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Abstract-Based on the classical Pennes bioheat equation and 
oxygen diffusion equation, a new coupled heat-mass transfer 
model for characterizing the cerebral circulatory arrest is 
proposed. Two cooling approaches (the surface cooling and 
volumetric cooling) are applied to analyze the effect of 
hypothermia on the transient temperature and the oxygen 
consumption rate in different regions of brain. It is shown 
that the surface cooling contributes little to depress the 
oxygen consumption, which received few attentions before. As 
an alternative, the volumetric cooling will significantly reduce 
the oxygen consumption rate in the brain, thus prolong the 
patients’ survival time. The results, which are close in 
agreement with the previous experimental data, may aid to 
find more efficient treatments on the brain hypothermia 
resuscitation. 

Keywords - Circulatory arrest, hypothermia, brain cooling,  
oxygen consumption, resuscitation, hypoxia. 

 
I. INTRODUCTION 

 
    The brain is an organ whose normal function depends 
heavily on an uninterrupted delivery of oxygen. Unlike 
skeletal muscle that can survive for hours without oxygen, 
brain cells show irreversible damage within minutes from 
the onset of oxygen deficiency. When cardiopulmonary 
circulation is interrupted in many cardiac surgical 
procedures or accidental events, it will create an imbalance 
between energy production and consumption and cause 
rapid loss of oxygen and depletion of metabolic substrate. 
Under this adverse condition, the cerebral protection by 
hypothermia has been well established and commonly used 
clinically due to the decreased metabolic requirements of 
the cold brain tissues. There were extensive discussion on 
the effect of hypothermia and circulatory arrest on cerebral 
blood flow and metabolism [1]-[3]. Previous studies have 
found that total circulatory arrest allows patients survive 
for 60 minutes or more at 15-18oC without any subsequent 
cerebral dysfunction and hypothermia is effective for 
protection against both global and focal brain ischemia. 
Reported experiments [4] suggested that the brain 
continues to metabolize at a very low basal rate during deep 
hypothermic circulatory arrest. But to our knowledge, few 
models have been developed to quantitatively investigate 
the effects of cerebral temperature changes during 
circulatory arrest to the oxygen consumption and how long 
could the patients withstand the oxygen delivery deficiency 
until all adenosine triphosphate (ATP) stored are depleted. 

Therefore, it is necessary to develop a mathematical model 
to address these issues and explore a better cooling 
approach to improve the patient’s ability to survive in the 
hypoxia. 
     In this paper, based on the classical Pennes bioheat 
equation and oxygen diffusion equation, a new coupled 
heat-mass transfer model for characterizing the cerebral 
circulatory arrest is proposed. Two cooling approaches (the 
surface and volumetric cooling) are used to analyze the 
effect of hypothermia to the transient temperature and the 
oxygen consumption rate in different regions of the brain.  

 
Ⅱ. METHODOLOGY 

 
     The present heat-mass coupling model falls in the 
appropriate assumption that the brain tissue can be 
approximately treated as a uniform sphere. The heat 
transfer can be represented by a one-dimensional Pennes 
bioheat equation in which the local brain temperature 

( , )T r t  is determined by 
2
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where ρ , C , K  are density, specific heat and thermal 
conductivity of brain, respectively; bC  is specific heat of 
blood. These four thermal properties are treated as uniforrm 
and independent of temperature. mQ  is the metabolic heat 
generation rate; bW  is blood perfusion which may depends 
on local temperature and heat generation rate; aT  is the 
arterial temperature. 
     At steady state (normal condition), the one dimensional 
heat transfer problem can be established as:  

2

02

1 ( ) ( ) 0b b a m
rTK W C T T Q

r r
∂

⋅ + − + =
∂

               (2) 

with boundary conditions defined as:  
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where f0h  is the heat convention coefficient; f 0T , 0R  
denote the surrounding air temperature and radius of the 
brain hemisphere, respectively.  
     When cerebral circulation arrests, a transient state, the 
blood perfusion rapidly reduces to zero in short time, but 
the brain metabolism still keeps working until it runs out of 
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the metabolic substrate. Therefore, the transient brain 
temperature ( , )T r t  can be described by the following heat 
transfer equation: 

