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Bayesian Learning Based Optimization of Meal Bolus Dosage for

Intelligent Glucose Management

SHI Da-Wei' CAI De-Heng' LIU Wei® WANG Jun-Zheng' JI Li-Nong®

Abstract Precise decision of preprandial insulin bolus is of crucial importance to achieving enhanced glucose man-
agement for patients with diabetes. Insulin dosage adjustment in current clinical practice normally needs to be com-
pleted in a relatively short period of time and thus the data size is typically small. It would be consequently challen-
ging to accurately learn the postprandial glucose metabolism through data-driven modelling techniques and to fur-
ther ensure the safe and efficient insulin dosage decision. For this problem, a clinical-experience-assisted adaptive
preprandial insulin bolus decision framework is proposed in this work. To achieve safe prediction of the postprandi-
al glucose traces and optimal decision of the preprandial insulin dosage with limited training data, a Gaussian pro-
cess based glucose prediction model and an online model efficiency assessment mechanism are constructed, and a
Bayesian optimization method with historical data exploitation and clinical-experience guided decision constraints is
proposed. The safety and effectiveness of the proposed method are extensively validated through in silico results of
the US Food and Drug Administration accepted UVA /Padova T1DM simulator and advisory mode analysis based
on clinical data from a subject with type 1 diabetes. The obtained results provide methodological and technical sup-
port for intelligent meal bolus decision and the forthcoming clinical studies, and introduce a precision medicine solu-
tion to effectively improved glucose management for Chinese patients with diabetes mellitus.
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Fig.1  Block diagram of the Bayesian learning based optimization method for meal bolus
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Table 1  The parameters of the proposed method
AR “ X fH
v AR BB 8 -2
R DEES 10
Umax IR L R A 20
M FRARA IR EL 25
; diag{0.0025, - - -, 0.0025,
Qp R 1 1 R
0.005, 0.005}
r A FRAE ST g {1, 10, 5, 1}
i B [110, 130, 150, 170, 160,
G A B H b
150, 150, 150]"
Au VAL & 2
Ghn A )i A v e 120
Gy R ARG 80
AG AT MUBE B0 1Y 30

BAE B AL (N 10 MDA N) BaiiE A S5 1%
MITERE. 3 ah, WSCEE 1 BUME PR B8 I R 1R 9T 2
I, ) L 1) XA A 7 v 0 VA AR ST R I R
FetkRe.

BT LU NG o AR SO R BT O B A R
18 B R B H 22 OB B8 3R B NS T T &,
BV S At g i B AR BT KR B R B 3R (T SR
1 R 5:00 Fih, FF4k 5 K, 3% 120 h. % ERIHEIR
o 5 AT U RS (A0S ABh Y A A
[ CHO $RN &), 1HoN 7R ARG 7 S0 (R [ B
B, B s LA R4 AR 1) CHO N & IR
MIEZS 53 (S FRREZE 53 A [50, 75, 75] g Hl
3, 4, 4] g); FAW a3 HI£E [7:00, 9:00]+ [11:00,
13:00] « [18:00, 20:00] I8, R NI 5] 534, {BE 5
ORI Iy R B 2R AR BRI WA AR, A 3 R A4S |
i I 2R B R bR v T SR VR R A 3

o (CHO | G.-Gy
bolus CR CF

X, G, BHIEN 140 mg/dL; r NHERHE R
B, \TH T ERT AR A EREENL; 52 K
V1) Tl 5 2 7R R AR SO R e

XTI E, EEF R CR A1 CF
SRR ORI, PRAETH S 5 VLT 7 0 B8 TR SR
AR A T 77 &, SEP R T AR 8 I IR 4 o).
I, A EEL S AR I AR AE R B SRR DL (T 22
/D RN IE &), ASSORs bR T 55 1 SR A 77 B e LA
ANFEH B ZE (r =15, =05 Flr=1) g N
WSRO, AR AR ST VAT A BT R IR AR
J& 2 RIERTFIER A SO %EME, IS5 R
HEREAB TSR 5 iERT b, AU AR SO
TR S5 GE R R RE 7. R, AR
JiVERESEIL S AR UE TS TR (r = 1) 280 $3 ) 1
AEmS, ATTE—EFE B L ud B, A A S v AT s B
T CR Al CF SN HI g By F A A sk
TE TSR, RSP R AR S R,
AN TR R R F AR T B VR ChRE TR ROR,
[ Fof 7 2% Sk AR PRIV A B 18 28 2R 4

