
1BIOMAT 2017

Computational modeling of the 

regulatory effects to the transport of 

respiratory gases in the body

Sergey Simakov, Andrey Golov



2

Motivation

Oxygen and/or carbon dioxide variations in the blood 

may cause irreversible pathological changes:

Hypoxia and ischemic events (oxygen decrease),

Hypercapnia (carbon dioxide increase) and acidosis or 

alkalosis (acid-base balance variations), etc. 

Possible reasons:

• Pathological breathing patterns

• Improper mechanical ventilation

• Asthma attack

• High performance physical activity
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Compartment decomposition of the respiratory 
and the cardiovascular systems

Regulation: minute blood flow, respiratory rate, tidal volume
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The respiratory system

Trachea-bronchial tree
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The conducting zone

CT – data of the trachea-bronchial tree The 3D structure

The 1D network structure

*Data processed by Roman Pryamonosov, INM RAS
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The conducting zone (1D-model)

1) The mass conservation

2) The momentum conservation

3) The bronchial tubes elasticity
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4) The input to the nasopharynx region
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The conducting zone 
(1D Model, boundary condition)

1) The mass conservation condition

2) The Bernoulli’s theorem

3) Compatibility conditions along characteristics

- All bifurcation are dichotomous
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The smaller airways and alveoli 
(Lumped model)

1) Alveolar compartment    0 ,
k

k k k k ka
a a a a a pl

dV
R E V V p p t

dt
   
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3) Poiseuille's law for the tube 
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1D model and Lumped model coupling

Implicit Euler method
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The mass conservation and pressure continuity
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The transport of oxygen and carbon dioxide 
(the conducting zone)
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The mass transport along the bronchial tubes

The input to the nasopharynx during inspiration

The junction of the bronchial tubes
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The transport of oxygen 
and carbon dioxide
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The efficiency of carbon dioxide elimination 
during mechanical ventilation

Boundary conditions
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The Biot’s breathing pattern

The constant amplitude of the frequency and 
the depth, long term pauses
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The Cheyne-Stokes breathing pattern

The weak shallow breathing with increase and 
decrease of the depth
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The Cheyne-Stokes and the Biot’s
Breathing numerical modeling

The alveolar CO2 concentration

1) Cheyne-Stokes breathing 2) Biot’s breathing

3) Normal sinusoidal breathing



16

The Cheyne-Stokes and the Biot’s
Breathing numerical simulations

1) Cheyne-Stokes breathing 2) Biot’s breathing

3) Normal sinusoidal breathing

The alveolar O2 concentration
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Asthma

Bronchial obstruction 
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Asthma numerical simulations

1) Tidal volume 2) Alveolar O2 fraction 3) Alveolar CO2 fraction

0 (100 ) /100S S  
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Compartment decomposition of the respiratory 
and the cardiovascular systems
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Balance of oxygen and carbon dioxide in 
the blood

Oxyhemoglobin balance

Golov, A. V., Simakov S. S. Mathematical model of respiratory regulation during hypoxia and 

hypercapnia. Computer research and modeling. 2017; Vol. 2(9). pp.297–310
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Balance of oxygen and carbon dioxide in 
the blood

Carbon dioxide balance

Golov, A. V., Simakov S. S. Mathematical model of respiratory regulation during hypoxia and 

hypercapnia. Computer research and modeling. 2017; Vol. 2(9). pp.297–310
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Connectivity matrix
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Cardiac regulation

The minute cardiac output

Wolf, M. B., Garner, R. P. A mathematical model of human respiration at altitude.

Annals of Biomedical Engineering. 2007. Vol. 35(11). pp. 2003-2022.

The minute cerebral blood flow
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Respiratory regulation

The minute lungs ventilation

Wolf, M. B., Garner, R. P. A mathematical model of human respiration at altitude.

Annals of Biomedical Engineering. 2007. Vol. 35(11). pp. 2003-2022.

The minute lungs ventilation, the tidal volume and the
ventilation rate dependence
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Respiratory regulation during 
hypercapnia
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Golov, A. V., Simakov S. S. Mathematical model of respiratory regulation during hypoxia and 

hypercapnia. Computer research and modeling. 2017; Vol. 2(9). pp.297–310

Time, s

1 - 7% CO2

2 - 6% CO2

3 - 3% CO2

The experiment: Reynolds W. J., Milhorn H. T., Holloman G. H. Transient ventilatory

response to graded hypercapnia in man. Journal of applied physiology. 1972. Vol. 33, No.

1. PP. 47-54.
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Respiratory regulation during hypoxia
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Golov, A. V., Simakov S. S. Mathematical model of respiratory regulation during hypoxia and 

hypercapnia. Computer research and modeling. 2017; Vol. 2(9). pp.297–310

Time, s

9% O2

The experiment: Reynolds W. J., Milhorn H. T., Holloman G. H. Transient ventilatory response to

hypoxia with and without controlled alveolar PCO2. //Journal of applied physiology. —1973. —Vol. 35,

No. 2. — PP. 187-196.
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The treadmill load test

Treadmill parameters

Initial speed: 7 km/h

Increased by 0.1 km/h every 10 sec

Measured data

The Center of Innovative Technologies 
in Sport and Training of the 
Representative Teams, Moscow

sin 5W Mgv
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Muscle metabolism model

The physical work (sum of aerobic and anaerobic parts)

Aerobic work fraction

(energy equivalence)

2

.

,O MV - muscles request
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Update of the balance of oxygen and 
carbon dioxide in the blood
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Muscle efficiency model

- fat metabolism

- carbohydrate metabolism

- Efficiency of the chemical to the mechanical
energy transformation

,C F - fraction of fats and carbohydrates
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Parameters identification

Differential evolution stochastic method was used for optimization

Unknown parameters:



32

Parameters identification



33Lactate concentration in blood

Minute CO2 production Minute O2 consumption

Lungs ventilation

Parameter identification
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The relative modeling error

The mean lactate error curve with 95% CI

The mean CO2 error curve with 95% CI The mean O2 error curve with 95% CI

The mean lungs ventilation error curve with 95% CI
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The relative modeling error
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Identified parameters
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Mechanical effectiveness
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Thank you