    
2

2

1 ( ) ( , )m
T rTC K Q t T
t r r

ρ ∂ ∂
= ⋅ +

∂ ∂
                      (6) 

with the same boundary conditions as given above in the 
steady state. The initial condition is expressed as: 

( ,0) ( )T r T r= , 0t =                               (7) 
Solving (6) satisfying the boundary and initial conditions 
yields the transient temperature distribution in the brain 
tissue.  
      But the toughest task is to evaluate the metabolic heat 
generation, which depends on the local brain temperature 
and time. To better deal with this problem, we aimed at 
developing a new metabolic heat generation model in this 
paper. The most widely used approach in estimating the 
metabolic term has been to set it to be the product of the 
oxygen consumption and its caloric value. But this is based 
on the assumption that oxygen, and not glucose, determines 
heat generation in tissues, which is improper for ischemic 
situation. During circulatory arrest, the metabolic rate 
decreases with that of the local temperature. It is assumed 
that the metabolic rate changes according to the 
temperature coefficient φ . On the other hand, the 
metabolism dose not end until the substrate was depleted. 
Then one can assume that it decreases exponentially with 
the time. Therefore, the metabolic rate can be established as 
follows: 

[ ( , ) 37] 10
0 0( , , ) exp( )T r t

m mQ r t T Q tφ τ−= ⋅ ⋅ −              (8) 

where, 0mQ  is the reference metabolic rate at 37 o C , 0τ  is 

reference time at 37 o C and is estimated as 300 seconds. 
According to references [1], [2] ,[5], [6], φ  is set as 3.0.  
      During the circulatory arrest, the transient oxygen 
behavior is governed by the reaction-diffusion equation: 

2
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                   (9)                                          

with the boundary condition defined as 0tC r∂ ∂ = , 0r R=  
and 0tC r∂ ∂ = , 0r = .The temperature dependent oxygen 

diffusion coefficient tD  is obtained from [7] as: 

[ ]( ) exp ( , )tD T a b T r t= ⋅ ⋅                         (10) 

where 10 23.95 10 m / sa −= ×  is a constant, o4.6% C  b =  
is the temperature coefficient for diffusion.  
     Commonly the oxygen consumption can be treated as 
following the first-order kinetics, i.e., tM Cβ=  [8]. 
Taking account of the effect of the temperature, we also 
assume that oxygen consumption varies with the local brain 
temperature. Subjected to these assumptions, the oxygen 
consumption rate is thereby expressed as:  
                   [ ( , ) 37] 10( , ) T r t

t tM C T Cβ η −= ⋅                      (11) 
where, 3 -14.7 10 sβ −= × is a constant, and η  is temperature 
coefficient and set as 2.5 [1]. 
      For the calculations, typical values for the thermal 
parameters were applied as given in [9]: 

33 kg/m1005.1 ×=ρ , 4200J / kg CbC C≈ = ⋅ ,

CW/m5.0 o⋅=K , 3
0 10000W / mmQ = . And 0 10cmR =  is 

used. 
 

Ⅲ. RESULTS AND DISCUSSINS 
 

    Through numerical method, we calculate and analyze the 
transient brain temperature distribution and the oxygen 
concentration during circulatory arrest. Under normal 
condition (circulatory arrest doesn’t occur), it can be 
regarded that the brain temperature is close to 37.24 o C , 
which is in agreement with the physiological data. Fig.1 (a) 
shows the brain temperature distribution during circulatory 
arrest with heat convection coefficient o

f 10 Ch = and 
surrounding air temperature o

f 20 CT = . Clearly, the 
temperature near the brain core ( 0.01mr = ) increases 
slightly at the beginning, which  is mainly resulted from an 
unbalance between the high metabolic heat generation and 
the zero blood perfusion cooling. The temperature increase 
in the brain core at the beginning has also been reported by 
Xu et al. [5]. The brain core temperature decreases much 
more slowly than that at the brain surface. Even after a long 
period of time (say about 120 minutes), it still remains at 
about 36.15 o C . 