BT 5 L SE I, BRI AR IS (A F1 CHO %
N, A5 MR AT 3 R I A&
BHMERAR, &340, ABMEMMNELTERES
RS P TR JR7EJE 2 RAK RIS
FEARBEAT BEHT. 5 45 R 32 B B IE A 70 ~
180 mg/dL i 8] bk 2 AR M FEK T 70 mg/dL i [A]
o ™ EAR MK T 54 mg/dL I 8] B o
Wi T 250 mg/dL B[R] Eb 5 R R 3 B2~ S5 48 K
NG, IR 24 3K 3 BRI T PRI R AR, 6 ik
REEAT VP4l R 2o DA 2 2 (DU 47 BE) X
JEIL, pfH B B EE BRI ERE], p < 0.05#
WHERA G = E RN, AR DA . F
B, 28 i BB 75 R 7 e o b A 2 SR LI 4 ~ 1 6,
B gl 26 095 5% 25%- T5% F1 95% )P0 237 %
i 26 AR AL B 2R, AH DGR LA 3.1.1 7.

N — AU B A SO R S B IR R
A8 77, A SCRI A B S b 2R 36 3 5 R A ST
(I R PR RE, IF 5 R2R J5 958 #HT He iR, Bk
Hh, BRI ENEE 1 KH 5:00 FFA, Kis: 5 K, 3t
120 h. 25 (8 31| 5 2 18 S b B 1A B 4 i ok B R 7 i
R, BRESRBAE 2 oKL&Y & BRI,
AR AR E [ KA S A, (H R A
ITIRAAFE R ZE (DBt ). PO sEBrA:
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— uIOB> X T (23)



1922 H Zlj (e ¥ i 49 %
F 2 FHIEATREIERESEET r = 1 IREHEHIPAE SR (%)
Table 2 Evaluation results of the glucose control in the case of normal boluses in the early stage whenr =1 (%)
TN FE bR [N VARES A T5 p i
< 54 mg/dL (%) 0 (0) 0 (0) 1.000
< 70 mg/dL (%) 0 (0) 0 (0) 1.000
70 ~ 180 mg/dL (%) 93.6 (7.5) 92.3 (6.6) 0.188
> 250 mg/dL (%) 0 (0) 0 (0) 1.000
T3 (mg/dL) 133.2 (9.4) 132.5 (14.0) 1.000
P2 (mg/dL) 30.2 (7.0) 30.3 (4.4) 0.037
7:00 MLBEFHMH (mg/dL) 109.8 (11.0) 109.3 (8.0) 0.195

3 IR D /e 25 TR R OB PG SR (%)
Table 3  Evaluation results of the glucose control in the case of under-estimated/over-estimated boluses
in the early stage (%)
. . H IR AR (r=0.5) MIWAERFEML (r=1.5)
URIEGED oy N, : s i
PRAET A5 p fi bRAEIT 5 p 1l
< 54 mg/dL (%) 0 (0) 0 (0) 1.000 1.6 (3.8) 0.031
< 70 mg/dL (%) 0 (0) 0 (0) 1.000 6.5 (7.8) 0.008
70 ~ 180 mg/dL (%) 64.8 (23.6) 77.1 (18.4) 0.004 91.6 (6.9) 0.232
> 250 mg/dL (%) 1.0 (4.5) 0 (0) 0.031 0 (0) 1.000
M 3)1E (mg/dL) 162.1 (29.2) 148.7 (16.8) 0.004 114.9 (9.0) 0.002
FrfEZE (mg/dL) 37.9 (7.6) 35.8 (5.6) 0.010 29.4 (6.2) 0.049
7:00 MAHFHMH (ng/dL) 118.0 (20.0) 113.0 (9.5) 0.008 104.8 (10.0) 0.039
300 ; =
1 5%-95% (bt iiis) (NN 25% - 5% (Am‘«l\’i/‘?i)\,» — R (hRHEDT ) L. 5% ~95% <$I/:Ai_) W 25% -~ 75% (L Jiik) =—— sl (A5 1E)
250_;:@3% :5%436 55K

