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ABSTRACT 
 
To observe local variations in temperature, oxygenation and blood perfusion over time, four imaging systems were 
developed and compared: Two systems consisting of white broadband light source and a CCD camera in combination 
with a Liquid Crystal Tunable Filter, one in the visual domain, 420-730 nm, and one in the infrared domain, 650-1100 
nm. Thirdly, a CCD camera in combination with a software controlled hyper-spectral light source consisting of a panel 
with 600 LEDs divided in 17 spectral groups in the range from 370 to 880 nm so that specific spectral distributions can 
be generated at high repetition rate (>1000 Hz) and, fourthly a standard IR thermal camera for comparison. From the 
acquired images at the selected wavelengths chromophores concentration images of oxy and deoxy hemoglobin can be 
calculated applying different algorithms.  
These imaging techniques were applied and compared for various clinical applications: Tumor demarcation, early 
inflammation, effectiveness of peripheral nerve block anesthesia, and localization of epileptic seizure. The relative 
changes in oxygenation and temperature could be clearly observed in good correlation with the physiological condition. 
The algorithms and data collection/processing can be optimized to enable a real-time diagnostic technique. 
 
Keywords:  Spectroscopy, Near Infrared, 2D, IR Thermography, Hemoglobin, Oxygen. 
 
 

1. Introduction 
Noninvasive optical imaging of biological tissue has been studied before by various methods like: Confocal microscopy 
or optical coherence tomography. These methods give high resolution anatomical images of the superficial structure of 
the tissue but they have a limited field of view and give no functional information.  
The skin gives the clinicians important information for diagnostics and therefore an objective way of collecting skin 
information (color, chromophore concentration, or temperature) could be useful. Reflectance spectroscopy is a non-
invasive method of tissue imaging which gives functional information over a wide field of view and, when using near 
infrared light, can penetrate millimeters deep into biological tissue. Thermographic monitoring, on the other hand, is a 
technique of measuring superficial skin temperature over a large skin surface area during a specified time in non-contact 
mode.    
Both reflectance spectroscopy and thermographic monitoring can be used to study the physiology of skin processes or 
pathophysiology of skin diseases or tumors and their response to treatments. Different approaches have been used before 
like contrast enhancement between healthy and diseased tissue: False color presentation or color ratios or spectral 
segmentation. Another approach is looking at specific tissue chromophores. Near infrared (NIR) light has been used for 
more then 3 decades to study blood and tissue oxygenation changes in animal studies1, clinical intervention studies2-4 and 
in oxygen supply and consumption in the brain and muscles5. 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 (5-8 cm in transmission mode 
and several millimeters in backscattering mode). Most of the visible light (400-800 nm) penetrates also into the skin but 
less deep (up to ~1 mm) and can also be used for diagnostic purposes6,7.  In this proceeding, reflective spectroscopy and 
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Infrared thermography are applied to studying the oxygenation changes and temperature changes in the skin. First proof 
of principle is shown in laboratory experiments hereafter the methods are applied in clinical studies.   
 
 

2. Material and methods 
 
Four experimental setups were used to collect spectral information from the surface of tissue. Images of different 
wavelengths were selected either by using: 1) a Liquid Crystal Tunable Filter (LCTF) in the visible range 420-730 nm, 2) 
a LCTF in the visible and infrared range 650-1100 nm, 3) a hyper-spectral LED light source illuminating the tissue with 
light in the range 370nm – 880 nm, 4) an Infrared thermal camera collecting radiation in the wavelength range 7.5 to 
13.5 μm. All four systems are described in the next chapters. 

2.1. Hyper-spectral imaging systems using LCTF 

Our basic hyper-spectral imaging system has been described earlier7 and is identical for both the LCT filters (VIS and 
VIS-NIR). In short: a compact temperature compensated monochrome 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 420 and 730 nm or between 650 and 1100 nm, with a bandwidth of 10 nm. High power white light 
sources are used to illuminate the tissues; in the visible measurements a broad band white LED light source was used and 
for the VIS-NIR measurements a halogen light. To reduce direct surface reflection, cross-polarized imaging is used. The 
acquisition software corrects for the spectrum of the illuminating light source by adapting the integration time for each 
wavelength. The image acquisition took place approximately 1 m away from the inspected tissue.  
 

 
 

Figure 1: The experimental setup of the hyper-spectral imaging, in non-contact mode, of the skin of a hand. 