 
(a)  surface air cooling: o

f 10 Ch = , o
f 20 CT =  

 
(b) surface ice-water cooling: o

f 30 Ch = , o
f 0 CT =  

Fig.1. Temperature distribution during circulatory arrest 
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     To analyze the effect of hypothermia on the cerebral 
oxygen consumption rate, we use two approaches, the 
surface cooling  (water flowing around the brain surface) 
and the volumetric cooling (inserting cooling probe into the 
deep brain or ventilating the cooling medium through the 
mouth and nose), to examine the effect of different cooling 
on the temperature development and the oxygen 
consumption. 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

(a) surface air cooling: o
f 10 Ch = , o

f 20 CT =  
 

 
 
 
 
 
 
 
 
 

 
 
 
 

(b) surface ice-water cooling o
f 30 Ch = , o

f 0 CT =  
Fig. 2. The oxygen concentration distribution during 

 circulatory arrest 
  

     Fig.1 (b) depicts the brain temperature distribution 
under convective cooling, o

f 30 Ch =  and o
f 0 CT = . The 

temperature near the brain core ( 0.01mr = ) still increases 
slightly from 37.24 o C  to the maximum 37.73 o C  in about 
26 minutes, then decreases slowly. The temperature on the 
brain surface can be significantly reduced by the 
convective ice-water cooling, but the effect of this cooling 
on the deep brain is not evident since it takes 82 minutes for 
the brain core temperature to change from 37.29 o C  to 
36.5 o C . These results are consistent with the previous 
clinical data. Surface cooling of head and irrigation of the 
nasopharynx with ice water lowered deep brain 
temperature from 37 o C  to 34 o C  only after 30-60 minutes 
[5]. Mellergard’s [10] and Olsen et al’s [11] studies also 
demonstrated that isolated head cooling, whether with 
frozen liquid or a cooling helmet, had a very limited effect 
on lowering the brain temperature. As shown in Fig.2, the 

oxygen consumption rate differs little between the two 
cases of o

f 10 Ch = , o
f 20 CT =  and o

f 30 Ch = , o
f 0 CT = . 

Overall, for surface cooling, the stored oxygen amount 
decreases sharply. It is almost completely depleted within 
less than 20 minutes. At this time, the oxygen concentration 
is three orders of magnitude lower than the initial oxygen 
concentration. From (10) and (11), it is seen that if the 
temperature of the brain can not be quickly reduced, both 
the oxygen diffusion coefficient ( )tD T  and the oxygen 
consumption rate ,( )tM C T will keep at a higher value due 
to the weak cooling effect. Furthermore, the stored oxygen 
amount is depleted so quickly that it can not meet the basal 
metabolic requirement, which may cause the brain injury. 
Therefore, the surface cooling is in fact not very useful in 
reducing the oxygen consumption and thus preventing 
patients from the brain injure. 

           
 

 
 
 
 
 
 
 
 
 
 

 
 

(a) 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
(b) 

 
Fig. 3. The oxygen concentration distribution during circulatory 
arrest using volumetric cooling and the uniform brain 
temperatures are assumed as:  (a) o5 CT =  (b) o15 CT =  