100 ¢ i
sol  &048a072 ';70.2 g D AlT8 LT ";70.8 g A92g 7398 LT1Tg
10 - .
=) | a3
i)
AL :
= é
® ‘ ‘ ‘ ‘ | | | | | ‘
5:00 11:00 17:00 23:00 5:00 11:00 17:00 23:00 5:00 11:00 23:00 5:00
I [
B4 BTIAEIET » = VRS T, 5 MU R 35 AR B g sk b e st 2
Fig.4 Comparison of postprandial glucose regulation and dosage decision in the case of
normal boluses in the early stage whenr =1
— v N - e -1 —
Sy BIAERRAER [50, 75, 75 g MHERENLALSh, A8 3hl CR(k+1) =
By [-15, 15] g; HA& I E] 23 5 4E [7:00, 9:00]. CR;'(k) — CR; Y 0)ki Ty(k), Ty(k) >0

[11:00, 13:00]+ [18:00, 20:00], Mk MI5T 5045, 2 Hi
B AR AE TS T 0% CHO | MR &, 1
SRS MEEAE XN CR B35, CF 3 HUHAR
FRIEH AL, fERSE 4 K, FIH R2R 7 fb =4
11 CR 244, H+ R2R L T:

CR; (k) + CR;*(0) (sza(k) +

H

N

i

(24)
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Fig.5 Comparison of postprandial glucose regulation and dosage decision in the case of
under-estimated boluses in the early stage whenr = 0.5
300
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Fig.6

Comparison of postprandial glucose regulation and dosage decision in the case of

over-estimated boluses in the early stage whenr = 1.5

W, & FRE B I R2R Ak, Fhrie {1, 2, 3} 4>
Sl ef B R R AR, OR;1(0) For CR WA
ERIEIEL, ki ko Al ks RO R2R Y28, Ty, (k) Tu(k)
M Gy, ARG MRS Fa bR, 230 oK ML v
KT 70 mg/dL BFAILLEE, I = T 180 mg/dL
I [ Eb AN BV B P24, A THI KB Ko 5 h,
BN 5 B T . St 240U 5 SOk [38)
— 5 NHRIRECER A A, ARSCTEE R2R T
VERT 3 R B AT A%, JFAEJ5 2L R kAT T3k
5 R2R FikbbE, s Riungk 4 MK 7 Fior, M
RbPie WL 3.1.2 9.

Jag e A5 24 A 7 v AR PR 8 Hh SRAS I I
5 I KA B B R 4R AR STV, A A AR SO VR AE XS

F 4 RECYB) T MR FIHAS LR (%)
Table 4  Evaluation results of the glucose control in
the case of meal disturbance (%)

PR SR R2R AT p i

< 54 mg/dL (%) 0 (0.7) 0 (0) 0.250

< 70 mg/dL (%) 3.6 (8.3) 0 (0) 0.016

70 ~ 180 mg/dL (%) 87.7 (13.0) 89.1 (5.6) 0.625
> 250 mg/dL (%) 0 (0) 0 (0) 1.000
MEFE{E (mg/dL) 123.8 (10.6)  131.3 (7.0)  0.006
P2 (mg/dL) 36.0 (9.4) 34.9 (7.5) 0.432
7:00 M TFHME (mg/dL)  102.8 (12.0)  103.8 (8.5)  0.004

IS FR) YA T 221, R 0 22 T AL M 0 800, A
) 2 & 2R R B, O AT [ 22 15 A S R J e R )
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T L, PG TR SRR RE . A SCTT VR TSR
0 B 5 25 AR i R T BB AR, RS20t g s I A
T 3 R DR SRk s . PR A SE SR LR 8L | 9,
FHRPIB IS 3.2 75,
FELIE

RIEAREIFIZEREKIFR
1) HERT A E EE SR
BUM SRR r = 1, P BT BRI & IR
(5T, ¥4I 2 R B 4% ) ROR 3R AT R, Gt
SRR 2 Fon. Ja 3 RIS N I 55 2502
FILEERME 4 Fion. HR 2 MIE 4 v B, £
AT AU ZRFE AR RIFIE, ASCEE LR IERE L
S5 bR AE T VR UL I IR 4 ) AR, RILAE
IEH MpE 70 ~ 180 mg/dL W[ EL 2R (92.3% Xt
93.6%, p=0.188) F ML HE-F351E (132.5 XJ 133.2,
p = 1.000) & PFOFR AR, P J7 350K H ALK I 0% 4%
B (0 %5 0, p=1.000)

