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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




Compartment decomposition of the resplratory
and the cardiovascular systems

Pulmonary arteries

CO: I Os

(=)

Pulmonary veins

Tissue arteries

| Systemic veins
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The respiratory system
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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



The conducting zone (1D-model)
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The conducting zone
(1D Model, boundary condition)
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< - All bifurcation are dichotomous

1) The mass conservation condition
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The smaller airways and alveoli
(Lumped model)
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& 1D model and Lumped model coupling

The mass conservation and pressure continuity
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Implicit Euler method
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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
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The input to the nasopharynx during inspiration
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The junction of the bronchial tubes
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The transport of oxygen
and carbon dioxide

The alveolar volume
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The blood compartment
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The efficiency of carbon dioxide elimination
during mechanical ventilation
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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

N 2p, sin(vt)sin(5vt),0<t<0.75T
P (1) = 0.1p, sin(vt),0.75T, <t<T,




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

The alveolar CO, concentration
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1) Cheyne-Stokes breathing 2) Biot’s breathing

3) Normal sinusoidal breathing




The Cheyne-Stokes and the Biot’s
Breathing numerical simulations
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The alveolar O, concentration
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Asthma

Bronchial obstruction

Air trapped
——— inalveoli
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Asthmatic airway
during attack

S =S,(100-7)/100

Normal airway Asthmatic airway




Fraction, %
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Compartment decomposition of the resplratory

and the cardiovascular systems
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Balance of oxygen and carbon dioxide in
the blood
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Oxyhemoglobin balance
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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



Balance of oxygen and carbon dioxide in
the blood
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Carbon dioxide balance
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Connectivity matrix
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Cardiac regulation

The minute cardiac output
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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.



Respiratory regulation

The minute lungs ventilation
Ve =Vss + (Ve +Vp)
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The minute lungs ventilation, the tidal volume and the
ventilation rate dependence
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Respiratory regulation during
hypercapnia
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Lung minute ventilation, |/min
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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.

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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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.

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



The treadmill load test

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

Treadmill parameters

Initial speed: 7 km/h
Increased by 0.1 km/h every 10 sec

W = Mgvsin5’

Measured data

Athlete | H, m | M, kg | RQ | Vo, 7, [/min | Vo, 5, |/min | Cian, mM | Wir, w | Vi, I/min | ng
S1 1.66 | 61.7 | 0.84 0.232 0.058 21 255 14.9 17.3
S2 [ 1.80 | 70.8 | 0.04 0.224 0.060 1.8 324 19.6 | 20.8
S3 | 1.92 | 85.7 | 0.90 0.258 0.072 1.5 392 21.2 16.9
S4 | 1.88 | 73.0 | 0.83 0.192 0.048 3.0 204 15.2 14.3
S5 | 171 | 50.9 | 0.82 0.216 0.054 1.8 205 11.1 14.6
S6 | 1.76 | 74.0 | 0.88 0.160 0.040 2.1 435 1.7 | 18.1
ST | 1.82 | 705 | 0.89 0.224 0.056 0.9 308 18.0 | 225
S8 | 1.85 | 74.6 | 0.89 0.176 0.044 0.7 395 1.4 185
SO | 1.79 | 75.3 | 0.85 0.248 0.062 1.2 344 182 | 223
S10 | 1.81 | 71.4 | 0.90 0.256 0.064 1.7 332 16.8 | 24.9
Avg | 1.80 | 70.8 | 0.87 0.224 0.056 1.7 3283 16.8 19.0




Muscle metabolism model

The physical work (sum of aerobic and anaerobic parts)
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Update of the balance of oxygen and
carbon dioxide in the blood
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Muscle efficiency model

n = Ca - Efficiency of the chemical to the mechanical
€05 energy transformation
vo + 0.7vp = RO RQ = 0.7 - fat metabolism
| RQ =1 - carbohydrate metabolism
Yo +r =1

Y c - fraction of fats and carbohydrates
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3Mey
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Parameters identification

Unknown parameters: €4, Ula, KCO,, Ba QY
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Differential evolution stochastic method was used for optimization




Parameters identification
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Parameter identification
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The relative modeling error

SPOrtSmen | Tepr.0y,70 | Terr.COy:70 | OerrVE Terr.LAs0
S1 2.3 3.5 2.5 4.8
S2 4.1 3.0 3.8 6.6
S3 4.5 3.6 3.8 1.6
S4 3.2 3.7 1.3 7.2
S5 3.3 3.5 5.2 3.4
S6 (63> | (1.1 (10.3 4.6
ST 3.5 4.0 4.3 3.3
S8 3.1 2.9 3.9 9.0
S9 3.6 4.7 6.6 (12.2)
S10 4.5 4.3 5.9 3.4

Avg 4.3 4.5 5.4 6.4




ldentified parameters

ea, KJ/T | ta, 102 51 | oy, s L | B, 102 a, 1072
ST | 4.87+0.05 | 1.640.18 | 3.7840.54 | 1.9240.04 | 7.88+0.18
S2 | 4.4240.07 | 0.88£0.09 | 2.11+0.55 | 0.840.02 | 7.3+0.04
S3 | 3.9640.04 | 1.440.07 | 1.79+0.52 | 1.32+0.02 | 9.8+0.11
S4 | 3.9240.06 | 1.23+0.1 | 1.63+0.26 | 0.7+0.01 | 6.62+0.1
S5 | 4.8840.02 | 1.25+0.12 | 2.0240.04 | 1.6+0.02 | 10.36=0.08
S6 | 4.97+0.03 | 1.75+0.06 | 7.04+0.38 | 0.69+0.0 | 7.6+0.02
S7 | 4.0840.04 | 1.66+0.28 | 2.66+0.18 | 0.4+0.01 | 8.84%0.02
SS | 4.94+0.02 | 5.4240.97 | 4.87+0.28 | 2.2940.16 | 3.97+0.03
SO | 4.6940.09 | 8.75+0.73 | 1.4540.19 | 4.58+0.2 | 3.91+0.01
S10 | 4.71+£0.09 | 2.03+0.1 | 4.8140.58 | 1.1+0.02 | 7.75+0.05




Mechanical effectiveness

A

Sportsmen n, 7 Sportsmen n, 7%
S1 23.340.2 S6 Q4.D+0.1
S2 22.040.3 S7 19.940.2
S3 19.4+0.2 S8 24.240.1
S4 9.04-0.3 S9 22.94-0.4
S5 23.540.1 S10 22.84-0.4
Eﬂ
?}I —
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