 
  In order to improve the brain hypothermia resuscitation 

and prolong the patient’s survival time, an alternative 
cooling approach – the volumetric cooling is explored. In 
this way, a significant temperature decrease in the brain 
core can be realized by ventilating cold water to patient’s 
circulatory system or directly inserting the cooling probe 
into the deep brain. The oxygen concentration distribution 
is depicted in Fig.3 on assuming that all the brain 
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temperature positions are fixed at a uniformly lowered 
temperature. Compared with the case of surface cooling, 
the oxygen concentration decreases much more slowly. 
When the uniform brain temperature alters from 15 o C  to 
5 o C , the average oxygen concentration  decreases by 46% 
and 15% after about 20 minutes, respectively. Fig.4 clearly 
shows that at the region near the brain core ( 0.01mr = ) 
and under uniform volumetric brain temperature o5 CT = , 
the oxygen concentration is still at about 0.0021 3kg/m at 20 
minutes. Further calculations demonstrate that the oxygen 
consumption rate at this case is several orders of magnitude 
lower than that at the case of surface cooling. Therefore, it 
is likely that the temperature decrease in the whole brain 
ensures the oxygen demand sufficient to permit tolerance 
for a long period of absent oxygen delivery. In recent 
studies, Xu et al [6] pointed out that the circulatory cooling 
may be essential for a rapid brain cooling required for 
cerebral protection. Mariak et al’s [12] experimental data 
demonstrated that heat loss from the upper respiratory tract 
can directly affect the intracranial temperature in human. 
But this method is not practically used, which is the issue to 
be solved. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.4. The effect of two cooling approaches on oxygen 
concentration in the inner brain region ( 0.01mr = ) 

 
     There are several assumptions and limitations in this 
study must be pointed out. First, it is assumed that blood 
perfusion immediately reduces to zero following the onset 
of circulatory arrests, which is the extreme case in the 
present simulation. However, calculations show that there 
is a negligible oxygen concentration difference between the 
case of zero perfusion and that of keeping perfusion 
unchanged for short time. In this model, it is simply 
assumed that the thermal properties are uniform, 
independent of space and temperature. In fact, the heat 
generation is a space dependent value. A spherical 
geometry is the simplest one that describes the 
one-dimension temperature distribution from interior of the 
brain to the skull. Therefore, we and other researchers [5] 
use this symmetrical geometry model. During circulatory 
arrest, the oxygen consumption rate is proposed to take the 
new form as (11). According to previous experimental 
study [1], the temperature coefficient considerably varies 
with the temperature. It falls in 2.0-3.0 at temperatures 
between 37 o C -28 o C . However, when temperature is less 

than 28 o C , the reported value is approximately two times 
of that at the higher temperature. In this paper, the 
temperature coefficient was treated as constant and equal to 
3.0. However, although the oxygen consumption rate was 
perhaps overestimated at lower temperature, the above 
consideration does not change the conclusions 
substantially.  

 
Ⅳ. CONCLUSION 

 
Thermal factor is one of most important factors 

responsible for the oxygen delivery deficit. Results in this 
paper demonstrated that the surface cooling may provide 
some advantage by cooling the brain cortex peripherally. 
But its effect to depress the metabolic oxygen is very 
limited. In contrast, the volumetric cooling has the potential 
to substantially depress the oxygen metabolism, which 
points out the new way to develop high efficient cooling 
system. Further experiments and clinical practices will be 
performed in the near future to test our theoretical 
predictions. 

 
REFERENCES 

 
[1] M. D. Michenfelder, and J. H. Mild, “The relationship among canine 

brain temperature, metabolism, and function during hypothermia,” 
Anesthesilology, Vol. 75, pp. 130-136, 1991. 

[2] W. J. Greeley, F. H. Kern, J. N. Meliones, and R. M. Ungerleider, 
“Effect of deep hypothermia and circulatory arrest on cerebral blood 
flow and metabolism,” Ann. Thorac. Surg., Vol. 56, pp.1464-1466, 
1993.  

[3] P. A. Steen, L. Newberg, J. H. Milde, and J. D. Michenfelder, 
“Hypothermia and barbiturates: individual and combined effects on 
canine cerebral oxygen consumption,” Anesthesilology, Vol. 58, pp. 
527-532, 1983. 