2) A HA AT R =AW AR S T

ISR R E r = 0.5, 15 H BT A% AT 770 =
RHITE T, ZAE T 04 SC 7 VR 7R i AR A%
AR IR AR A, A 75 AT PRI A S 6 3 1) 48 AT R o
AT RO G s LI B S R U O K
B G 2 R 4% ) 8 R g A7 LA, B4 R
3 ME 5 frs. AT AR 1R T A & S A 2D
I, b5 4k S % FH 7 B 2 (R e SR 7 VAR B, FE S 2
RGPS, AR CHETEET AT 1 RIH &, R
W€ B R B, A A Ak 2 ey LB A L, X AT
DL IE# HLFE 70 ~ 180 mg/dL W E L& (77.1%
X 64.8%, p = 0.004). = M T 250 mg/dL B [A]

3.1
3.1.1

300

ELZE (0% Xt 1%, p=0.031) FMHEF¥I{E (148.7
Xt 162.1, p = 0.004) Z N TRRE .

3) T S T 70 e v 1R T

IR R S r = 1.5, FEAT R RS R
FRE i v A T . 1245 B T A A SO VA AE AT
FEA R ) B = 6, A2 15 AT DD I3 A 5E 53 1)
BRI, 224 ko et B H B 4 S K it A
THEOL. W07 B a2 K i R AT L, Tl
e R 3 MK 6 frs. nTLUE Y, 7E /770 &=
REMZ IS, 5 E MG, £/ 2 RETRE
RSO R T R R IR R, PO E i
TR, A 28 M 4k 2R 30 B8 22 1) ok 5607 KT
K AR MBS 00, R ILEAS MBE(S T 54 mg/dL
IHEEE R (0% % 1.6%, p = 0.031) f&F 70 mg/dL
IR LE R (0% XF 6.5%, p = 0.008) Hl I T 35 {
(125.6 XF 114.9, p = 0.002) Z=AEA FEFE.
3.1.2 ERizgs

A% 4 AIE 7 /& Y, R2R J7 iR 5 2 S f
DMUREIN oL i NUNTWE -2 RS- SUiE :Fu
AR, 3 B8R SRR SR R 2 v b
FARRAE. BT BERRBALL CHO & &1
IR, ARSI R D s A S TR AN
P v i ao R RSS2, A B A T G S Ex
SRMERE SR, AT 7E 25 5 IR 4 1 %k RE D IR I
XF IR HLAh B A A i) S M. 3X A] DL b 1
DLIIELE (0% XF 3.6%, p = 0.016) Al IILKEF- 118 (1)
Tt (131.3 X} 123.8, p = 0.006) ZE VAN F6 5 (1) 2 3
A
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Fig.7 Comparison of postprandial glucose regulation and dosage decision in the case of meal

disturbance between the proposed method and the R2R method
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Fig.8  The clinical data of the glucose management in the early stage
400 -
e FGM A [E&E
=350t
T 300t = A ~ & A
Eowor o~ %4 - st Y £ 2%A
~ 2 TR W TS S Te %
2200 e’ TNGY N LN _/ ,,,,,,,,,,,,,, N g oy
¥ 150} ALY v 1
i G ’
= 10} N Y
50F Mogsrigtsiig Miogsrig stig, ogstig siig. Mogsrigsing
20 = — —
2 5l TG e PEoUN DU
il
% 10 ¢
2 5t
®

0
0:08 6:08 12:08 18:08 0:08 6:08 12:08 18:08 0:08 6:08 12:08 18:08 0:08 6:08 12:08 18:08 0:08
I} 1]

P9 Tl A KIS 1 A ) B R SR DA 2R

Fig.9

The evaluation results for the meal bolus decision based on the clinical data



1926 H 3

(8

g
¥

Eitd 49 %

B, DEALHE B AR K
FURAERLIAIR, 75 SR 2 25 RE B .

