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Analysis of short-term electrocardiogram characteristics of cumulative fatigue under stress
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[ Abstract ]| Objective To explore whether there are short-term electrocardiogram characteristics which may serve
as a biomarker for cumulative fatigue. Methods The electrocardiogram signals of 14 students (7 males and 7 females,
with age ranging 19-23 years) from the University of Shanghai for Science and Technology, who were participating in the
national electronic design competition for college students, were dynamically tracked. The scores of subjective fatigue
scale and sleep duration were collected, and 13 characteristic electrocardiogram items were calculated, including heart rate
variability, electrocardiogram entropy, high and low frequency values, and average RR interval. The difference between
the electrocardiogram items was compared using the Wilcoxon signed-rank test between awakening and fatigue states.
Results The subjective fatigue level was increased during lack of sleep, and the high frequency value of short-term

electrocardiogram characteristics, the ratio of high to low frequency values and the Poincaré plot SD2 were significantly
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different between awakening and fatigue states (all #<<0.05). Conclusion Some short-term electrocardiogram characteristics

could be used for the detection of cumulative fatigue.

[ Key words ] cumulative fatigue; short-term electrocardiogram characteristics; self-rated fatigue level; biomarkers

I o5 FE AT H B A 1 R AL AT UL, AN AR
T A PSR NTE, T B S AR ) AFE T,
JEE AR AT H R AT o Bl AT B A
FriE TG oK, 9 o7 Wk sz B DG , %95 F 83
YRR 25 RO RIS S7 o KRR DS A Ty ik
B FVFE B I, EPE A A
JHARPEIE 3R . R 2 BRI e i e A5 4R 07 1
F e E RS HURAT 55 e g R . MG AT
VAL S 2 Y o5 i 3R, SR BT eIk &S AR
i W S BN G — S, B — A

W9 R IO FEL IR R B 2 Bl 55 B VAR OC,
TE I 25 B 5 o BT RLAFEOTE S1 . Wang 265 B
PLHECT 12 ZEERYGAZS S 4 h B 30L%, @it
ARV (heart rate variability, HRV ) ¢ 1E R %
FTRR (B A REAS G 73 A7 28 Bk 55 1 A2 4k, ke v
FEA(E 52 SR N a3, mT LI RGN 55, SR
T AE S BRI 7 5 Fh AT BT K AR AR I A A
Fad, DEBEYIHET 6 4 EZ T
T AC I 4228 Wl e, Bl R i EQO2+
UL H LB R 4 & 14 A1 Dikablis AREE IR 204,
KR 5398 57 F 9, it e s
P o0 # RR [0] 8 19 45 #E 22 (standard deviation of
normal to normal intervals, SDNN) . #H 4 RR [d]
7 22 {8 ) 1 77 #2 (root mean square of successive
differences, RMSSD) . & #il Bt J) # {d (high
frequency, HF) . {3iETI%{E (low frequency,
LF).LF 5 HF Z F( LF/HF ) 5300 B R AR 2R 1k
25 S ARl X i L e R A 2 B Bl R R A
H59 55 WA 80t OHEATETS R SDNN
RMSSD 7E i 5 /i A8 A AN K H AR, 250 5 0] 2
TR, HF K LE/HF 7Ei 5 h A 2 I BT
e BIIIRHRCA T IR Bl v 9 57 S B Il 28
WK Wil 1% RAE T 16 £ MK 90 min
L2 B AR S B 1 O AR S, JF X 56 T 4R A
SEHET 15 min /O 5 19 7 WIS AR 647 40
BT, 45 HER W HRY B R bRy SDNN W [+,
HRV $U 48 5 9 LF B & 7+, HF B R R

[ Acad J Naval Med Univ, 2023, 44(5): 640-645 ]

LF/HF Bl & b F-.