 

2.2. Tunable hyper-spectral LED light source 

Recently more high power, low cost LEDs have become available in different wavelengths ranges and with bandwidths 
of approximately 30-80 nm.  This gives the possibility to build flashing and continuous light sources from the UV to the 
near infrared light wavelength ranges with the necessary power for different research questions.   
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In our department a tunable VIS-NIR LED light source (370nm – 880 nm) has been developed. The lamp is built up as a 
2-D flat panel with a total of 600 LEDs, consisting of 17 different wavelengths. The characteristics of all the LEDs are 
measured for different power settings and frequencies (full illumination intensity, wavelength temperature dependency, 
etc.). The back scattered light from the tissue is collected by a CCD camera which is mounted in the middle of the panel 
(figure 2). The camera is synchronized with flashing of the LEDs and starts collecting light when the LEDs are stabilized 
in frequency and intensity. In front of the LED lamp a diffuser is placed to achieve a uniform illumination of the tissue 
surface. Also a linear polarization filter is placed in front of the light source, cross polarized with the polarization filter in 
front of the camera, this to eliminate the direct reflections from the tissue surface. 
The user can select specific wavelengths which will be sequentially switched on during the data acquisition sequence. 
The LED panel can be switched with frequencies up to 10 kHz. Any user defined delay can be programmed between 
wavelengths of wavelength series to generate an appropriate data acquisition sequence for a specific study. 
Both the data from the tunable filters as the data acquired with the hyper-spectral LED light source were analyzed with 
in-house developed software called MultiSpec. 
 
 

   
  
Figure 2: The hyper-spectral light sources with the software control screen to set the flash frequency, wavelength and 
the light intensity.   

 
Figure 3: The experimental setup of the LED illuminated skin imaging, 17 different wavelengths were used and the LEDs 
are dispersed equally around the camera hole. 
 

2.3. Infrared Thermal Camera system 

Thermography was performed with a calibrated IR thermal camera (FLIR ThermoCam SC640, Seattle, USA), uncooled 
microbolometer with a 640x480 pixel array. The sensor has 14 bit dynamic range and operates in the range from 7.5 to 
13.5 μm. The data were recorded and analyzed with the ThermaCamTM

  Researcher 2007 Pro 2.9 (FLIR systems AB, 
Sweden) software coupled by an IEEE-1394 FireWire interface with a laptop PC. The data were collected with a 
temperature resolution of 0.1 degree Kelvin (K) and the thermal images were acquired with a 5 second interval. Offline 
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the data were analyzed with software written in MatLab. The thermal camera is placed perpendicular to the object at a 
distance of 1 meter (figure 1) and the emissivity of the skin was set to 0.99. 

3. Theory 

3.1. Hyper-spectral imaging 
The theory has been described before8,  and is based on the modified Lambert-Beer law9 (MLBL). A short description of 
the theory is given : 

( ) ( ) ( ) ( ) ( ) ( )A c t DPF d G H tλ ε λ λ λ= + +      (3.1) 

With ( )A λ the measured absorbance [-], ( )ε λ molar extinction coefficients [mM-1cm-1], c (t) Concentration of 

molecules [mM], ( )G λ  Oxygen independent, wavelength dependent losses [-], ( )H t  oxygen independent, time 

dependent losses [-], d  source detector distance [cm], ( )DPF λ differential path length factor [-]. The concentration 
changes of O2Hb, and HHb are calculated with 2 different methods: delta time and delta wavelength method. The 
formula 3.1 can be written for 3 wavelengths:  
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    (3.2) 

Solving equation 3.2 as a difference in time (Δt-method) or difference in wavelength (Δλ-method) gives ΔO2Hb and 
ΔHHb. The sum of these concentrations is the total Hb change (ΔtHb) this gives information about the total blood 
volume change. The difference of ΔO2Hb and ΔHHb magnifies the effect of hypoxic condition:   
 

2

2

tHb O Hb HHb
HbDiff O Hb HHb
Δ = Δ + Δ

=Δ − Δ
        (3-3) 

The collected hyper-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

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

S t DR t
W t D

λ λλ
λ λ
−

=
−

        (3-4) 

With S(λ) the measured light with the CCD camera, D(λ) the dark current signal of the camera and Wref(λ) the reference 
of 100% reflectance of a white standard. 

By replacing the absorbance by the reflectance the oxygen changes during interventions can be calculated in the 
backscatter mode.  

