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Fig. 1. Framework of the HRV analysis.
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Fig. 2. Schematic of obtaining HRV signal.
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Table 1. Statistical features in time domain.
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Table 2. Statistical features in frequency domain.
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Fig. 3. Implementation process of ICBN analysis method.
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Table 3.  Statistical analysis results of HRV index under different analysis methods.

Bt 2E 22 (A 195 % A5 X 8]

-
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WB 21.853+1.479 27.835+ 7.741 3.050 8.914 0"
PW 0.563 + 0.051 0.45540.103 -0.151 —0.066 0
ICBN TE 0.956 £+ 0.019 0.93740.037 -0.034 —-0.005 0.009"
CL 1.135+£0.133 0.95440.194 —0.268 -0.094 0
MC 0.684 £ 0.035 0.705 4 0.026 -0.038 —-0.006 0.009"
SDNN 81.507 & 38.566 59.535 4 44.76 -43.951 0.007 0.05
s pNN50 11.476 4 14.676 10.772 £ 14.110 -8.277 6.870 0.853
RMSSD 51.172 4+ 54.895 60.307 & 58.497 —-20.707 38.976 0.542
HRVTi 6.886 £ 2.452 4.093 £ 1.494 -3.861 —1.725 0
TP 1.809 £ 4.909 1.443 £ 4.052 -2.734 2.001 0.758
VLF 0.0003 £ 0.448 1.387+6.214 -1.265 3.370 0.367
AR, LF 0.2124+0.333 0.11940.316 -0.263 0.078 0.281
HF 1.597 £ 4.608 1.322 £ 3.745 —2.483 1.934 0.804
LF/HF 0.288 +0.184 0.108 - 0.083 0.255 0.105 0

sk ek kR RIR R p < 0.05 p < 0.01, p < 0.001.
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REROIRAIE. 2845 Sl 1 IE# % (accuracy, Acc). Acc, Sen fI AUC, 7752 79.3%, 90.48% F181.72%,
R FE (sensitivity, Sen). 5§ 5 B (specificity, LF/HF K T H =5 Spe, 24 80.95%.

Spe). ROC i & F 9 1 B (area under curve, ARIGET T2, B EA R 25 50 5 M8
AUQC) SRHATIEAN. SEggs RNk 4 frd), il i 5 Fr WB, PW, CL, HRVTi #l LF/HF "h A 2,
MBI SES T/ 2510, WB, PW, CL, HRVTi 3,4, 5 M EARRY A G AFE AR AL, 8 it Fisher F
F LF/HF i 5 AMFEiEZ i, WB R T3 & FELRIX) NSR1 A1 CHF Ji N1 7432, ¥4 2K0E
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Fig. 4. Mean and variance of the indicators with very significant differences between the two groups of NSR1 and CHF.

F 4 RFEFHER CHF A HEREXT L

Table 4. Performance comparisons of different indices for CHF recognition.

LD TP TN FP FN Acc Sen Spe AUC
WB 19 27 10 2 79.31 90.48 72.97 81.72
PW 19 24 10 5 74.14 79.17 70.59 75.53
CL 20 23 9 6 74.14 76.92 71.88 74.40
HRVTi 23 19 6 10 72.41 69.70 76.00 72.85
LF/HF 25 17 4 12 72.41 75.68 80.95 78.32
4 TP, ) CHFR A B4 ; TN, #0E INSRIM A E; FP, NSRIXT LU 2 A CHEfRG A5 ; FN, CHFR B2
" s TP + TN TP T
BHNSRIM S HAE; IEf Acc = ———— % 100%; RHUE Sen = ————— x 100% ; §F 5 Spe = ———— x 100% ;
% TRIBER; IEHE Aco = o X 100% REUE Sen = om0 X 100% ; R Spe = o X 100%;
1 TP TN
AUsz( )x100%.
2 \ TP+ FN ' TN + FP
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® 5 AFEFHMELA R CHF SUIHEREX L