PP BN T HL IS TC 18 A2 B A I S 4K
P R A S AL FA LUk e . ULHS A5 A B ) ST,
AR SRR R A i F 3 2 i b TR R R B B,
WA AR T O T ) o ASFSE i it —FiogT
S0 7 v B A B RORES T Bk kG phz 55 ,
AT Ny R S5 R AR BRI O HURRAE

1 JRFTTE

L1 X R HET RIBE TR 4 454
E K22 AR PR e SR AR A (35 &7
AN, R 19~23 (20.14+1.01) %, @K
AR PR — TR 2 AFE 28 1 IRAY LAE,
FEWI R 4 K37, RECLE” Tyl Hlt .
SRR, A FUATTEE R, W AL S0
FELE R HEERA BRI L RIS H H R
KIES, Pt H IR R, 7RI ih e,
PO E TSRS R R . BRI e K
SO 1 B RHIIE  25 . ORI T,
TELCFERT 3 d B 7 1 ) BERR N 6], A ) A 1 |-
R NN

12 XE&EMHL5EE ARREKE LFHET RY¥ A
TR — ] PR B 2 3 5E e Tk A TP G P i A, ke
Gz BISMRE YR, R A T
TR A R R AEF= 1 AT 5L R PIRASAEFE S50
SERTIAY, ZBEAREE RAE | RIFL . 3 FOHL
6 Tl IH B, O HRAEAN A 250 Hz, WFIATN
R SRFESR N 100 Hzo RABL T, K56
e S BRI T

1.3 K&t BRI AT, oK O
L RIS, 5 AR R 0 Sl BT A A NS 4
5HE =z BN R REGAIIR 5 min, ]
IR 5 min S A0, SRR TCT 76 AT
Ak, HEIR S min B, BT 5 HR BT 09T H
EhEES, BRI E BT A g s
M — B0 . Bl R AT URmT, Bl e e E
— W A RIS () 5 Y AR R R (CARBIFSE R I A



. 642 o

WETEESR AR 2023455 H 55 44 4%

WERE R ), SRIG M BRI —YIGIE, ZE%R
RN B S D B EYE . RS R E 1A
fiR, PAUGRIG AW 1B . Bt R4
S A, SRAERTIE 2050 0 FLFEEE 2 K b, HuFE
53R EA. HHE 4 K B4 HUFESE 4 K E
2ok 1 AT AR B IE R 1A B, MRS H
FEGNL, LR B A 3 R R —FP 32 82U
HRRIZF, 0 LA RGA 2 SR B i 55 5 1E B

57, PNIIAIRE AT 4 YORERE SOOI, fea
1 YRS O BERA, HLHLTESS 4 Kl T
(] F 77 5 IR, gt A B 7 IR, A
W b 20647 1 YRS . BB ITE 5 1 (g e
JEZRI, 2N SR AN REMER XS (1 2 A9 57K
ST VR, RGO H EIR R AR,
BOXR A UUH S IR R, R4 2 RIS 52
P BE R UCR AR P4

TETRR A
SEIEA 8:00—12:00 — HRERE
HAORH 7 K e
A
5 min 1 min
EE—

R

LLBEES 2 K 8:00—12:00
LLBEE 3 K 8:00—12:00 PSR
L FL ]
LLBEE 4 K 8:00—12:00
IS 4 K 20:00—24:00
1 min 5 min
0
HUE 5 | EERE
FERESR T R HIA

~

\ 4

o EERE
PATHR O L& " [EHEE S
-~ B

1 REERF
A TREG AL 2 FiCRAS O R IERAR 1T 4 U RBURE D70 IR A B 1 YORTERIEZ UL IER AR 5 B iR 45 4 DR B,
B 1 min [ FIFAG 5 min @ EARZS IR AL A5 min #EARZS PR HLETRT 1T min ([ FPEAG . ABFSER TS R R il

AW

14 #FERAE XA 50 min (0
HL B FEAS AT IR 57 5025, h T B 133 Bl PR il o
O LT, 2 FTER 5 min (09 8088 2EAT 20
O BB I A A TR RN AT BR 2 7 A 7 B id
BT, H Matlab 54T 3 3 o X R AY P IR
5 min /0 B BCHE IE AR AE, K5 18 Matlab F 57
0 R0, IR B K B R BUR 3 ming 7E G U
F, RS 2 A RO Y ] & LU AT 2 4> R IR ] 9
Kk 15% VA b, BREEH R 46 14 3 min ) 1 H
AT Z a0 L B R BRI & B Sk
3 min (SEPECEE, U0 R ARG I B R 443
Bt BRI ICA A 4L 3 min (Y5
PO AR B R I L L R 3 Rl ik
Bk, Bdmrhas iR
TRl T8, A 4 2ok sl
2L 3 min AUREHE RR [AH, BOHCASHESE Ho3 4 1 10
AR A O F B
1.5 AFAEFRE
1.5.1  BHHUERAE HRV FRFAE 8 A5 25 55 A i 3

