and HHb in chapter 3.1 and 3.2 can be applied 
to the skin reflectance images. 
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4. RESULTS 
The results of the different measurements will be presented for each experimental setup and for each method of 
concentration calculation.  

Arm clamping, setup 1, LCT filter Δt method 

The results presented are the reflectance images at the wavelengths 560 and 620 nm during arm clamping. The images at 
the normoxic, hypoxic and reperfusion stage for the 2 wavelengths and the difference in wavelength and the difference in 
time (hypoxic- normoxic) are presented. The raw differences of the images in wavelength or time give less information 
(see figure 5).  Calculated concentration changes, using the Δt method, show large changes in intensity in the different 
stages of tissue oxygenation (Figure 6).  In a region of interest (ROI) the oxygenation changes during the whole 
measurement can be calculated an example is shown in figure 6. 

  
Figure 5: Images of a hand for 2 wavelengths and at different oxygenation  
states. The upper row gives the difference images of both wavelengths and 
the right column the difference of hypoxic and normoxic state. 
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Figure 6: Concentration changes in O2Hb and HHb calculated with the Δt method are shown for the normoxic, hypoxic-
ischemic and reperfusion state. At the right the concentration changes during the whole measurement are presented from 
one region of interest on the hand (red spot).  

 
Arm clamping, setup 2, LCT filter in dermatoscope setup using Δt and  Δλt method 

In this measurement the LCT filter was used in the dermatoscopic setup (setup 2) and both concentration methods (Δt 
and  Δλt) were applied on the registered images. The LED ring lightning gives a more homogeneous illumination of the 
skin then the white light source in previous measurement. The concentration changes in the ROI (circle Figure 7) over 
the time of the experiment give for both methods an increase of the HHb and a decrease of the O2Hb. For the Δλt method 
the concentration changes don’t return to the starting level after stopping the arm clap.  
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Figure 7: Images recorded with the dermatoscopic setup during arm clamping. At one position in the image 
(average of 9 pixels) the absorbance and concentration changes (Δλt and Δt method) are calculated over the time 
of the experiment.   
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Figure 8: Images during arm clamping recorded in dermatoscopic setup. Examples of the O2Hb, HHb, 
tHb and HbDiff changes relative to the start of the measurement (normoxic state). The concentrations 
are calculated with both methods.  
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The concentration images in Figure 8 show a large opposite intensity change for O2Hb and HHb during the different 
oxygenation states for both the concentration methods. The Δλt method has fewer disturbances from movement artifacts 
compared to the Δt method. 

Arm clamping, setup 3, LED lightning using Δt and  Δλt method 

This is the same measurement as the two before except that we replaced the LCT-Filter by LED’s lightning. The four 
groups of LED’s are lighted sequentially and the CCD camera records the images of each wavelength. In figure 9 the 
changes of the absorbance and the concentrations of O2Hb and HHb for both calculation methods are shown from one 
ROI (circle Figure 9). For the Δt method concentration changes in the ROI are observed over the time of the experiment 
give, after releasing the arm clamp a decrease of the HHb and an increase of the O2Hb is found in accordance with the 
expected physiological changes. In Figure 10 the concentration images in the different oxygenation states are presented 
for both concentration methods. We observe large changes in intensity for the Δt method for the different oxygenation 
stages. The Δλt method shows large disturbances in the concentration changes in the ROI (figure 9) the concentration 
images (figure 10) show no intensity difference for the different oxygenation stages.  

 

 
Figure 9: Images recorded with the LED setup during arm clamping. At one position in the image (average of 9 pixels) 
the absorbance and concentration changes (Δλt and Δt method) are calculated over the time of the experiment. 

 

Hyperventilation, setup 3, LED lightning using Δt and  Δλt method 

This is the same experimental setup as the before but now the volunteer hyperventilated for 1 minute. Now we could also 
measure the saO2 on a finger, the results are presented in figure 11. 

The spO2 curve during and after hyperventilation show the same changes as the O2Hb change calculated with the Δt 
method. The concentration images gave intensity changes after stopping the hyperventilation (figure 12). The Δλt 
method gave as before large disturbances and the concentration changes of the base line is small compared to the 
disturbances. With this method no satisfactory concentration changes could be calculated.  
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Figure 11: Images recorded with the LED setup during hyperventilation. At one position in the image (average 
of 9 pixels) the concentration changes (Δλt and Δt method) are calculated over the time of the experiment.  
During the measurement also the spO2 are registered. 