Table 5.  Performance comparisons of different indices for CHF recognition.
EiEta TP TN FP FN Acc Sen Spe AUC
WB&CL&LF /HF 25 27 4 2 89.66 92.59 87.1 89.85
WB&PW&CL&HRVTI&LF /HF 24 27 5 2 87.93 92.31 84.38 88.35
WB&PW&CL&LE /HF 24 27 5 2 87.93 92.31 84.38 88.35
WB&PW 22 29 7 0 87.93 100 80.56 90.28
WB&CL&HRVTI&LF /HF 25 25 4 4 86.20 86.21 86.21 86.21
WB&PW&HRVTI&LF /HE 24 26 5 3 86.20 88.89 83.87 86.38
WB&CL&HRVTI 25 25 4 4 86.20 86.21 86.21 86.21
WB&PW&HRVTI 24 26 5 3 86.20 88.89 83.87 86.38

W R 0 5 ML A A (AR 5). Hofr,
WB&CL&LF /HF R T H =11 Ace Fl Spe, 43
T J2 89.66% Al 92.59%, WB&PW FHH T
[ Sen Al AUC, 43-4l/& 100% 1 90.28%.

3.2 NATFEEAMAF £E/8 HRV

XFAIR 2 44 HRV {5 5 #4750 4 AF 4R H]
ltaf FUHEE A TT 43 B, S T F AF 4008 A
SEXTH, A — SR HEATIX 4, NSR2 412k H
nsr B4 4E 1 18 1] £l B N FI nsr2 208 £ B 5
25 filfatRE N, It 43 x4,

3.2.1 NSR2 #= AF 4 HRV 125 £ FHoH7
NSR2 0 f1 AF #4014 HRV {55 Wf 58, . 451 38 il

ICBN F8hRr15% 6 F151. )\ NSR2 Fll AF % 226 A
BEAYXF LA %0, WB, PW, SDNN, pNN50, RMSSD
M LF/HF HAW B ES T2 57 (p < 0.001);
CL, HRVTi, TP, LF Hl HF 545 A W& 4032
#5 (p < 0.01); TE il MC f8¥r B A Giit# 5
(p <0.05). H fEFREH WB fil PW AW
WERGIF225 (p < 0.001); WA R
SDNN, pNN50, RMSSD #1 LF/HF HA5# i & 1)
BiiteEES (p < 0.001).

] 5 S HAT R0 35 25 SRR R A A (B R b o 22
MEL 5 TRTLVE Y, BA R 2: 5 adebrh, 78
NSR2 #H ' PW 1 LF /HF B3 e AF 20 1931
5, WB, SDNN, pNN50 I RMSSD HJ¥J{E Ht AF

% 6 NSR2 fll AF SBH AR5 R4S
Table 6.  Statistical analysis results of HRV index under different analysis methods.
£zt NSR2(mean 4 SD) AF (mean £ SD) PRI A0S T (T P
TR LR
WB 21.483 +1.367 24.243 + 3.105 1.731 3.789 0"
PW 0.567 £ 0.074 0.454 £ 0.090 -0.148 -0.077 0
ICBN TE 0.941 £ 0.050 0.960 £ 0.010 0.004 0.035 0.013"
CL 1.1134+0.146 0.999 £ 0.170 -0.183 -0.047 0.001™
MC 0.687 £ 0.043 0.664 £ 0.032 -0.024 -0.008 0.04"
SDNN 74.698 + 26.193 139.016 £ 62.480 10.331 43.773 0
il pNN50 10.123 +9.610 45.495 £ 30.687 4.904 25.620 0
RMSSD 36.402 £ 19.003 170.926 £ 97.980 15.220 104.256 0
HRVTi 7.735 £ 3.210 6.049 £ 2.488 -2.918 -0.455 0.008™
TP 0.615+0.612 13.493 4 19.369 7.000 18.754 0.001™
VLF 0.0002 + 0.0003 0.01740.063 —-2.256 36.147 0.083
R, LF 0.157+0.154 1.204 +1.620 0.553 1.540 0.002"
HF 0.458 £ 0.515 12.2724+17.908 6.381 17.247 0.001™
LF/HF 0.515 =+ 0.419 0.126 £ 0.059 0.519 0.259 0"

sk ek Rk R p < 0.05, p < 0.01, p<0.001.
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Fig. 5. Mean and variance of the indicators with very significant differences between the two groups of NSR2 and AF.