4 LERIE

AR SCBTE PG PR 22 56 4 B P 4 i e & 2 70
DU 725 SR A 7 325 %07 V2l i PPAi v i aod R T
DAS R 2 5 5 G MR AR, PR A2 15 St I PR
LRI SR, B RS B DU AR A R SR
HIRvR. RIS, AWTICERFEAS, FF 2 53 TS Y
S B SR A S 7 LRI PR B R 2 SR AR
B, ARSCRT T B I PR 56 Y SR, T Rt )
FH 8 LB 3 S0 % B A i B ok SR, A4S DL 4R
AR T TR Rk 2 o0 B OB AT, AR T
I v AR MUK, BT UM R AL 7, pRid
T 8 B I (77 . A ST VB B 2 A e SR P s R 3K
B HiE Ll bR NR ERe e B 2 (L5
2020PH338-01), A did Bl AL X Il PR, 1
— VA T R I 2 A VRN U

References

1 Ji Li-Nong. Live longer and live better Diabetes and
“Healthy China 2030”. Chinese Journal of Diabetes, 2019, 27(1):
1-2
(FALAR AT I —— WIS <R b [ 20307, th
FEIBE R i A4, 2019, 27(1): 1-2)

2 Ji Li-Nong. A Chinese study on needle-free injection in type 2
diabetes mellitus: FREE Study. Chinese Journal of Diabetes,
2020, 12(9): 674-676
(LR, R RS A h EHFST: FREE #F5T. A8 IR
F&i, 2020, 12(9): 674-676)

3 Liu W, Mc¢ Guire H C, Kissimova-Skarbek K, Zhou X, Han X,
Wang Y, et al. Factors associated with resistance to complica-
tions in long-standing type 1 diabetes in China. Endocrine Re-
search, 2020, 45(1): 1-8

4 Schiffrin A, Belmonte M M. Multiple daily self-glucose monitor-
ing: Its essential role in long-term glucose control in insulin-de-
pendent diabetic patients treated with pump and multiple sub-
cutaneous injections. Diabetes Care, 1982, 5(5): 479-484

5 Quiroz G. The evolution of control algorithms in artificial pan-
creas: A historical perspective. Annual Reviews in Control, 2019,
48: 222-232

6 Kovatchev B. A century of diabetes technology: Signals, models,
and artificial pancreas control. Trends in Endocrinology and
Metabolism, 2019, 30(7): 432—-444

7 Shi Da-Wei, Yang Xiao, Cai De-Heng, Mou Zhi-Yu, Liu Wei, Ji
Li-Nong. Active disturbance rejection control for artificial pan-
creas system based on insulin basal rate estimation. Acta Auto-
matica Sinica, 2021, 47(5): 1043-1057
(R, B, SRAEIE, ARIa, XURT, 2050 R. HE T 08y S Al %
fli vH BN LR R 8 A fa #0083 =4, 2021, 47(5):
1043-1057)

8 El Fathi A, Raef Smaoui M, Gingras V, Boulet B, Haidar A.
The artificial pancreas and meal control: An overview of post-
prandial glucose regulation in type 1 diabetes. IEEE Control
Systems, 2018, 38(1): 67-85

9 Klonoff D. The current status of bolus calculator decision-sup-
port software. Journal of Diabetes Science and Technology,
2012, 6(5): 990-994

10  Shashaj B, Busetto E, Sulli N. Benefits of a bolus calculator in

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

pre- and postprandial glycaemic control and meal flexibility of
paediatric patients using continuous subcutaneous insulin infu-
sion. Diabetic Medicine, 2008, 25(9): 1036—1042

Herrero P, Pesl P, Bondia J, Reddy M, Oliver N, Georgiou P, et
al. Method for automatic adjustment of an insulin bolus calcu-
lator: In silico robustness evaluation under intra-day variability.
Computer Methods and Programs in Biomedicine, 2015, 119(1):
1-8

Schiavon M, Dalla M C, Cobelli C. Insulin sensitivity index-
based optimization of insulin to carbohydrate ratio in silico
study shows efficacious protection against hypoglycemic events

caused by sub-optimal therapy. Diabetes Technology and Thera-
peutics, 2018, 20(2): 98-105