 

Normoxic             Hypoxic   reperfusion  Normoxic             Hypoxic    reperfusion 

Figure 10: Images during arm clamping recorded in the LED multispectral setup. Examples of the 
O2Hb, HHb, tHb and HbDif changes relative to the start of the measurement (normoxic state). The 
concentrations are calculated with both methods. 
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5. DISCUSSION 
With both the methods for calculating concentration changes it is possible to show oxygenation changes in the skin. The 
Δt method gave good results for all 3 experimental setups. This method gives concentration images that are sensitive for 
movement artifacts. 

The Δtλ method gave good concentration images variations for the LCT Filter setup but not for the LED setup. This 
could be explained by the large bandwidth of the LED’s. The concentration images were less sensitive for movement 
artifacts because the differences between the wavelengths are instantaneously taken. This Δλt method corrects the 
concentration calculations for changes in the G factor during the time of the measurement.  

The Liquid Cristal tunable Filter can collect spectral images with a band width of 10 nm and has an integration time for 
each frequency of ~ 0.1 s. This makes this filter suitable for studying slow physiological processes. Replacing this filter 
with fast flashing LED’s could make this technique suitable for detecting fast dynamic physiological processes and 
would make the setup simpler and less expensive. 

We showed that the concept of replacing the LCT-Filter with LEDS can give the same results. In our experimental setup 
we used broadband width LED’s which gave good results for the Δt method but very noisy results for the Δtλ method. 
This was expected because the difference in wavelengths with broad band LED’s will average out the spectral 
differences and nearly no differences in concentration changes will be seen. With narrow band LED’s this could be 
improved 

6. CONCLUSION 
The initial results with the multi spectral skin imaging system show good results for detecting dynamic changes in 
oxygen concentration. However, the optimal algorithm for calculating oxygenation changes need to be improved. The 
optimal wavelengths which give the highest contrasts for the clinical question need to be optimized. The simplification 
of the imaging system by using LED’s has been demonstrated but needs to be refined.  

Multi spectral skin imaging is a promising technique for various clinical applications were the local distribution of 
oxygenation is of major importance. 
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Normoxic            Start            Stop          vasodilatation      end registration                          
                      Hyperventilation    Hyperventilation                                                                         
t=0s         t=40s          t=60s          t=130s         t=180s 

Figure 12: Images during hyperventilation recorded in the LED multispectral setup. Examples of the O2Hb, HHb 
and tHb changes relative to the start of the measurement (normoxic state). The concentrations were calculated for 
both methods but only the images of Δt method are presented. The Δλt gave nearly no intensity changes during 
hyperventilation.   

Proc. of SPIE Vol. 7174  717408-12

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 05 Feb 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

REFERENCES 
 [1]  Jobsis, F. F., "Noninvasive, infrared monitoring of cerebral and myocardial oxygen sufficiency and circulatory 

parameters", Science198, 1264-1267 (1977). 
 [2]  Klaessens, J. H., Hopman, J. C., Liem, K. D., van Os, S. H., and Thijssen, J. M., "Effects of skin on bias and 

reproducibility of near-infrared spectroscopy measurement of cerebral oxygenation changes in porcine brain", 
J.Biomed.Opt.10,  44003 (2005). 

 [3]  Delpy, D. T. and Cope, M., "Quantification in tissue near-infrared spectroscopy", Philosophical Transactions of 
the Royal Society B-Biological Sciences352, 649-659 (1997). 

 [4]  Ferrari, M., Mottola, L., and Quaresima, V., "Principles, techniques, and limitations of near infrared 
spectroscopy", Can.J.Appl.Physiol29, 463-487 (2004). 