I HEMR. ICBN FikH iydsts WB fil PW, B
B 485 SDNN, pNN50 #1 RMSSD 7 AF %t % th
T T S AARIEZE, WS PR LF /HF 75 NSR2
Xof G B T S bR IS,

AF #4997 7]

3 Fisher H) B A %) NSR2 Fl AF % 2 41

3.2.2

HRV 155 474325, 52 A Rl 35 bR 228 PR RE K
BOUE. SCIGEE IR ANGE 7 s, AL HO ) B RRAE
HEAT 43250, WB, PW, SDNN, pNN50, RMSSD
A LF/HF iX 6 NMEEIEZ 5, PW KB T & 1)
Ace, Sen fl AUC, 4+ %l J& 83.72%,
96.77% H186.57%, LF/HF £ T £ 25 19 Spe,
5 96.00%.

T AFFHER AF PUIEEREXS L

Table 7.  Performance comparisons of different indices for AF recognition.

Tabr TP TN FP FN Acc Sen Spe AUC
WB 30 37 13 6 77.91 83.33 74.00 78.67
PwW 30 42 13 1 83.72 96.77 76.36 86.57
SDNN 31 34 12 9 75.58 77.50 73.91 75.71
pNN50 28 39 15 4 77.91 87.50 72.22 79.86
RMSSD 29 33 14 10 72.09 74.36 70.21 72.29
LFHF 42 24 1 19 76.74 68.85 96.00 82.43

178701-9


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

#) 32 2 3R Acta Phys. Sin. Vol. 68, No. 17 (2019)

178701

£ 8  AFFHER AF FUIMEREXNS 1L

Table 8.  Performance comparisons of different indices for AF recognition.
Eiaa] TP TN FP FN Acc Sen Spe AUC
WB&PW&PpNN50&RMSSD&LFHF 38 41 5 2 91.86 95.00 89.13 92.07
WB&PW&SDNN&LFHE 38 40 5 3 90.70 92.68 88.89 90.79
WB&PW&RMSSD&LFHF 38 40 5 3 90.70 92.68 88.89 90.79
WB&PW&SDNN&RMSSD 37 41 6 2 90.70 94.87 87.23 91.05
WB&PW&SDNN&pNN50&RMSSD 36 42 7 1 90.70 97.30 85.71 91.51

ARSGELGF 2, AN 2270 6 e
FREVFTA 2, 3, 4, 5, 6 NHEARIY 57 FhAL A 1E R Hr
fiE, il 3 Fisher H 5L X} NSR2 fl AF fi5 A it
P25, Mo RIEM R i) 5 Frdl 550 (3% 8).
H, WB&PWE&pNN50&RMSSD&LFHF K H i
T Ace, Spe fil AUC, 43511 91.86%, 89.13%
il 92.07%, WB&PW&SDNN&PNN50&RMSSD
R T 510 Sen, K 97.3%.

4 W W

ASCHEEWFIE e T NSR1 4% 4 Al CHF
H HRV {57 S AU FE PR A ICBN $548 2 [8] 1)
5 SRJG NS — NSR2 ZH X4 il AF S E4T
T RIRER 5T

MFE 3 %0, % T CHF I NSR1 iX 2 2H 5256
XFG BT A B s R A R AR b, HRVTI Al
LF/HF F£EH T E NS4 225% (p < 0.001).
CHF 5 NSR1 Lk, Bfil48br HRVTi & Z 8/,
FEIA 7 MO 1 R NGO T Bl kA AR, 28Ik
CU RN B | Bval e B 2R ) B N 7B e
LF/HF B FRER N T 38 B 2RI 28 It 22 R 50
TG o B P A RS 2 AR AR, 31X 5 SCHk [4,6] FORIFSY
5 A — 2, AR SCEE £ HRVTI Al LF/HF 1
Shy B SRS I AR R