Torrent-Fontbona F, Lopez B. Personalized adaptive CBR bol-
us recommender system for type 1 diabetes. IEEE Journal of
Biomedical and Health Informatics, 2019, 23(1): 387-394

Turksoy K, Hajizadeh I, Samadi S, Feng J, Sevil M, Park M, et
al. Real-time insulin blousing for unannounced meals with artifi-
cial pancreas. Control Engineering Practice, 2017, 59: 159—164

Herrero P, Bondia J, Adewuyi O, Pesl P, El-Sharkawy M,
Reddy M, et al. Enhancing automatic closed-loop glucose control
in type 1 diabetes with an adaptive meal bolus calculator
In silico evaluation under intra-day variability. Computer Meth-
ods and Programs in Biomedicine, 2017, 146: 125—131

Shi D, Dassau E, Doyle III F J. Multi-variate learning frame-
work for long-term adaptation in the artificial pancreas. Bioen-
gineering and Translational Medicine, 2019, 4(1): 61-74

Hou Zhong-Sheng, Xu Jian-Xin. On data-driven control theory:
The state of the art and perspective. Acta Automatica Sinica,
2009, 35(6): 650—667

(BB, VREET. B SRS I BILE Ky i A e 2. B 3k
2R, 2009, 35(6): 650-667)

Dai Wei, Chai Tian-You. Data-driven optimal operational con-
trol of complex grinding processes. Acta Automatica Sinica,
2014, 40(9): 2005-2014

(PR, SeRAM. Blm SK ) i) 5 A% BT L R AT SRAL k. A 3)
1h2£4R, 2014, 40(9): 2005-2014)

Gao Chuan-Hou, Jian Ling, Chen Ji-Ming, Sun You-Xian. Data-
driven modeling and predictive algorithm for complex blast fur-
nace iron-making process. Acta Automatica Sinica, 2009, 35(6):
725-730

(FBAG I, W%, BRAUH, oMLt S 2% b Rk i R ) 280 9 5 2
B T, A Bk 24, 2009, 85(6): 725-730)

Wang Y, Dassau E, Doyle III F J. Closed-loop control of artifi-
cial pancreatic beta-cell in type 1 diabetes mellitus using model
predictive iterative learning control. IEEE Transactions on Bio-
medical Engineering, 2010, 57(2): 211-219

Wang Y, Zhang J, Zeng F, Wang N, Chen X, Zhang B, et al.
“Learning” can improve the blood glucose control performance
for type 1 diabetes mellitus. Diabetes Technology and Thera-
peutics, 2017, 19(1): 41-48

Song L, Liu C, Yang W, Zhang J, Kong X, Zhang B, et al.
Glucose outcomes of a learning-type artificial pancreas with an
unannounced meal in type 1 diabetes. Computer Methods and
Programs in Biomedicine, 2020, 191(105416): 1-9

Cai D, Liu W, Ji L, Shi D. Bayesian optimization assisted meal
bolus decision based on Gaussian processes learning and risk-sen-
sitive control. Control Engineering Practice, 2021, 114(104881):
1-11

Chinese Diabetes Society. Insulin therapy guidelines for type 1
diabetes in China. Chinese Journal of Diabetes, 2016, 8(10):
591-597

(h A2 B PR 7 4 22 P 1 RURE PR R T BT HR . o
SRl IR AR, 2016, 8(10): 591-597)

Dalla M C, Micheletto F, Lv D, Breton M, Kovatchev B,
Cobelli C. The UVA/Padova type 1 diabetes simulator: New
features. Journal of Diabetes Science and Technology, 2014,
8(1): 26-34