FUER 2 Bh, BHSFE RO EDULHD R B HRV 1R/,
WIS 2 30 o L A 4 [ 4 O L L I B A5
R B BAE S IF RN R B 2 B, SR
LF (0.04~0.15Hz) . HF (0.15~4 Hz) & LF/HF.
LF/HF TEFRPEE% 57 Ml 32 A8 R 2 i 3o . Rl
SRR PRI R N, BORHILL T 4545

(1) RR[EIFHME (Mean RR) , THEA
KXH

Mean RR:% ,; RR,

(2) SDNN, AN

SDNN= \/% z:l (RR,—Mean RRY

(3) RMSSD, HH&ARN

RMSSD= 4 /L ﬁ: (ARR)’
N =

X, RRE/RRRIAIY, ARR 7R 2 AR
RR A 2E(H, N 3578 RR A EEL
152 HAR BRI U —MEIE, 5




s BhEESC, A5 BHCIRATT SRARVER 55 AL O U RFAE AT

.« 643 -+

T AL L, REACAR o T 4800 4 o AT A B
A, JE A 28 2R G AR A F PT LS L 1 B
H7 o WA N IR EFS) X= {x,

—H- A

5 e
Xy, Xy, MBS T B RE A A
o B (1)
SampEn(m,r)y= A}inoo {—ln[ B0 ]}

HSZFrRrf NANATRESS OSSR, iy —A FRAE, Hit
FEA R THE

et 1
SampEn(m,r,N)=— ln[ B0

ATy

=, Nﬁ%%ﬁ#l‘ﬂf?ﬁﬂﬁ&f(,)m R R I R I,
rEN CRMRUE” B EERAE, B RN I AT
WA

1.53 Rényi i Rényi i 1E 4 S 2F MGt 24 2
HENZ SRR, & 28 a1 Rényi i a=0
Hoa#l, £ XH

H, (X):ﬁ In Zl Pl

X, XFIRIHE T, n FRFIKE, | FR5H
iFHHESIY, p FoRER i ARSI B BEARE 2R 5
AT o fHBERN 4,

1.5.4 JE #n 3 A (Poincaré plot)  Jg fin 3¢ [ &
HRV ) — P AL W ik X — B 22190
BREIRE, KA A Bk R BEAE R AR, 5 (i 1)
AL BRI AR, S A 43 A AT LG
DO 1 R T S S v T {1 | R B e ]
AR R, R T 1 a2 Bl R R 2 Bl 2 301 Ay D S I
SD1 3Rl SD2, AN

I &V (RR—RR, )
SDﬁzvﬁzqu( —RR,.,)
i=1 2
+172R_R)2

Spo— \/lel AZI (RR,.—HeR,.2
K, N RREDAEL RRW RR BIHEIE
1.6 ZF@EH (support vector machine, SVM ) 4
AR TR T SRR RHE R 2 fe, U
57 PR BE R IR I U A 4 REE 2 WAk 0 Bl i o
i %, 38T SVM-RFE-CBR ' [ #5618 1
T 8 57 FINE RRIR AT O AR R LRI
1.7 %t s I SPSS 27.0 #7483t
M. N TES AT pyit e BoR UL x5 4748
THEE, ARMIES AT SOR LArh % (8
ULV VA GO V1Y% VA G B2 5 1 B YL N 0= 1
D3RS O B AR R Y AR ] Wilcoxon £ -5 Bk A6
5, KgKiE (a) 24 0.05,

2 # R
2.1 oy AR E I ARG IE R I T

95 EWIE 53, o 55 R0 7 AEHR (1~7
G5 ), ARSI 5T R RRUR . B0 A S R A
HIE I 57 PFor an e 1 Wion . lad RFEEs 2. 3 KA
FEBRER 4 KB b T HenT LR H et i 9 57 A i
&I T W R, il LU FEEE 4 R AL
TR 7 KA LT DA sl i 55 B B AEK R
Je i E AR (P#4<0.0001) .