M E 4w Al ICBN 43 #7 J5 ik b, CHF 5
NSR1 fH ., WB F8Fr ¥ {E 3 K, PW 4845 F1 CL
FEPREIE DN WB H5 R S & AN R 2 RS
B SRR R I RUE, CHF 5/ HRV (55
B SHEEEAI T NSR1 4L A0 e R A5, {5 S 40
Sy B L CHF B & ) WB ¥ {5 F K.
PW F8 45 S W 1) & B 28 73 f 1) 10 B R 1 7 1~ Y
2 A0 RSO0, T NSR1 ZH %4210 HRV {5 54
LAY B, AR LPHVG R84 R 455 14 B
5%/, CHF #51 HRV (5 9 WR 04 5 24, 1

P ECE 22, TR I EEEE K, rll CHF
BEHA /N PW A, 1 CL B W) A HE
P 245 114 BT 1 A5 2 PR B i B A R ) I 1, 2 )
2104 AT, B CHE BB 35104 I 2% HLAT T £ )
M1, TG T R 2 A B 22 1 AR R O ) AR,
Pl CHF 41 HA /MY CL {H. ICBN FE%F HRV
FEA RIS A3 RUBE 25 (8] F B AR S M RRAE 2 [R] 1 56 R
PEATAY A, SOl T 7 it O 1 SRR A S B 22
I 22 A 42 22 ] 52 2 AR & 56 &R . ICBN Jy ik i
CHF %% 1) WB 1545 . PW #5458 A1 CL F8hn bl
ZEPIRT NSR1 4, PIAniE 22 2 X 5 2 i B 1)
JEH, 1 ICBN J5 ik R~ IMF 152 2%
PR SZELXT HRV (55 (W B i, WB 545 . PW 48
PRl CL $abrbrifi 22 8K # R CHF 45 A HRV
FEZEERR, AEMZ RGBSR, 1w
NSR1 4 5255 X5 G Z (8] 14 25 5 WA /N, SE0 X 41
H B S RGN S A A, ARSI R IR
B, ICBN J5 i fiE 9% X CHF %5 A 0 {d 5 A 19
HRV {55 47 B i 7 X 43, HHTS 5 i 4= 2
2EHLHIA FRERABESR.

M 4 FIZE 5 AL, 7 ICBN Jy ik, WB,
PW il CL AH X T i 348 7 HRVTi AT S 48 A
LF/HF EAH = RSIER=S, WB, CL #1 LF/HF
X 3 ANFEARAL A G DL T BA 5w 43 2R IR A %
FHGZE R, ICBN Jyik$i i 7o 2R 1IE 5 2%,
WB, PW F1 CL $845, X}F CHF %5 A ¥ it 2 A
AEXS T HRVTi $8 45 FU LF /HF$8 b5 55 47
B2, 3L 3 5 80T DU A SRRl £ 4
RRCRIAT . RN F8 bR Z [ A A Bl ST, i 20
FEbR S REU KA BB LA IS, AARER
FE, S IMERE R, 4SRRI R AL A T
FARSCHEH ) IOBN Jri i ide bR, 2600 T AR
H Y ICBN Jrik Xt HRV 15 5 1 B —E W)
A A.

M 6 I 5, XFF AF Fll NSR2 X 2 2 528605
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%, BT A B B SR 48 A, SDNN, pNN50,
RMSSD #1 LF/HF &M T8 E NG 2 5
(p < 0.001), X 5 3CHk [24] BIRFFE L5 EAH—2L, Br
PLZR 3C %k % SDNN, pNN50, RMSSD #l LF /HF
VB BRI b