[4] T. Watanabe, H. Orita, M. Kobayashi, and M. Washio, “Brain tissue 
PH, oxygen tension, and carbon dioxide tension in profoundly 
hypothermic cardiopulmonary bypass: comparative study of 
circulatory arrest, nonpulsatile low-flow perfusion, and pulsatile 
low-flow perfusion,” J. Thorac. Cardiovasc. Surg., Vol. 97, pp. 
396-401, 1989. 

[5] X. J. Xu, P. Tikuisis, and G. Giesbrecht, “A mathematical model for 
human brain cooling during cold-water near-drowning,” J. Appl. 
Physiol., Vol. 86, pp. 265-272, 1999. 

[6] J. Werner, and M. Buse, “Temperature profiles with respect to 
inhomogeneity and geometry of the human body,” J. Appl. Physiol., 
Vol. 65, pp. 1110-1118, 1988. 

[7] T. B. Bentley, H. Meng, and R. N. Pittman, “Temperature 
dependence of oxygen diffusion and consumption in mammalian 
striated muscle,” Am. J. Physiol., Vol. 264, pp. H1825-H1830, 1993. 

[8] A. S. Popel, “Theory of oxygen transport to tissue,” Critical Review 
in Biomedical Engineering, Vol. 17, pp. 257-321, 1989. 

[9] P. Bernardi, M. Cavagnaro, S. Pisa, and E. Piuzzi, “Specific 
absorption rate and temperature increases in the head of a 
cellular-phone use” IEEE Transactions on Microwave Theory and 
Techniques, Vol. 48, pp. 1118~1126, 2000. 

[10] P. Mellergard, “Changes in human intracerebral temperature 
response to different methods of brain cooling,” Neurosurgery, Vol. 
31, pp.671-677, 1992. 

[11] R. W. Olsen, L. J. Hayes, E. H., Wissler, H. Nikaidoh, and R. C. 
Eberhart, “Influence of hypothermia and circulatory arrest on 
cerebral temperature distributions,” ASME Journal of 
Biomechanical Engineering, Vol. 107, pp. 354-360, 1985. 

[12] Z. Mariak, M. D. White, J. Lewko, T. Lyson, and P. Piekarski, 
“Direct cooling of the human brain by heat loss from the upper 
respiratory tract, ” J. Appl. Physiol. Vol. 87, pp. 1609-1613, 1999. 

0 20 40 60 80 100 120
0.00

0.05

0.10

0.15

0.20

Tf=20oC 
hf=10w/m2.oC

Tf=0oC
hf=30w/m2.oC

uniform volumetric temperature=15oC

uniform volumetric temperature=5oC

 

 

O
xy

ge
n 

co
nc

en
tra

tio
n 

 (k
g/

m
3 ) 

Time  (min)

Proceedings – 23rd Annual Conference – IEEE/EMBS Oct.25-28,  2001,  Istanbul,  TURKEY 

 


	Main Menu
	-------------------------
	Welcome Letter
	Chairman Address
	Keynote Lecture
	Plenary Talks
	Mini Symposia
	Workshops
	Theme Index
	1.Cardiovascular Systems and Engineering 
	1.1.Cardiac Electrophysiology and Mechanics 
	1.1.1 Cardiac Cellular Electrophysiology
	1.1.2 Cardiac Electrophysiology 
	1.1.3 Electrical Interactions Between Purkinje and Ventricular Cells 
	1.1.4 Arrhythmogenesis and Spiral Waves 

	1.2. Cardiac and Vascular Biomechanics 
	1.2.1 Blood Flow and Material Interactions 
	1.2.2.Cardiac Mechanics 
	1.2.3 Vascular Flow 
	1.2.4 Cardiac Mechanics/Cardiovascular Systems 
	1.2.5 Hemodynamics and Vascular Mechanics 
	1.2.6 Hemodynamic Modeling and Measurement Techniques 
	1.2.7 Modeling of Cerebrovascular Dynamics 
	1.2.8 Cerebrovascular Dynamics 