F1 #HROREEREEITEREIEESE RITS

n=14
HEFEER 2 K LTRSS 3 K LTRSS 4 K HETEES 4 K 5% SENPN
Wi (8:00—12:00) (8:00—12:00) (8:00—12:00) (20:00—24:00) (8:00—12:00)
S01 2 6 3 6 4 6 4 7 1 3
S02 3 7 2 7 5 7 1 3 1 1
S03 3 4 5 6 4 6 5 5 1 2
S04 2 7 2 3 6 6 3 7 1 1
S05 2 2 5 3 2 3 3 6 2 3
S06 2 3 3 4 5 5 5 5 2 2
S07 2 2 4 3 5 5 3 6 1 1
S08 3 4 5 6 3 6 6 7 2 4
S09 4 6 2 4 3 6 4 6 2 3
S10 2 3 2 3 5 7 2 6 1 2
S11 2 2 1 3 5 5 4 4 2 2
S12 2 4 4 5 5 6 4 7 1 2
S13 3 5 3 5 4 6 4 7 2 4
S14 2 5 3 5 3 6 6 7 1 2

Vg, x s 2434065 429+1.77 3.14+1.29 450+£140 421+1.12 5.71+£0.99 3.86+1.41 5.93+1.27

1.43+0.51 2.2940.99




. 644 o

WETEESR AR 2023455 H 55 44 4%

2.2 HOXBEIRAE K WaUE IR O BT 2R AT
T T — O ) B AR ], R DU S e i R
ARZS, 78T FIRE AR 2T (4 o A o 55 R 5 1531
2. BT 4 K 2 YOG Z DIFBA BEGE, A

B —2H O BERRE K, FEFEEE 4 RS HLFEES 7 K
YR AR I 22 A B2 L (P<<0.000 1) o #%
TR a3 2 s .

F2 HOLRERRE K

n=14
ek HOEESE 2 K (8:00—12:00)  HEEES 3 K (8:00—12:00) HE RS 4 K (8:00—12:00) FEARIR AR 7 R (8:00— 12:00)
MEACESTE])  MEARATHS /min BEARAESE]  BEARATHL /min PEARES R BEARAT S /min AR R HS) ] AR A /min
S01 0:00—6:20 380 0:30—7:20 410 1:15—7:20 365 23:30— % H6:30 360
S02 1:00—7:00 360 1:30—6:30 300 2:30—5:30 180 0:00—7:45 465
S03 2:30—7:30 300 4:00—7:30 210 5:00—9:20 260 0:00—7:40 460
S04 1:00—7:30 390 0:30—6:30 360 4:00—6:00 120 23:30— % H7:30 420
S05 0:30—6:30 360 3:00—6:00 180 1:00—7:00 360 0:00—8:05 485
S06 1:00—7:30 390 0:00—7:00 420 4:00—7:00 180 23:30— ¥} H7:00 450
S07 0:15—7:00 405 3:00—6:00 180 3:00—7:00 240 0:30—9:00 510
S08 0:30—7:20 410 4:30—8:18 228 6:54—10:18 204 23:41—1% H8:40 479
S09 0:30—7:00 390 3:30—7:30 240 2:00—6:00 240 1:00—9:00 480
S10 0:50—8:30 460 0:50—8:40 470 7:00—8:50 110 0:00—11:00 660
Si1 0:00—7:15 435 0:00—7:30 450 2:30—4:30 120 23:00— X F7:50 530
S12 0:30—7:00 390 0:30—1:20, 245 5:30—6:00 30 23:50— % H7:30 460
3:15—6:30
S13 1:00—7:50 410 0:50—7:30 460 7:30—8:00 30 23:30— /¢ H 8:00 510
S14 1:00—7:15 375 3:00—6:45 225 3:00—7:00 240 23:45— K H7:15 450
S HHERR K /min, x £ 389.64+37.39 312.71+110.65 191.36+103.66 479.93 +66.54

2.3 BFEHH AT BIEREAENE 5 S i B
TAFAE— BRI ) ARG 55 1) A= Wy b ik ),
R 57 A L B TR IV ELBE S 4 KRR B 5 SOM IR 7,
FBE IR 20 7 Ko SCRTE I, R A 5 AT S He AL,

XA RS SET AR 10 47 8 0 F IO B R A 2
1T Wilcoxon £ 5 BhAG 6. A0 B 485 R W% 3 P,
HF . LF/HF. P&z & SD2 78 X 43 1 i 5 9% 57 1k
BNEGHEX (P=0.017. 0.022, 0.028) .