3.2. Thermography 
The theory of non contact skin temperature measurements is based on measuring the radiation from on object. The 
theory has been published before10,11, in short the observed radiation from a surface with temperature Ts contains: 
emission from the skin and the reflection from ambient radiation: 
   
  ( ) ( ) (1 ) ( )W Tr W Ts W Taε ε= + −  
 
With Tr the apparent radiation temperature measured with the radiometer, ε the skin emissivity, Ta the ambient radiation 
temperature and W(T) the Plank’s equation. The emissivity of the skin is measured in literature (ca. 0.95 – 1.0). For a 
perfect blackbody ε=1 and the radiation can be described by the Planck Law, the wavelength of maximum radiation 
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intensity is related to the absolute temperature by the Wien’s displacement Law. At normal body temperature the emitted 
light peak is at 9.35 μm, this is just in an atmospheric windows were there is less absorption by natural gases and water 
vapor (7.5–13.5 μm). The Stefan Boltzmann’s law states that for blackbodies the total energy radiated per unit surface 
area is proportional to the fourth power of the absolute temperature. Real objects are not blackbodies but can be 
approached by gray bodies. The Boltzmann law can be rewritten for gray bodies using the emissivity: j=εσT4. With j the 
energy radiated per unit surface area in a unit time, σ is the Stefan Boltzmann’s constant and T the absolute temperature 
in degrees Kelvin. The modern thermography systems acquire a 2-D image and calculate an absolute temperature 
images. 
 

4. Results of laboratory experiments and clinical trials 
 
In this chapter the laboratory experiments are described to prove that the setup and the analyzing methods work under 
ideal conditions. There after some clinical measurements are described. 

4.1. Arm clamping  

The measuring systems and analyzing methods were tested under ideal conditions. Laboratory experiments were done 
like arm clamping and cold tests.   
The arm clamping experiments were done on volunteers: The arm is clamped using a blood pressure cuff attached to the 
upper arm. The pressure was applied for approximately 3 minutes to block all the blood flow to the arm (arterial and 
venues occlusion). Then the clamp is opened and the arm is reperfused again. The images at the normoxic, hypoxic and 
reperfusion stage for the two concentration methods: Delta time and delta wavelength, and the IR thermography images 
are analyzed and the results will be presented. These experiments were done under ideal conditions (no hand movements 
and no light in the room) and the temperature in the room was constant. 
 

          
 
Figure 4: Arterial and venous occlusion performed for approximately 3 minutes and the physiological expected changes 
in the hand.   
 

4.2. Arm clamping acquired with VIS - LCTF and IR thermography 
In this experiment the arm was clamped for 5 minutes and images of the hand were acquired with both the IR-thermal 
camera and the VIS LCT filter hyper-spectral imaging setup. The thermal data were analyzed by placing a ROI at the top 
of the pointing finger. The mean temperature decrease and increase (after opening the cuff) was calculated and is shown 
in figure 5. A clear decrease in temperature is seen during the hypoxia period, and an increase of temperature is seen 
after opening the cuff as the hand re-perfused again. The hyper-spectral images at 530 nm, 560 nm and 585 nm were 
acquired and used to calculate the concentration changes with the delta time and delta wavelength method (Δt and Δλ 
method), the concentration changes on the pointing finger are shown in figure 6. After clamping we see a slow decrease 
in oxy-hemoglobin, and an increase in deoxy-hemoglobin, but no change in blood volume as the arm is clamped from 
the rest of the body. After opening the clamp, the dilated blood vessels caused oxygenated blood rushing into the arm, 
causing a rapid increase in oxy-hemoglobin and blood volume and decreasing deoxy-hemoglobin. As a result the blood 

Physiological response to Arterial and venous occlusion 
 

1. Blood flow in arm and hand stops:  
  Constant tHb  

2. Consumption of oxygen results:  
  Increase HHb 
  Decrease O2Hb 

3. The temperature in tissue can not be controlled 
by blood circulation: 
  Decrease temperature    
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vessels contract again, and the blood volume starts to reach normal levels. The temperature will increase to a higher level 
than normal because the totally dilated blood vessels let more blood flow to the hand. When comparing the temperature 
graphs and the oxygenation graphs, one sees that the temperature of the skin reacts slower to psychological changes than 
the ‘color’ of the skin. 
  

 
Figure 5: IR thermography images in the normal condition (t=0 min), at hypoxia (t=5 min) and during hyper perfusion 
(t=7min) of the hand, on the right the temperature change on top of the pointing finger (ROI in t=0 hand image) during 
the 5 minutes of arm clamping and 5 minutes after opening of the cuff. 

