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Table 1. The maximum relative speed of each vari-

able in a closed-loop model driven by electromagnet-

ic induction.

B oz vol P,O2 l PAO2 h
Vx 0.0009  0.0009 0.0019 0.0020 0.0057
Tig @ a [Ca] ¥ v n

Uz 0.0415 0.0500 0.3513 0.3601  0.4631

K E

3.1.1  BRRRIR R BT R R SRk
135 75 89 25 v

W gvae = 2.3 ns, [IP3] = 1.3 pmol /L. 2§84
MR R Ky = 0.1 B, BRI SR 3T P SR
W42 1 R 8 00 A RS Ry — A M A A R — A 28
WL TR A W r e, anlEl 2(a) Firzs. R HT3R
Rt A T, BIFE ¢ = 30 s B, B3l ki 4
73 PO, BN 40 mmHg. BEH REGH S —F
I, RGP T — i H ARG HL, il 728 AR vol,
HERAER MW ARG 2, PO, 1 R BN IEH E kL
FIZN, RGENBEILS IR, W& 2(b) Fis.

X FIRBENE A SR TR, IF9EmEin i 5t
FEC by A 0.1 BWHE K, 7RG IEF IR
AEHEAAE R R EEEPE S, THEPI R R RS — A
ATLLA SR

Mg RS KR ky = 0.5 B, HL RGN
UKEh N PR RGER I T AR RS, S
e 2 1) S A ) R P A v, B s F A L R
HCE AL, W 3(a) Fias. 76 t = 30 s B, i hinAd
R BR A3, REIRREN LA R, 4n
& 3(b) Fri7s.

Bl TR ot ARSI R, Mk = 1IN,
T IR N B Bl T B4 P B4 22 0 ) A 2 100 A v L AN e
B AR S AN 4(a) B, B b A A 1] 1

180502-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 73, No. 18 (2024) 180502
0.4 0.6 2 ) 0.06
7
= s 04 2 0 < 0.04
= 0.2 c = N
B S = 3
e} el = o]
S S 02 o —2 s
e E g ‘g 0.02
E E 3 E
o o E o
4 4 0 5 —4 4
z 0 L
—0.2 —0.2 —6 1
—40 —20 0 0.5 1.0 0.05 0.10 0.15 0 2 4
1% n h a/1073
10 2 10 0.06
T i 7
o o
S S < g
S 5 O < C_)70.04
3 S S 5
> n, o, g
E E E E
80 N S £ 0.02
2 50 =0 g
£ £ £ 2
- ol o
o 3 o
& Z z
-5 0
’ -1 -5
20 22 24 26 84 86 88 90 80 82 84 86 88 0 0.5 1.0
voly, PAO, P.O> [Caly,
5 0.4
T 0
o —
< < 0.2
s _5 °
= b
g Q
T =
S 10 g
< [
£ s 0
5 Z
z —15
—20 —0.2
0.4 0.6 0.8 —-15 —10 -5 0
l ¢
1 HL RN 3R Bl P A R G0 AR R X R AR 7 T St SRR A R Y B KORE X T, S B DL S A

Fig. 1. Phase diagram of relative speed of each variable in a closed-loop system driven by electromagnetic induction. Green dots in-

dicate the maximum rate v, of each variable. Defaulted parameter values are shown in Appendix A.
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Fig. 2. Response to transient hypoxia in a closed-loop system driven by electromagnetic induction with gnep = 2.3 ns, [IP3] =
1.3 pmol/L and ki = 0.1: (a) Traces from the system during eupneic bursting; (b) traces after a hypoxic perturbation. When ki =

0.1, the system can automatically recover.

(b) 100
o~ ——— N |
o 80
2 60 h/\/—
48 1.5
—15 1.0 —
> —30 05 O
—45 R
—60 0
4.0
5 3.5 \/\/\ \/\/\
>
) ) ) ) 3.0 ) ) v ) - ) )
0 5 10 0 5 10 16.5 22.0 33.0 38.5 220.0 225.5 231.0
t/(10% ms) t/(10% ms) t/(103 ms)

B 3 EREEN RSN N RGEEES (gnap = 2.3 1s, [IP3] = 1.3 umol/L, k1 = 0.5) (a) RENHLE; (b) RERELE SN
Mk = 0.5 B, REAN [ SR E

Fig. 3. Response to transient hypoxia in a closed-loop system driven by electromagnetic induction with gnap = 2.3 ns, [IP3]

1.3 pmol/L and k1 = 0.5: (a) Traces from the system during eupneic bursting; (b) traces after a hypoxic perturbation. When k1

0.5, the system can also recover automatically.
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Fig. 4. Response to transient hypoxia in a closed-loop system driven by electromagnetic induction with gngp = 2.3 ns, [IP3] =
1.3 pmol/L and k1 = 1: (a) Traces from the system during eupneic bursting; (b) traces after a hypoxic perturbation. When k1 =1,

the system cannot automatically recover.
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Fig. 5. One-parameter bifurcation analysis of the fast sub-system under different magnetic current feedback coefficients kq . The
points SN, Hopf, LPC, HC and SNIC represent the fold bifurcation, Hopf bifurcation, fold bifurcation of limit cycle, homoclinic bi-
furcation and saddle-node bifurcation on an invariant circle, respectively. (al)—(ad) ki = 0.1; (b1)—(b4) k1 = 0.5; (c1)—(c4) k1 = 1.
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Fig. 6. Two-parameter bifurcation analysis of the fast sub-system under different magnetic current feedback coefficients kp . Left is

two-parameter bifurcation during eupneic bursting, middle is two-parameter bifurcation after a hypoxic perturbation, right is two-

parameter bifurcation of the system stabilized after a hypoxic perturbation. (a) k1 = 0.1; (b) k1 = 0.5; (¢) k1 = 1.
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Fig. 7. Response to transient hypoxia in a closed-loop system driven by electromagnetic induction with gnap = 3.2 ns, [IP3]