	1.3 Cardiac Activation 
	1.3.1 Optical Potential Mapping in the Heart 
	1.3.2 Mapping and Arrhythmias  
	1.3.3 Propagation of Electrical Activity in Cardiac Tissue 
	1.3.4 Forward-Inverse Problems in ECG and MCG 
	1.3.5 Electrocardiology 
	1.3.6 Electrophysiology and Ablation 

	1.4 Pulmonary System Analysis and Critical Care Medicine 
	1.4.1 Cardiopulmonary Modeling 
	1.4.2 Pulmonary and Cardiovascular Clinical Systems 
	1.4.3 Mechanical Circulatory Support 
	1.4.4 Cardiopulmonary Bypass/Extracorporeal Circulation 

	1.5 Modeling and Control of Cardiovascular and Pulmonary Systems 
	1.5.1 Heart Rate Variability I: Modeling and Clinical Aspects 
	1.5.2 Heart Rate Variability II: Nonlinear processing 
	1.5.3 Neural Control of the Cardiovascular System II 
	1.5.4 Heart Rate Variability 
	1.5.5 Neural Control of the Cardiovascular System I 


	2. Neural Systems and Engineering 
	2.1 Neural Imaging and Sensing  
	2.1.1 Brain Imaging 
	2.1.2 EEG/MEG processing

	2.2 Neural Computation: Artificial and Biological 
	2.2.1 Neural Computational Modeling Closely Based on Anatomy and Physiology 
	2.2.2 Neural Computation 

	2.3 Neural Interfacing 
	2.3.1 Neural Recording 
	2.3.2 Cultured neurons: activity patterns, adhesion & survival 
	2.3.3 Neuro-technology 

	2.4 Neural Systems: Analysis and Control 
	2.4.1 Neural Mechanisms of Visual Selection 
	2.4.2 Models of Dynamic Neural Systems 
	2.4.3 Sensory Motor Mapping 
	2.4.4 Sensory Motor Control Systems 

	2.5 Neuro-electromagnetism 
	2.5.1 Magnetic Stimulation 
	2.5.2 Neural Signals Source Localization 

	2.6 Clinical Neural Engineering 
	2.6.1 Detection and mechanisms of epileptic activity 
	2.6.2 Diagnostic Tools 

	2.7 Neuro-electrophysiology 
	2.7.1 Neural Source Mapping 
	2.7.2 Neuro-Electrophysiology 
	2.7.3 Brain Mapping 


	3. Neuromuscular Systems and Rehabilitation Engineering 
	3.1 EMG 
	3.1.1 EMG modeling 
	3.1.2 Estimation of Muscle Fiber Conduction velocity 
	3.1.3 Clinical Applications of EMG 
	3.1.4 Analysis and Interpretation of EMG 

	3. 2 Posture and Gait 
	3.2.1 Posture and Gait

	3.3.Central Control of Movement 
	3.3.1 Central Control of movement 

	3.4 Peripheral Neuromuscular Mechanisms 
	3.4.1 Peripheral Neuromuscular Mechanisms II
	3.4.2 Peripheral Neuromuscular Mechanisms I 

	3.5 Functional Electrical Stimulation 
	3.5.1 Functional Electrical Stimulation 

	3.6 Assistive Devices, Implants, and Prosthetics 
	3.6.1 Assistive Devices, Implants and Prosthetics  

	3.7 Sensory Rehabilitation 
	3.7.1 Sensory Systems and Rehabilitation:Hearing & Speech 
	3.7.2 Sensory Systems and Rehabilitation  

	3.8 Orthopedic Biomechanics 
	3.8.1 Orthopedic Biomechanics 


	4. Biomedical Signal and System Analysis 
	4.1 Nonlinear Dynamical Analysis of Biosignals: Fractal and Chaos 
	4.1.1 Nonlinear Dynamical Analysis of Biosignals I 
	4.1.2 Nonlinear Dynamical Analysis of Biosignals II 