M 5 R[4, ICBN ik, AF 5 NSR2 #H
b, WB s n B K, PW s A I E BN, 5
CHF /&3 F1 NSR1 HYIESLAHF]. WB 4845 I B
SEAN A JZ YA e I SRR AU, R0
JRIH, AF B350 HRV 155 3 shFprk o, 5500
RS E LR, Ll AF B350 WB ¥ 5 k.
PW F845 S P45 B0y BE(E A9 S AU, 117 NSR2 21
1) HRV {5 5 45 28 5 40 A X AF 41 a7 1, AR 8
LPHVG 4 & 1 W 26 15 15 1 BE (L /N, AF R 19
HRV 5 5 MR 4%, ER T £, M
R EEEE K, BT AF B A E/NY PW H.
AF #H1%) WB Fl PW $5 45 1 bR iff 22 1 K F NSR2
A, PR b o 2 R X A RO B e,
ICBN J7 il o JE i B4 IMF (95 ki S 81
X} HRV {55 1R, WB Fil PW 8 hrbRifE 22K
KFR AF 456 A B HRV {55 2 6] 2% F 0k, i
NSR2 21 5250 % 52 2 6] i 22 52 W 3/, HRV 55
AT I

MFE 7 FNFE 8 Al 7E ICBN ik, WB Al
PW #8 45 A % F iF 38 #5 #5 SDNN, pNN50 Fl
RMSSD, #ilsk#5 45 LF/HF B A 5 = 4938 51 1E 5
RN AF ARG, FHS AR BEES
18 ¥r)5, WB, PW, pNN50, RMSSD #1 LFHF 4H
BRI T HRENZEETR, K IER ks
(A2 A AL S AR SCHR 19 TCBN 5 i A 35 5.
SIS R BN, ICBN Hiktm T AF i A 402510
IE#, X HRV (55 W B i BAT — 2 i A A
WAl LA, AR Z [RS8 kST, i 211
B L A R s e t F L B (s LB Nl TR 15
R ZRIER .

ICBN 43 #7 J5 ¥ 8 563 i3 ICEEMDAN Jy i
X HRV 155 #4770, AR ARG A (CHF
5 AF ) 19 HRV {5 S 7EMUR T FAATE—E
)22 5%, ICEEMDAN $473if: H A [a) 2505 Ak 3l ke
PR IMFs, [ HRV 155 P 7E 19 AR BE B AR AR
afi Ml {5 5 R T S, IAEAS[R] IMF's 22
[ AETE A #R A AR 35 B, BT LA T bubble X}
IMFs () B Jp feE AT &, AR MR AW

bubble i {H i if LPHVG J7 4 8l 5 2% 38 1
X P EE AR 3 AT SN [A] IMEF 22 [ A B
ST, PR R g AR A KA g i HL A AN [ )
26 R AF (R N 2%, 3l i 2% RF fiFE WB, PW, TP,
CL F1 MC XF W 48 547 B &, S HRV (551
FEfE. ICBN k& T 5 M 4Ets, Bl WB, PW,
CL, MC fil TE. WB #§ ¥5 & Bt (%) 2 A [A] 2 %
IMF (1) 3% 2l ¢ P 0 AL, CHF Fil AF B35 1
HRV {55 5 5 5 B 43 A0 X T fdt e N BE 2 2%, A Uk
AF I CHF &) WB HHE K. PW F845 s B
T P2 1 AT BEAE T 1 AU, fi N HRV {5
SRR TR, SRR TR, A5 2 IMF b,
Ktk LPHVG A8 (14 2% | 35 s F i g2 1
S EE(E/N. M2, CHF 1 AF B350 HRV 55
R B0 2%, KA A ) X 4% LA SR R B, BRIt
HAHE/ING PW (. CL {2 B8 245 2 10 R 2% 1)
AT i Z I AR I BE T 318, S P45 10 42 sy
ik, AN SRAA Y P 45 11447 w22 ) A B 22 1 B A R B
JH R AR, B BN CL{H. MC 4845 5 1)
JELE P SRR, 761 S 2ZE A KI G L
T, G SR Y £ HLAT T 2 i, D SRR
5. TE OB P26 10 T RRAIE, D45 1) 45 Fa B R0
N, TE {8/, WB Hl PW 3% 2 />R £8 F1F B 1
FEAR A R X HRV 5 5 A [l i R R
IMFs [ bubble #{E B350 A, 1fii CL, MC F
TE B 2 1S X W28 S5 R FRAF 10 B 1, WS A1
i) bubble 4 {5 & — F ] 322 /9 iz A, BT LA WB Al
PW A%} T CL, MC #1 TE EA B I-AY /32008,