1.1 pmol/L and k; = 0.1: (a) Traces from the system during eupneic bursting; (b) traces after a hypoxic perturbation. When k

0.1, the system cannot automatically recover.
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Fig. 8. Imposed hypoxic event in a closed-loop system driven by electromagnetic induction with gnap = 3.2 ns, [[Pg] = 1.1 pmol/L

and k1 = 0.5: (a) Traces from the system during eupneic bursting; (b) traces after a hypoxic perturbation. When k1 = 0.5, the

system can automatically recover.
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Fig. 9. Imposed hypoxic event in a closed-loop system driven by electromagnetic induction with gnap = 3.2 ns, [[Pg] = 1.1 pmol/L

and k1 = 0.9: (a) Traces from the system during eupneic bursting; (b) traces after a hypoxic perturbation. When ki1 = 0.9, the

system can not automatically recover.
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Fig. 10. Single-parameter bifurcation analysis of the fast sub-system under different magnetic current feedback coefficients ki :
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Fig. 11. Two-parameter bifurcation analysis of the fast sub-system under different magnetic current feedback coefficients ki . Left

panel is two-parameter bifurcation during eupneic bursting, middle panel is two-parameter bifurcation after a hypoxic perturbation,

right panel is two-parameter bifurcation of the system stabilized after a hypoxic perturbation. (a) k1 = 0.1; (b) k1 = 0.5; (¢) k1 =

0.9.
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Fig. 12. Response to transient hypoxia in a closed-loop system with the increasing magnetic current feedback coefficient , which the

system does not recover after a hypoxic perturbation at k1 = 0.1. The black and blue curves are time series before and after the

hypoxic perturbation at ki = 0.1, and the red curve is the time series after increasing the magnetic current feedback coefficient.

(a) k1 =0.2; (b) k1 =0.7; (¢) k1 =0.9.
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Fig. 13. One-parameter bifurcation analysis with before and after hypoxic perturbation driven by electromagnetic induction: (a) Bi-
furcation structure during eupneic bursting with k1 = 0.1; (b) bifurcation structure after a hypoxic perturbation with k1 = 0.1;

(¢) k1= 0.2, h = 0.0667; (d) bifurcation diagrams superposed with before and after hypoxic perturbation when k1 = 0.1 and 0.2;

(e) k1= 0.7, h = 0.0216; (f) bifurcation diagrams superposed with before and after hypoxic perturbation when ki = 0.1 and 0.7;

(g) k1= 0.9, h =0.0094; (h) bifurcation diagrams superposed with before and after hypoxic perturbation when k1 = 0.1 and 0.9.
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Fig. 14. Evolution of the energy driven by electromagnetic induction: (a) Evolution of the energy with the parameter ki = 0.1, 0.2,
0.7 and 0.9; (b) the enlargement part of (a). The parameter values are same as that in Fig. 12.
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Abstract

The pre-Botzinger complex is a crucial region for generating respiratory rhythms in mammals. Peripheral
chemoreceptors have a significant influence on respiratory rhythm by monitoring changes in blood oxygen
concentration and carbon dioxide concentration. This study introduces a closed-loop respiratory control model,
which is driven by electromagnetic induction and based on the activation of pre-Bétzinger complex neurons.
The model incorporates various factors including the motor pool, lung volume, lung oxygen, blood oxygen, and
chemoreceptors. The response of the system subjected to the same hypoxic perturbation under different
electromagnetic induction is studied, and the control effect of magnetic flux feedback coefficient on the recovery
of mixed rhythms is investigated. Using bifurcation analysis and numerical simulations, it is found that the
magnetic flux feedback coefficient has a significant influence on the ability to recover respiratory rhythm. The
dynamic mechanism of the magnetic flux feedback coefficient on different hypoxic responses in closed-loop
systems are revealed. Dynamic analysis indicates that under certain electromagnetic induction, the mixed
bursting rhythm in the closed-loop system can autoresuscitate if the bifurcation structure before and after
applying hypoxia perturbation are completely identical. However, when the bifurcation structure before and
after applying hypoxia perturbation are different, the mixed bursting rhythm in the system cannot
autoresuscitate. In addition, for the cases where automatic recovery is not achieved under mild electromagnetic
induction, increasing the magnetic flux feedback coefficient appropriately can lead the system to autoresuscitate,
which is closely related to the Hopf bifurcation and fold bifurcation of limit cycle. This study contributes to
understanding the influence of the interaction between the central respiratory and peripheral chemoreceptive

feedback on respiratory rhythm, as well as the control effect of external induction on the hypoxic response.

Keywords: respiratory rhythm, closed-loop respiratory control model, bifurcation analysis, electromagnetic

induction
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