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Abstract: Objective To achieve non-invasive and precise prediction of mean arterial pressure (MAP) based on
a fully convolutional neural network (FCNN). Methods A high-precision blood pressure data acquisition system
compliant with international metrological standards was used in conjunction with the *gold standard’ auscultation
method to collect blood pressure and pulse waveform data from patients. True MAP values were derived via
Gaussian fitting of pulse waveform data, constructing a traceable dataset. The FCNN was applied to this dataset
to develop a novel MAP prediction method. Additionally, the predictive accuracy of the FCNN was compared with
linear regression and conventional empirical formulas. Results The mean squared errors ( MSE) for MAP
prediction using the FCNN, linear regression, and empirical formulas were 19.76, 21.40, and 30.97,
respectively. The coefficients of determination ( &) were 0.90, 0.89, and 0. 84, and the prediction accuracies
were 0.90, 0.89, and 0.85, respectively. Conclusions By using systolic blood pressure, diastolic blood
pressure, age, and arm circumference as input parameters, the FCNN-based MAP prediction method
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significantly reduces the bias of empirical formulas.

This approach not only improves the accuracy of

hemodynamic boundary condition acquisition but also contributes to refining the metrological traceability system of

non-invasive blood pressure measurement.

Key words: mean arterial pressure; fully connected neural network; pulse wave curve; systolic blood pressure;

diastolic blood pressure
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Fig.1 Methods for collecting non-invasive blood pressure data
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R3 IREHREE

Tab.3 Comparison of filtering effects

P - BE 1 ] f& 2
Bl S-G Bl rig S-G
SNR/dB 7.35 20. 41 7.42 20.77
MSE 7 398.70 365. 66 8 800. 61 407. 11
PSNR/dB 17. 16 30.22 17.31 30. 65
r 0.91 1.00 0.91 1.00

R4 SHRBBSEEXLL

Tab.4 Comparison of Gaussian model fitting performance

A2 R? AIC BIC
AL 0.913 1 -140. 81 -135.47
XL s 57 0.955 8 -166. 46 -155.77
= 0.955 3 -164.35 -148.33
U 0.965 6 -172. 44 -151. 08

. 1200
“tihe
T Ease o 800
400
L3

HEEF

HEENE
mammen /-
BEEE
ENNN

0 51015 202530 35 40
IEEFS
(a) ZEHBABESTE

4 mEREEBESEHE

Fig. 4

ARSCEE R R T LA A B 4% 4 04 (B A
2 fe AL G X IO BF [) A B 3 Bl — 3, B PR T MAP
AT MEREL WL 4 (a) ], A o0 T 25
Wl my kLG RV [ LI 4 (b) 1o i Ik i
il 2k 2 3 XU B LA L 2R B SR 4 I A A
5 0 T R B 6 S B0t AT AR e v o
[ 4(e) ], ERER,E 1A E R IR
HZH a, 5 SBP ALY REGAF T 0,41, %6
2 AT REL IR S 8L 0, 5 SBP A EME &R
BOkF T 0.48, ML= F,DBP 5E ik k=
B A S PE A 5, X T BB O DBP A E R
ik P 52 A ik U AE T X 0 245 2R R S R R
TR

a - 048 044 041 0.24

1.0
b --0.09 030 031 -0.03 -0.11 I

S T0T5 2025303590
WA
(b) M7 RS

Gaussian fitting of blood pressure pulse wave envelope

0.5
¢ --0.06 017 007 021 -0.05
-0.0
a, 023 044 042 048 0.14
-—0.5
b --0.09 036 036 027 0.15 I
2 -1.0
c,- 0.05 022 023 045 025
Al £ EHE SBP DBP

(o WEHRBSHE BHLH

SR T B

(a) Comparison of multi-gaussian fitting effects,

(b) Decomposition diagram of double Gaussian functions, (c¢) Heatmap of correlation between double gaussian function

parameters and patient physiological parameters



BHE, & ET2ERMEMETHNTEHHKE

QI Yating, et al. Mean Arterial Pressure Prediction Based on Fully Connected Neural Networks

1245

2.3 EF FCNN HJ MAP Fiill 45 R

X A AR S MAP #E4T A S 2 B, 1
YRR B (5 B Z BOCHR B AT - (LB S) . A
= AR T A S R R BT AT, MAP 5 SBP |
DBP G R 0.89 Al 0. 87, HAT M i A 41 ¢