5 &

AR SCE ek 4R 1Y TCBN 5 3 L G2 (A ik
BB 2 N T NSR1 41F1 CHF 20 5256
X%, GERFKIH ICBN Jy 3 AT Bsf 38 R0 At dek
b HA S U IE B 5, Jf B SCER 1 WB
1 CL #5 b5 5435 b1 LF /HF 1E M H5-AE 16 &, 58
it Fisher $1 51 77 % % CHF %5 A i8R 51 1F #1 % 35
89.66%. SR 5 ICBN J5ik | IR A5 o AT 7 v
I T NSR2 41 F1 AF 4 5256 % %, 45 R £ W
ICBN J7 32 4 48 A AR X T Bisf Sl R 331 3 48 b B AT
T e U TE A 2 I EdE B pNNS0, RMSSD,
B4R bR LF/HF, WB il PW 8FRAE R RRAE 7] 5,
Fisher J| 51| J7 3 % AF H 34 #9350 1F ) %55 3
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91.86%. Zr & LA b S5 45 AT A1, AR SCHE R Y
ICBN ik B — MO0 RESMWEEERR.
TCBN 43 M7 7 32 16 A [l B 31 8 23 ) o A 2 e
B HRV 19 240k sh Rt A 1404, J& 3
M 28 B A 28 T 22 B 22 2 G2 TR 1T B TS TE FE b
ICBN S5 g iy, O e A 29875 19 52 4=k
5T AT HRV 155 9 EE o Hr B A48 758 1) JELES.
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Abstract

The complex fluctuation of heart rate variability reflects the autonomous regulation function of the heart.
In this paper, a novel method of measuring the heart rate variability is proposed. Firstly, the heart rate
variability signal is decomposed by the improved complete ensemble empirical mode decomposition with
adaptive noise method, and the multiple intrinsic mode functions are obtained, and the bubble entropy of each
intrinsic mode function is calculated to obtain an entropy value vector. Then, the vector is mapped to a
network based on a limited penetrable horizontal visibility graph method. By calculating various characteristic
parameters of the network, the coupling relationship between the nonlinear features of heart rate variability in
different time-frequency scale states are studied. The characteristic parameters include mean value of
aggregation coefficient (MC), the characteristic path length (CL), the topological entropy of network (TE), the
network level weighted bubble value (WB), and the pseudo mean value of node weight (PW). Firstly, the heart
rate variabilities of 29 patients with congestive heart failure and 29 normal sinus heart rhythm subjects are
analyzed by time domain, frequency domain and ICBN analysis method, the T test is used for statistical
analysis, and Fisher discriminant method is used for classification. The results show that the time domain
triangular index HRVTI, frequency domain index LF/HF, WB, PW and CL in ICBN have statistical
differences. The accuracy rate of recognition model based on WB, CL, frequency domain index LF/HF and
Fisher discriminant method is 89.66%. Secondly, the heart rate variabilities of 43 patients with atrial fibrillation
arrhythmia and another 43 normal sinus heart rhythm subjects are analyzed by the same methods, including
the time domain analyzed method, frequency domain analyzed method, and ICBN analyzed method. Then, the
T test is also used for statistical analysis, and Fisher discriminant method is used for classification. The results
show that using the time domain index pNN5 and RMSSD, frequency index LF/HF, ICBN index WB and PW
as the feature vectors, and the Fisher discriminant mode as the classifier, the accuracy rate of recognition for
atrial fibrillation arrhythmia is 91.86%. From these results it is concluded that the ICBN method provides a

new idea for the heart rate variability measurement.

Keywords: heart rate variability, improved complete ensemble empirical mode decomposition with adaptive

noise, bubble entropy, complex network
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