https://doi.org/10.3969/j.issn.1006-6187.2019.01.001
https://doi.org/10.3760/cma.j.cn115791-20200811-00497
https://doi.org/10.1080/07435800.2019.1624567
https://doi.org/10.1080/07435800.2019.1624567
https://doi.org/10.1080/07435800.2019.1624567
https://doi.org/10.2337/diacare.5.5.479
https://doi.org/10.1016/j.arcontrol.2019.07.004
https://doi.org/10.1016/j.tem.2019.04.008
https://doi.org/10.1016/j.tem.2019.04.008
https://doi.org/10.1109/MCS.2017.2766323
https://doi.org/10.1109/MCS.2017.2766323
https://doi.org/10.1177/193229681200600501
https://doi.org/10.1111/j.1464-5491.2008.02549.x
https://doi.org/10.1016/j.cmpb.2015.02.003
https://doi.org/10.1089/dia.2017.0248
https://doi.org/10.1089/dia.2017.0248
https://doi.org/10.1089/dia.2017.0248
https://doi.org/10.1109/JBHI.2018.2813424
https://doi.org/10.1109/JBHI.2018.2813424
https://doi.org/10.1016/j.conengprac.2016.08.001
https://doi.org/10.1016/j.cmpb.2017.05.010
https://doi.org/10.1016/j.cmpb.2017.05.010
https://doi.org/10.1016/j.cmpb.2017.05.010
https://doi.org/10.1002/btm2.10119
https://doi.org/10.1002/btm2.10119
https://doi.org/10.3724/SP.J.1004.2009.00650
https://doi.org/10.3724/SP.J.1004.2009.00725
https://doi.org/10.1109/TBME.2009.2024409
https://doi.org/10.1109/TBME.2009.2024409
https://doi.org/10.1109/TBME.2009.2024409
https://doi.org/10.1089/dia.2016.0328
https://doi.org/10.1089/dia.2016.0328
https://doi.org/10.1089/dia.2016.0328
https://doi.org/10.3760/cma.j.issn.1674-5809.2016.10.005
https://doi.org/10.1177/1932296813514502

9 SRS T ) R I B ) 4B R 5 3R B DL s S A T ik

1927

26

27

28

29

30

31

32

33

34

36

37

38

39

Gillis R, Palerm C C, Zisser H, Jovanovic L, Seborg D E, Doyle
IIT F J. Glucose estimation and prediction through meal re-
sponses using ambulatory subject data for advisory mode model
predictive control. Journal of Diabetes Science and Technology,
2007, 1(6): 825-833

Rasmussen C E, Williams C K I. Gaussian Processes for Ma-
chine Learning. Cambridge: The MIT Press, 2006.

Hovorka R, Canonico V, Chassin L J, Haueter U, Massi-Bene-
detti M, Federici M O, et al. Nonlinear model predictive control
of glucose concentration in subjects with type 1 diabetes.
Physiological Measurement, 2004, 25(4): 905-920

Deisenroth M P, Fox D, Rasmussen C E. Gaussian processes for
data-efficient learning in robotics and control. IEEE Transac-
tions on Pattern Analysis and Machine Intelligence, 2015, 37(2):
408-423

Jain A, Nghiem T X, Morari M, Mangharam R. Learning and
control using Gaussian processes. In: Proceedings of the 9th
ACM/IEEE International Conference on Cyber-physical Sys-
tems. Porto, Portugal: 2018. 140—-149

Gondhalekar R, Dassau E, Doyle IIT F J. Periodic zone-MPC
with asymmetric costs for outpatient-ready safety of an artifi-
cial pancreas to treat type 1 diabetes. Automatica, 2016, T1:
237246

Lee J B, Dassau E, Gondhalekar R, Seborg D E, Pinsker J E,
Doyle IIT F J. Enhanced model predictive control strategy for
automated glucose control. Industrial and Engineering Chem-
istry Research, 2016, 55(46): 1185711868

Whittle P, Kuhn J. A hamiltonian formulation of risk-sensitive
linear/quadratic/Gaussian control. International Journal of Con-
trol, 1986, 43(1): 1-12

Yang X, Maciejowski J. Risk-sensitive model predictive control
with Gaussian process models. IFAC-PapersOnLine, 2015, 48
(28): 374-379

Pan Y, Boutselis G, Theodorou E. Efficient reinforcement learn-
ing via probabilistic trajectory optimization. IEEE Transactions
on Neural Networks and Learning Systems, 2018, 29(11): 5459—
5474

Shahriari B, Swersky K, Wang Z, Adams R P, De Freitas N.
Taking the human out of the loop: A review of Bayesian optim-
ization. Proceedings of the IEEE, 2015, 104(1): 148-175

Jones D R, Schonlau M, Welch W J. Efficient global optimiza-
tion of expensive black-box functions. Journal of Global Optim-
ization, 1998, 13(4): 455—492