 
Figure 6: Concentration changes calculated with Δt and Δλ method using visible light (530, 560 and 585nm) at the top 
of the pointing finger.  

 

4.3. Arm clamping acquired with the VIS-NIR LCT filter 

The same experiment is done but now we acquired the hyper-spectral images with the VIS-NIR LCT filter. The 
wavelengths 651 nm, 756nm and 933 nm were acquired and a broad-spectrum halogen light source was used to 
illuminate the hand. In figure 7 clear concentration changes were calculated using both methods (Δt and Δλ). 
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Figure 7:   Concentration changes calculated with Δt and Δλ method using VIS-NIR light (651, 756 and 933 nm) at the 
top of the pointing finger.  

 

4.4. Arm clamping: Hyper-spectral imaging using LED lightning and IR thermography 

In this laboratory measurement the same setup is used as before except the LCT-filter has been replaced by LEDs light 
source. In this experiment three groups of LEDs are flashed sequentially (0.3 seconds) and the CCD camera records the 
images of each wavelength. In figure 8 the concentration changes are calculated for both methods (Δt method and Δλ 
method relative to the start) in a region (figure 8) on top of the pointing finger. The O2Hb, HHb and tHb changes are 
shown together with the temperature changes in the same region. The expected physiological changes described in figure 
4 are observed in figure 8. After releasing the arm clamp blood will flow into the hand resulting in a decrease of the HHb 
and an increase of the O2Hb and tHb. The temperature increased to a higher level than normal because of the extra 
inflow in the totally dilated blood vessels. These observations with the IR thermal camera and the LED-hyper-spectral 
system prove the principle of measuring concentration changes in O2Hb and HHb caused by blood flow changes using a 
broad band (30-80 nm) LED based system.  

  
Figure 8: Images recorded during arm clamping with the LED light flashing with three wavelengths; 625nm 750 nm 850 
nm. At the top of the pointing finger (average within a circle with diameter of 1 cm) the concentration changes are 
calculated over the time of the experiment for both concentration calculation methods; Δλ relative to the start and Δt 
method. On the right the temperature on the top of the pointing finger is measured with the IR thermo camera. 
Thermographic images at the start of the arm clamp and at t=4 minutes (just before opening the clamp) and at t=5 
minutes (when the cuff is opened and the hand is reperfused).  
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4.5. Clinical trials 

4.5.1. Local anesthetic Block: Hyper-spectral imaging using VIS LCT Filter and IR thermography 
The former laboratory measurements are applied to clinical measurements using a white LED light source and the VIS-
LCT filter together with the IR thermal camera. The goal was to find an objective and early prediction of the 
successfulness of a local block anesthesia.  
An anesthetic nerve block gives a reversible loss of sensation in the area where the operation takes place and is routine 
practice in anesthesia and pain management. The block provides anesthesia to the entire arm and hand, and is performed 
by injecting 20 cc Ropivacaine (Naropin) around the brachial plexus.   
 
The physiology describing the blockade of small sympathetic nerves: local anesthetics will cause vasodilatation, this will 
increase the blood flow to the arm and hand and increase the local temperature of the skin12. With thermographic 
imaging, the temperature distribution can be measured over a large skin area in non-contact mode. The increased blood 
flow to the hand will also give an increased total blood volume in the hand (ΔtHb). With reflectance spectroscopy the 
changes of oxygenated and deoxygenated hemoglobin (ΔO2Hb and ΔHHb) in skin can be detected13. It is to be expected 
that increased inflow of oxygenated blood will give an increased oxygenated hemoglobin and deoxygenated hemoglobin 
remains constant (no change in consumption).   
The patients lay in bed with the hand resting on a pillow of foam. The temperature in the room is constant at 24 °C and 
the patients acclimatized to room temperature for at least 30 minutes. Both the cameras were positioned perpendicular 
towards the hand at a distance of 1 meter (see figure 2). The whole procedure from the start of injection of Ropivacaine, 
till 30 minutes after was recorded by both imaging systems. Thermographic images and calculated oxyhemoglobin 
images with an interval of 5 minutes are shown in figure 9.  
 

 
Figure 9:  On the top the changes in O2Hb calculated with the Δt-method and on the bottom row the thermographic 
images of the hand showing the temperature rise during 30 minutes after placement of the anesthetic block. 