	4.2 Intelligent Analysis of Biosignals 
	4.2.1 Neural Networks and Adaptive Systems in Biosignal Analysis 
	4.2.2 Fuzzy and Knowledge-Based Systems in Biosignal Analysis 
	4.2.3 Intelligent Systems in Speech Analysis 
	4.2.4 Knowledge-Based and Neural Network Approaches to Biosignal Analysis 
	4.2.5 Neural Network Approaches to Biosignal Analysis 
	4.2.6 Hybrid Systems in Biosignal Analysis 
	4.2.7 Intelligent Systems in ECG Analysis 
	4.2.8 Intelligent Systems in EEG Analysis 

	4.3 Analysis of Nonstationary Biosignals 
	4.3.1 Analysis of Nonstationary Biosignals:EEG Applications II 
	4.3.2 Analysis of Nonstationary Biosignals:EEG Applications I
	4.3.3 Analysis of Nonstationary Biosignals:ECG-EMG Applications I 
	4.3.4 Analysis of Nonstationary Biosignals:Acoustics Applications I 
	4.3.5 Analysis of Nonstationary Biosignals:ECG-EMG Applications II 
	4.3.6 Analysis of Nonstationary Biosignals:Acoustics Applications II 

	4.4 Statistical Analysis of Biosignals 
	4.4.1 Statistical Parameter Estimation and Information Measures of Biosignals 
	4.4.2 Detection and Classification Algorithms of Biosignals I 
	4.4.3 Special Session: Component Analysis in Biosignals 
	4.4.4 Detection and Classification Algorithms of Biosignals II 

	4.5 Mathematical Modeling of Biosignals and Biosystems 
	4.5.1 Physiological Models 
	4.5.2 Evoked Potential Signal Analysis 
	4.5.3 Auditory System Modelling 
	4.5.4 Cardiovascular Signal Analysis 

	4.6 Other Methods for Biosignal Analysis 
	4.6.1 Other Methods for Biosignal Analysis 


	5. Medical and Cellular Imaging and Systems 
	5.1 Nuclear Medicine and Imaging 
	5.1.1 Image Reconstruction and Processing 
	5.1.2 Magnetic Resonance Imaging 
	5.1.3 Imaging Systems and Applications 

	5.2 Image Compression, Fusion, and Registration 
	5.2.1 Imaging Compression 
	5.2.2 Image Filtering and Enhancement 
	5.2.3 Imaging Registration 

	5.3 Image Guided Surgery 
	5.3.1 Image-Guided Surgery 

	5.4 Image Segmentation/Quantitative Analysis 
	5.4.1 Image Analysis and Processing I 
	5.4.2 Image Segmentation 
	5.4.3 Image Analysis and Processing II 

	5.5 Infrared Imaging 
	5.5.1 Clinical Applications of IR Imaging I 
	5.5.2 Clinical Applications of IR Imaging II 
	5.5.3 IR Imaging Techniques 


	6. Molecular, Cellular and Tissue Engineering 
	6.1 Molecular and Genomic Engineering 
	6.1.1 Genomic Engineering: 1 
	6.1.2 Genomic Engineering II 

	6.2 Cell Engineering and Mechanics 
	6.2.1 Cell Engineering

	6.3 Tissue Engineering 
	6.3.1 Tissue Engineering 

	6.4. Biomaterials 
	6.4.1 Biomaterials 


	7. Biomedical Sensors and Instrumentation 
	7.1 Biomedical Sensors 
	7.1.1 Optical Biomedical Sensors 
	7.1.2 Algorithms for Biomedical Sensors 
	7.1.3 Electro-physiological Sensors 
	7.1.4 General Biomedical Sensors 
	7.1.5 Advances in Biomedical Sensors 