®3 IR ETEE RO BEHEN B &b
n=10, PO, a6

FRIE WM S5 T 2208 ZAH PAE
Mean RR/ms —5.638 5 (—48.845 8,36.170 5) —0.051° 0.959
RMSSD/ms 0.670 0 (—7.585 8, 4.754 3) —0.051° 0.959
LF 0.112 5 (—0.000 3, 0.697 0) —1.172° 0.241
HF —0.655 5 (—1.872 0, —0.083 5) —2.395° 0.017
LF/HF 0.056 5 (0.015 5, 0.206 5) —2.293 0.022
FEA 0.138 5 (—0.282 3,0.251 8) —0.255" 0.799
Rényi Jii —0.092 0 (—0.241 3, —0.000 3) —1.887° 0.059
PEISEEI SD1 0.469 5 (—5.382 3,3.377 8) —0.051° 0.959
PENSERE SD2 8.426 5 (1.611 3, 12.317 3) —2.191° 0.028
JENN3EE SD1/SD2 —0.087 5 (—0.237 5,0.015 5) —1.682° 0.093

S IETRE " T IERL. Mean RR: RR B []F 51 (147218 ; RMSSD : #HAR RR 63125 (5 B34 77 AR s LF (AT BE D 2448 HF 5 0 B o 2241

PRSP SD1 - B3l 224l ; Ve fn i e SD2 - PSR I < -l

3 it it

AT ST A B A T UL 0 A e K
i 7 5 B MRR = B0 ] SRR I8 05 19 A2 A, e o7 2
K A THALS T TR 1Y TR S IENGHIRE, Jf Has
BEE TR R BEA T B BN, AT Z P0G 2 g
G —HE SR 55 78 I — SR 55 A, IRl A
SPUNZEAIKE X [ 55577 pUil, B
B 25 . A IRER I T Bl A R 57

A9 B HRV F#-1E, 287 T80 HRV FRIEFE A5
H PP 57 FE B BRI . 255380, TEFRRAYHE
e AR, POy B PP S5 R R N ELEe S i A
VP9 57 P B v TR0, B e K R
TR T HEATVE ML 2308 11 B X098 57 19 A 077 A= g
2%, IFHAE 7 d AR S I 55 BB . IR&
o3 B A& B, Oy LRI HE . LEF/HF FJE fin 2
(& SD2 7E X 731 it 5 95 55 RS I B S22

DI 55 754 74 2 A K 2230 i Bl 2 g



s BhEESC, AF. BHCIRATT SARVER 05 IO U RFAE AT

.« 645 -+

AR, R FRLERE] 22 100~120 min '
AR GE R, SR X SRS AR R FH A T4
BRI 57, a9 57 12 B 25 32 B 2
BPAES5 S I AR BE L SRR A ) 2 7 A A A
. fESLPRR I, A A B 57 2
FIIRZS, J 57— BRI, 250 5 an b+
T B9 57 114 HP TR VARG et 0, X2
O 3 A TR S RO A SRR A B SRk, K
ARG st TR 237 SR AR N (R R . AT ik
LF/HF 7€ 15 B2 55 i #rp 2 LT s, 4R
LF. HF. FEAE . Rényi i K g i 3€ € SD1/SD2
WA — B S, 55— BB g6 (1 45
JUR A, Wang %5 BF9 15 24 HRV ERAF RE A
e —E 5 (RRFEA<0.805 3 Fil R IE{EFEA
15§<<0.725 8 ) B RPPEIAE AL F9% 57 B R . Wi
545 5 45 HRV ST AR AF A6 55 R B2 [ 77
TE—E #a%, (A KB4 45 H HRV W52
Bifi 25 A S 22 55 1A 2 B TG BRRR R TN A 22,
DAL 3 e e A Sy (WS A A 57 ) A —
SE RERZ AT H IR TR T B9 55 o