Yo BRI L 0BT AT DL 45 i Y A

FRAE , T2 B = A A9 B DU Jg s 1 48 A7

S [E] Y

Bk R, #F Lk sr#r, /] SBP . DBP  4F % il
B X 4 AMEFSHUE A MAP 1 55 8520 R 2% 1

RS 2% B i AR

400
= 200 0.1 - 017 .19 0.03 .19 1.00
108 : 0.75
& 50 0.45 0.33 | s
& 0 ! 0.50
m 30
#r 20 0.25
200 ;
& 150 0.89 0.00 fiK
»a 100
100 =) 25
% ;(5) 0.88
150 -0.50
3 100
Q5 -0.75
125
-
< 100 @ _
s 75 A . ] it 1.00
00 05 1.00 50 100 20 30 100150200 50 75 100 SO 100 150 75100125
53 Fik EH SBP DBP DE MAP
B 5 MAP HlhEEHEXESHHRAE
Fig.5 Heatmap of variable correlation analysis in MAP prediction
KHI FCNN J7 & 1000 MAP  JF S 2pEmln 22 Fffsk2em/, BINRS BE e [ WIE 6 (a) . (b) ]

B AR RO AT X,

iF 43 Hr 1 FCNN | 26

PERIE 258 XA 2 9 MAP 5 B 52 MAP 2 [H]
2 28 DL R % 22 05, R AT 260, FCNNF) 3 2% 5 5

Bland-Altman 4347 & 7% , FCNN 5 Il {8 5 B S2{E 14
R 4e % 22 10,63, S 2215 K 0.43, Y
10 AR H 95% B 15 X [a), — Bk KB4 i £k v [0

1401 ~gpemn P
e o
¥ I
£ £
£100t W; E ol
= , 4 g
= 80} 1o < = -5t
[ e =3 0
60t -~ . . . . [ R . .
60 80 100 120 140 60 80 100 120 140
H3E/mmHg 3/ mmHg
(a) B 5T (b) BREWE

(¢) Bland-Altman43#7
El 6 FCNN.Z&MEEIF521AE MAP Hillxf bk R £ 517

=

g 196Pd Dev (LHE )

] - Std Dcv (FCNN)

g X %q%sm Dev (BRAR)

g SR B

S 0.4

iF—rf -5t ) — MBI F(AUC=096)
| 0.2 ——FCNN(AUC=0.96)

%l!; -10} . . 00 — B ARAUC=095)

Fiid 70 90 100 1 10 120 130 0.0 0.2 0.4 0.6 0.8 1.0

ﬁ?ﬁ 5 T (K7 358/ mmHg RIEZR

(d) ROCHIZR2+7

Fig. 6 Comparison of MAP prediction and residual analysis between FCNN, linear regression, and empirical formulas

(a) Comparison of true values and predicted values, (b) Residual comparison, (c¢) Bland-Altman analysis, (d) ROC curve analysis
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Tab.5 Comparison of MAP prediction methods using five-fold cross-validation

- ERL /Ay LM FCNN
BRUEISIN 3 3 2
MSE MAPE R? MSE MAPE R MSE MAPE R

1 21.70 0. 041 0. 88 20.91 0. 041 0. 89 17.59 0. 037 0.91
2 30.75 0. 047 0. 84 19.93 0.039 0. 89 19. 90 0. 038 0. 89
3 34.70 0. 052 0. 84 21. 87 0. 041 0.90 19. 90 0.039 0.91
4 31.53 0. 049 0.83 20. 63 0. 038 0.89 19.54 0. 038 0. 90
5 36. 18 0. 053 0. 80 23.49 0. 045 0. 87 22.89 0. 043 0.88

T 30.97+5.05 0.048+0.004 0.84+0.03 21.36+1.23 0.041+0.002 0.89+0.01

19.76+1.79 0.039+0.001 0.90+0. 01

G KRR OE RS BT MAP 1Y Ak 5 22
Y SBP \DBP i [l .0 R AR 19 ¢ R #4524
HESH AT AN PR E (L),
iR 22 5 4 S 800 r (E BB AR 22 5 4
PR KA Lo 56 228055 , FCNN Fii MAP J7 i ()
F6 GIEE5EEBBYMER

ZALRE S Ay, MR AR 4 4 R 2= 45 SR W] H1, FCNN
T LR 2 8057 21 v A R ¥ 4 A R 25 50
BEEHEHW T, i DBP KT 100 mmHg, & Hl
KT 35 em BF, BERY A A0 5 22 38 K, FETE — &
Jr R

Tab. 6 Relationship between estimation errors and physiological parameters

£ r IR (RIS RO H)
SBP/mmHg -0.05 <120:-0.22;120~140:-0.20;140~160:0. 67;>160:-2. 59
DBP/mmHg -0.10 <80:0.36;80~90:-1.26;90~100:-2.06;>100:-5. 55
iy, % -0.16 <12:1.36;12~40:1.39;40~65:-1.39;>60:-0. 29
&/ cm -0.14 <25:-0.17;12~40:0. 32;30~35:-3.27;>35:-4.92
L%/ min”! 0.12 <60:0. 35;60-80:-0. 74;80-100:-0. 04;>100:1. 03

28 3 N A6 1 OB PE 43 il o 0.33 AT
0.67,50(9) RE—2, £ [T F1 FCNN X} SBP
ISR 2 9 0. 38, % DBP 43511 0. 58 #11 0. 56,
WA T2 8 20, i B AL R B S i 45 /N | £ vk [l
AT FCNN X ] 9 B0 ME 4331 R 0.23 F1 0. 15,
XTI R 0. 04,355 SBP #1 DBP 2Tl MAP 14
KHFHE( WK T) .