	7.2 Biomedical Actuators 
	7.2.1 Biomedical Actuators 

	7.3 Biomedical Instrumentation 
	7.3.1 Biomedical Instrumentation 
	7.3.2 Non-Invasive Medical Instrumentation I 
	7.3.3 Non-Invasive Medical Instrumentation II 

	7.4 Data Acquisition and Measurement 
	7.4.1 Physiological Data Acquisition 
	7.4.2 Physiological Data Acquisition Using Imaging Technology 
	7.4.3 ECG & Cardiovascular Data Acquisition 
	7.4.4 Bioimpedance 

	7.5 Nano Technology 
	7.5.1 Nanotechnology 

	7.6 Robotics and Mechatronics 
	7.6.1 Robotics and Mechatronics 


	8. Biomedical Information Engineering 
	8.1 Telemedicine and Telehealth System 
	8.1.1 Telemedicine Systems and Telecardiology 
	8.1.2 Mobile Health Systems 
	8.1.3 Medical Data Compression and Authentication 
	8.1.4 Telehealth and Homecare 
	8.1.5 Telehealth and WAP-based Systems 
	8.1.6 Telemedicine and Telehealth 

	8.2 Information Systems 
	8.2.1 Information Systems I
	8.2.2 Information Systems II 

	8.3 Virtual and Augmented Reality 
	8.3.1 Virtual and Augmented Reality I 
	8.3.2 Virtual and Augmented Reality II 

	8.4 Knowledge Based Systems 
	8.4.1 Knowledge Based Systems I 
	8.4.2 Knowledge Based Systems II 


	9. Health Care Technology and Biomedical Education 
	9.1 Emerging Technologies for Health Care Delivery 
	9.1.1 Emerging Technologies for Health Care Delivery 

	9.2 Clinical Engineering 
	9.2.1 Technology in Clinical Engineering 

	9.3 Critical Care and Intelligent Monitoring Systems 
	9.3.1 Critical Care and Intelligent Monitoring Systems 

	9.4 Ethics, Standardization and Safety 
	9.4.1 Ethics, Standardization and Safety 

	9.5 Internet Learning and Distance Learning 
	9.5.1 Technology in Biomedical Engineering Education and Training 
	9.5.2 Computer Tools Developed by Integrating Research and Education 


	10. Symposia and Plenaries 
	10.1 Opening Ceremonies 
	10.1.1 Keynote Lecture 

	10.2 Plenary Lectures 
	10.2.1 Molecular Imaging with Optical, Magnetic Resonance, and 
	10.2.2 Microbioengineering: Microbe Capture and Detection 
	10.2.3 Advanced distributed learning, Broadband Internet, and Medical Education 
	10.2.4 Cardiac and Arterial Contribution to Blood Pressure 
	10.2.5 Hepatic Tissue Engineering 
	10.2.6 High Throughput Challenges in Molecular Cell Biology: The CELL MAP

	10.3 Minisymposia 
	10.3.1 Modeling as a Tool in Neuromuscular and Rehabilitation 
	10.3.2 Nanotechnology in Biomedicine 
	10.3.3 Functional Imaging 
	10.3.4 Neural Network Dynamics 
	10.3.5 Bioinformatics 
	10.3.6 Promises and Pitfalls of Biosignal Analysis: Seizure Prediction and Management 



	Author Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	Ö
	P
	Q
	R
	S
	T
	U
	Ü
	V
	W
	X
	Y
	Z

	Keyword Index
	-
	¦ 
	1
	2
	3
	4
	9
	A
	B
	C
	D
	E
	F
	G
	H
	I
	i
	J
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	X
	Y
	Z

	Committees
	Sponsors
	CD-Rom Help
	-------------------------
	Return
	Previous Page
	Next Page
	Previous View
	Next View
	Print
	-------------------------
	Query
	Query Results
	-------------------------
	Exit CD-Rom