AR 38 4o 7 2 LK F s R R R 2 5
I % 57 SRR, R WA Ak B —Fp
URIERE 7R, A B RS S o R
LE AR B —Fh REAE S WO 57 B B 140 FURRAE 9 2B
PR WS ITE LL IR 0 HRV FR-4E . [ PP
S SRR I B, IO HURRAE Y HF . LF/
HF K Pefin3g & SD2 nl LIAE A X 431 -5 9% 55 1 AE
YIbREY . AN Nl B A SRR B,
i E) BRI SRR T R B Je R, S
T AR S B TAERE XS 1 B A% 57 AR
5 B AROONURAER, 255 &P 553, i
filam g — b A Wb s R 57 ARSI TR
T, MIERE R KRR BUE A%, ST, %
PR 53 AE KA 55, ATAn]—A> e 55 5 | & 4
VEIRXS FEBA SR AT S B iy, PR e X i Ok il
9% 57 [ 1) 5 IR 2 75 B3 DI e 1 [
AHIE G AR A F /0N, T8 S A H R AIE HF
LF/HF . PensER SD2 S5 A= Wnhn 5 S i gk 1% 57
SRR, 75 2 R S T IR, Ok
SEARUBIZH AR SO RIS I N2

(& % X ]

(1] BogR, o, v B A e 57 T vk o ik e [T,
SRR, 2019,40:79-85.
RUAN Y, GU W, LING C Q. Assessment methods of
mental fatigue: an update[J]. Acad J Sec Mil Med Univ,

(2]

(3]

(4]

(5]

(6]

(7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

2019, 40: 79-85.

B, 0, A A XK . E T A T
VMl i U T19% 57 RO AT TS BE R (7] NI %EB=, 2020,
63:112-114.

WANG F W, WANG H, FU R R. Real-time ECG-based
detection of fatigue driving using sample entropy[J/OL].
Entropy (Basel), 2018, 20: 196. DOI: 10.3390/
€20030196.

LES, R, AR, TR AL TIRSNRHE X ECG
I T A 25 Bk B 55 A S5 (0] AR TR,
2020,26:1-5,12.

Pt 15, WA, 20 55 SRR O AL RN IR AU AR e
2 o 7 PN HR A SRS (O] AU
2002( 5):94-95.

I o= R U /NG A S R o 4
TERET BT NA SR SEHEVE T (7] . A0k TR,
2018,8:109-112.

PAN J, TOMPKINS W J. A real-time QRS detection
algorithm[J 1. IEEE Trans Biomed Eng, 1985, 32: 230-236.
CASTELLS F, LAGUNA P, SORNMO L, BOLLMANN A,
ROIG M J. Principal component analysis in ECG signal
processing[J/JOL]. EURASIP J Adv Signal Process,
2007: 074580. DOL: 10.1155/2007/74580.
MANRIQUEZ A I, ZHANG Q H. An algorithm
for QRS onset and offset detection in single lead
electrocardiogram records[J]. Annu Int Conf IEEE Eng
Med Biol Soc, 2007, 2007: 541-544.

AR, B, ERTE, i E 4 ST RE LR AL R T
TS EAr 55 7307 1] NZE TR, 2018, 24 1-6.
ROGOVOY N M, HOWELL S J, LEE T L,
HAMILTON C, PEREZ-ALDAY E A, KABIR M M,
et al. Hemodialysis procedure-associated autonomic
imbalance and cardiac arrhythmias: insights from
continuous 14-day ECG monitoring[J/OL]. J Am
Heart Assoc, 2019, 8: e013748. DOI: 10.1161/
JAHA.119.013748.

TULPPO M P, MAKIKALLIO T H, TAKALA T E,
SEPPANEN T, HUIKURI H V. Quantitative beat-to-
beat analysis of heart rate dynamics during exercise[J].
Am J Physiol, 1996, 271(1 Pt 2): H244-H252.

YAN K, ZHANG D. Feature selection and analysis on
correlated gas sensor data with recursive feature elimination[J].
Sensor Actuat B-Chem, 2015, 212: 353-363.

ZHAO C L, ZHAO M, LIU J P, ZHENG C X.
Electroencephalogram and electrocardiograph
assessment of mental fatigue in a driving simulator[J].
Accid Anal Prev, 2012, 45: 83-90.

PR THER, 255 AT TR B S 2 gl
55 BT SE [T L PRACHE R a4 (A SRR
J2),2017,36:77-81.

[(AXHE\E] HWL