®7 ZHWAN LMEEITS FCNN B MRS tL

Tab. 7 Sensitivity comparison of empirical formula, linear
regression, and FCNN
24 ;AKX EeaulE| FCNN
SBP 0.33 0.38 0.38
DBP 0. 67 0.58 0.56
1 0 0.23 0.15
e 0 0. 04 0.04

3 i

3.1 A&t

AR SC3E A A FCNN £ 1 [ 15 0 28 36 20 5K
3Fh ok WU MAP {H, 45 %R, FCNN 7£
MSE \MAPE 1 R* 1 Al #a 45 L3408 F AL PR 7
2 RIS TEE R R R B B A RS R
W], FCNN HEf% 57 fE o Ml 42 2] SBP  DBP AF 4% )
HHI%R RS MAP Z M E R, darf %
P M T T Ik A% 9 T A 0 B e B
TR R T A — SR BX AR 2 5
()38 I P T R R A A E AN . FHELZ R AR
SCR Y FCNN BEAUA BRI AT SO B s 5 R iE
ZIR B AE L PR 56 & 38 R B 5 AR AR 12 AL B
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T3, DT B -t 1o XoF A A ) f0 72 S P 0 AR 2k, X
TR AR B Y B4 ok PR B A O R g (H
TN T8, A7 7F 5 0 22 , 76 SEBR4fE )
ZENBRE, A Z T, AR SCR M FONN A 3L
WA T AR IF AT S A sh AL B0, BE T
KA R T3¢

25 LR A SCES RIS IE T FCNN 7E MAP
TIN5 T A A B 3R BH % 3k R A I R OfL R
N P — ol O A T S R A ) R T
3.2 MIREX

H B TUI MAP Xt T i 510 28 35 Rh o0 4
FARBAN T A K g i H A B A5 T B E B I
PR3 L, AR SCR ] FCNN Fii MAP | ASUA BY T2
o AN o A A A A 1 3 i B R T R Y
IR 55 it
3.3 ERESRE

ARFFAAETELL T IR B © Bl m B
Bl B TR AR B, RRE T A BB
9 PR S5 ekt BREDR 00 X I 1 R ik R 0k R i ) 5 g,
HHEA YR BEAE — R, @ UK SBP,
DBP AR RV FIE A i A AR &, AT gt 1 HAth v
FEZM R 2, A4 FE 35 %X ( body mass index, BMI) ,
) I ok 0t 40 245 26 BB AL s AR IR 5 MAP Xif
IF AR 51 285 28 I 25 e F S LA E B 52 e MAP 1)
TR,

R, 76 5 22 0F 5% v nl & JF R LR T4
O P REEARSL, 3 5 5 )2 AR RZ IR IFHA
W2 HA AN R (AN AE e PRI 55 ) 1 521
DRz AR ), @ 5IATE 2 51 A
KM B AE 2 5 A RN S5, LA v TR B
@) RAFEIE DI AL 25 L FRAE 5 MAP 22 [] 1 & %
KR I SRS A PME S TS T .

4 #ig

AR SO T —Fh LT FCNN [ MAP TR
FIFH SBP \DBP ARt A1 61 45 2 40 A, SC 9 T
HORS B 9 MAP {11, FCNN 7£ MSE .MAPE #I R’
HEZNTE e b LI TAMR A Tk ka4
BN, Won S A9 B AE AR M. Bland-Altman
EIF ROC 4 oMtk — 20 Bk 1 AL 1300 1) — 35
PERNGE RIS Wi (B, A 52 A A CA e A i F 9

BRI & A T T B, I TR A W) 7 2 40 e R
ST S AT o a3 Bh ) 2 4 B R At
TR A T A, A0 A R G R BE A
T B 3 LA B 17 T 43 | I O S B0 AR 9T
FHSEPERRHLE IR AR R .

FIZZMRAER: L,

EE TR RA AR X &3 0 T AT R %36
HAENH B XIEE 2 A2 HAFR AT
RIEHHT IR A &M A v F TG B
FEREHIEARNTEIIEFERE,

SE Lk
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