Toffanin C, Visentin R, Messori M, Palma F D, Magni L,
Cobelli C. Towards a run-to-run adaptive artificial pancreas: In
silico results. IEEE Transactions on Biomedical Engineering,
2018, 65(4): 479-488

Liu W, Chen J, He L, Cai X, Zhang R, Gong S, et al. Flash
glucose monitoring data analyzed by detrended fluctuation func-
tion on B cell function and diabetes classification. Diabetes
Obesity and Metabolism, 2021, 23(3): 774—781

SERE bR B TR B AR
. FEBRTT RN E 3RS R
oyt 5wk, AAWEE S TR,
HlLas N Dol s, AR SOl 1
# . E-mail: daweishi@bit.edu.cn

(SHI Da-Wei
School of Automation, Beijing Insti-

Professor at the

tute of Technology. His research interest covers analys-
is and design of complex sampled-data control systems,
control of biomedical engineering, robotics, and indus-
trial process control. Corresponding author of this pa-

per.)

BEE  ALRE TR EAERE
LR A EEHEFTT RO FA K
HR BRI ), RS AT 5HLE
SIMI G 25 R e 42 .

E-mail: dehengcai@bit.edu.cn

(CAI De-Heng Ph.D. candidate at
the School of Automation, Beijing

Institute of Technology. His research interest covers
event-triggered sampled-data control, state estimation
and machine learning, and closed-loop drug delivery
systems control.)

X B AERUREE A REEBEA 2R
EARERIN. B TS 17 R R o

TR .
E-mail: liuwei850217@163.com
(LIU Wei Physician in the Depart-

\(/. A ment of Endocrinology, People’s Hos-
pital, Peking University. Her main
research interest is molecular etiology of diabetes.)

FFER ALRHE TR AR
. EEWTITT R IS s e S
PV AR R / B B o), 6 0 1K S
OSSR &5 A4 il

E-mail: wangjz@bit.edu.cn

(WANG Jun-Zheng Professor at
the School of Automation, Beijing
Institute of Technology. His research interest covers
motion drive and control, elector-hydraulic servo/pro-
portional control, test experiment and load simulation,
and robotic control.)

LR ALRURENREESE A 72 WA
FARBE. T HEREFTT 0] ARE R 7
TR, Fefb Rz

E-mail: jiln@bjmu.edu.cn

(JI Li-Nong
the Department of Endocrinology,

Chief physician in

| People’s Hospital, Peking Uni-
versity. His research interest covers molecular etiology
of diabetes and translational medicine.)


https://doi.org/10.1177/193229680700100605
https://doi.org/10.1088/0967-3334/25/4/010
https://doi.org/10.1109/TPAMI.2013.218
https://doi.org/10.1109/TPAMI.2013.218
https://doi.org/10.1109/TPAMI.2013.218
https://doi.org/10.1016/j.automatica.2016.04.015
https://doi.org/10.1021/acs.iecr.6b02718
https://doi.org/10.1021/acs.iecr.6b02718
https://doi.org/10.1021/acs.iecr.6b02718
https://doi.org/10.1080/00207178608933445
https://doi.org/10.1080/00207178608933445
https://doi.org/10.1080/00207178608933445
https://doi.org/10.1016/j.ifacol.2015.12.156
https://doi.org/10.1109/TNNLS.2017.2764499
https://doi.org/10.1109/TNNLS.2017.2764499
https://doi.org/10.1023/A:1008306431147
https://doi.org/10.1023/A:1008306431147
https://doi.org/10.1023/A:1008306431147
https://doi.org/10.1111/dom.14282
https://doi.org/10.1111/dom.14282

	1 基于高斯过程的餐前剂量优化设计
	1.1 高斯过程
	1.2 餐后血糖预测
	1.3 不对称风险敏感代价函数
	1.4 优化问题

	2 临床经验辅助的贝叶斯优化决策
	2.1 贝叶斯优化
	2.1.1 代价函数建模
	2.1.2 采集函数

	2.2 预测模型有效性评估
	2.3 临床经验辅助决策

	3 结果
	3.1 仿真验证
	3.1.1 前期不同剂量决策情况
	3.1.2 膳食扰动场景

	3.2 临床数据验证

	4 结束语
	参考文献