 [5]  Madsen, P. L. and Secher, N. H., "Near-infrared oximetry of the brain", Prog.Neurobiol.58, 541-560 (1999). 
 [6]  Ratnaraj, J., Kabon, B., Talcott, M. R., Sessler, D. I., and Kurz, A., "Supplemental oxygen and carbon dioxide 

each increase subcutaneous and intestinal intramural oxygenation", Anesth.Analg.99, 207-211 (2004). 
 [7]  Gallez, B., Baudelet, C., and Jordan, B. F., "Assessment of tumor oxygenation by electron paramagnetic 

resonance: principles and applications", NMR Biomed.17, 240-262 (2004). 
 [8]  Tandara, A. A. and Mustoe, T. A., "Oxygen in wound healing--more than a nutrient", World J.Surg.28, 294-300 

(2004). 
 [9]  Abramovic, Z., Sentjurc, M., Kristl, J., Khan, N., Hou, H., and Swartz, H. M., "Influence of different 

anesthetics on skin oxygenation studied by electron paramagnetic resonance in vivo", Skin 
Pharmacol.Physiol20, 77-84 (2007). 

 [10]  Gambichler, T., Orlikov, A., Vasa, R., Moussa, G., Hoffmann, K., Stucker, M., Altmeyer, P., and Bechara, F. 
G., "In vivo optical coherence tomography of basal cell carcinoma", J.Dermatol.Sci.45, 167-173 (2007). 

 [11]  Binzoni, T., Vogel, A., Gandjbakhche, A. H., and Marchesini, R., "Detection limits of multi-spectral optical 
imaging under the skin surface", Phys.Med.Biol.53, 617-636 (2008). 

 [12]  Graaff, R., Dassel, A. C. M., Koelink, M. H., Demul, F. F. M., Aarnoudse, J. G., and Zijlstra, W. G., "Optical-
Properties of Human Dermis Invitro and Invivo", Applied Optics32, 435-447 (1993). 

 [13]  Meglinski, I. V. and Matcher, S. J., "Quantitative assessment of skin layers absorption and skin reflectance 
spectra simulation in the visible and near-infrared spectral regions", Physiol Meas.23, 741-753 (2002). 

 [14]  Meglinsky, I. V. and Matcher, S. J., "Modelling the sampling volume for skin blood oxygenation 
measurements", Med.Biol.Eng Comput.39, 44-50 (2001). 

 [15]  van Gemert, M. J., Jacques, S. L., Sterenborg, H. J., and Star, W. M., "Skin optics", IEEE Trans.Biomed.Eng36, 
1146-1154 (1989). 

 [16]  Vogel, A., Chernomordik, V. V., Riley, J. D., Hassan, M., Amyot, F., Dasgeb, B., Demos, S. G., Pursley, R., 
Little, R. F., Yarchoan, R., Tao, Y., and Gandjbakhche, A. H., "Using noninvasive multispectral imaging to 
quantitatively assess tissue vasculature", J.Biomed.Opt.12,  051604 (2007). 

 [17]  Wray, S., Cope, M., Delpy, D. T., Wyatt, J. S., and Reynolds, E. O., "Characterization of the near infrared 
absorption spectra of cytochrome aa3 and haemoglobin for the non-invasive monitoring of cerebral 
oxygenation", Biochim.Biophys.Acta933, 184-192 (1988). 

 [18]  de Roode, R., Noordmans, H. J., Verdaasdonk, R. M., and Sigurdsson, V., "Multispectral system evaluates 
treatments in dermatology", Laser Focus World, 102-104 (2006). 

 [19]  de Roode, R., Noordmans, H. J., and Verdaasdonk, R. M., "Feasibility of multi-spectral imaging system to 
provide enhanced demarcation for skin tumor resection", SPIE (2007). 

 [20]  Noordmans, H. J., de Roode, R., and Verdaasdonk, R. M., "Compact multi-spectral imaging system for 
dermatology and neurosurgery", SPIE6510 (2007). 

 [21]  Noordmans, H. J., de Roode, R., and Verdaasdonk, R. M., "Multi-spectral image enhancement in dermatology 
and neurosurgery",  S128-S130 (2007). 

 [22]  Delpy, D. T., Cope, M., van der Zee, P., Arridge, S., Wray, S., and Wyatt, J., "Estimation of optical pathlength 
through tissue from direct time of flight measurement", .Phys.Med.Biol.33, 1433-1442 (1988). 

 
 

Proc. of SPIE Vol. 7174  717408-13

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 05 Feb 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use