 
Figure 10: Typical examples of the mean temperature curves in the ROI (diameter 10 mm), the Ropivacaine is injected 1 
minute after the start of the registration. On the right the concentration changes calculated with both algorithms, the 
Ropivacaine is injected at the start of the measurement. 

In a region on the top of the pointing finger the average temperature change and the average concentration changes using 
the Δt- and Δλ method were calculated. The thermographic images of a successful block gave a large temperature 
increasement and the concentration changes were observed for both analyzing methods (figure 10). The concentration 
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changes were not as distinct as under laboratory conditions. This can be caused by using visible light instead of near 
infrared light (does not penetrate so deep in the skin), or by disturbances in the measurements caused by light changes in 
the room (movements of the patient or staff moving around the bed of the patient).  
In this study we concluded that thermography is an early predictor for the success or failure of the anesthetic block. The 
temperature test is an objective measurement and does not depend on the patient’s ability to answer questions of the 
physicians. 
We have shown as a proof of principle that hyper-spectral imaging, calculating concentration changes in hemoglobin 
seem to be in good agreement with the thermography measurements. More study and improvement of the measurement 
system and analyzing methods are necessary.   

5. Discussion  
 
Hyper-spectral images can be analyzed with different goals: Imaging contrast enhancement or imaging chromophore 
concentration changes. With contrast enhancement abnormalities in the skin or on tissue surfaces can be accentuated 
without knowing the exact chromophores. In this proceeding we wanted to monitor changes in the chromophore 
hemoglobin (ΔO2Hb and ΔHHb). The extinction coefficients of these chromophores were taken from literature. The two 
applied concentration calculation methods have distinct advantages. In the back scatter setup the path through the tissue 
is unknown therefore only chromophore concentration changes can be calculated. The Δt method gives large contrast 
changes but is sensitive for movement artifacts. This gives large movement artifacts in the time series of images or 
movies. The Δλ method calculates smaller and slightly different concentration changes but this method is insensible for 
movements of the object.  

The arm clamping experiment is performed with the NIR and the VIS-NIR LCT filter, both give good results for the Δt 
and Δλ concentration calculation algorithms. The concentration changes in the VIS light region are much smaller then in 
the NIR light region. The NIR light penetrates deeper into the tissue and the changes in O2Hb and HHb are more clearly 
observed. The results are not equal but the physiological expected changes in oxygenation were observed. 

The arm clamping with the hyper-spectral LED light source was only tested on low speed using VIS-NIR light. The 
results for the Δt and Δλ method were nearly equal and gave large concentration changes. The LED’s have a broad band 
spectrum (50nm) and we expect even better results with narrow band wavelength LEDs or band filtered light. The results 
found were comparable with the tunable VIS-NIR filter. 

The clinical applications of measuring the oxygenation changes in the hand after a region anesthetic block were 
detectable but they were not that large as in the laboratory experiments. The thermographic images gave temporal and 
spatial absolute temperatures over the whole hand, and thermography can be used as an early predictor for the success or 
failure of the anesthetic block. 

The hyper-spectral images in the clinical setting were disturbed by fluctuations in the surrounding light. In our 
measurements we found different concentration variations over the hand over time, this can be caused by the light in the 
room and movements of the hands. Small movements of the hand can cause different light reflections of the light source 
used and of the lights in the room. Around the bed of the patient staff moved and caused changes in light intensity on the 
hand.  

The hyper-spectral imaging system used in this study is based on a LCT filter; this could be replaced by a less expensive 
LED light source which can flash in high speed. It is to be expected that this faster system will give less movement 
artifacts in the concentration calculation algorithms. 

6. Conclusions 
Physiological changes in tissues, like oxygenation and temperature, can be observed using hyper-spectral imaging 
methods based on liquid crystal filters or tunable light sources and IR thermography. The calculation methods either 
based on wavelength or temporal changes (Δλ and Δt) provide results consistent with the induced physiological changes. 
The Δλ-method is less sensitive for motion artifacts during measurement but the algorithm needs to be optimized for 
practical clinical applications. The algorithms and data collection/processing must be optimized to enable a real-time 
diagnostic technique like IR thermography. The developed tunable hyper-spectral LED light source can be used in 
different clinical studies. For each specific research question the desired wavelength can be selected and the lamp can be 
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flashed in the required speed. This makes this light source a useful research tool. Hyper-spectral imaging and IR 
thermography proved to be a promising technique for real-time diagnostics of physiological processes in medicine.   
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