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Abstract: Objective: This study employs a complex network model approach, incorporating
non-targeted unweighted and targeted weighted techniques, to investigate the intricate interac-
tions between pre-sleep neural functioning and sleep quality in male athletes with sleep disor-
ders. The objective is to uncover specific neural functional characteristics associated with sleep
disorders in athletes. Methods: Fourteen highly trained athletes with sleep disorders were moni-
tored over 4 nights using polysomnography. Before sleep, their central nervous system status,
neurotransmitter levels in the brain, autonomic nervous system status and mode state were as-
sessed using separate methods, including portable electroencephalograph, supra-slow encephalo-
fluctuogram technology, Polar H10 heart rate monitors and the profile of mood state question-
naire. Based on test data, a complex network model with non-targeted unweighted characteris-
tics, as well as a weighted complex network model targeting sleep quality, has been established.
Results: In the non-targeted unweighted network model, the betweenness centrality results indi-
cate that emotions such as panic, energy and anger, a% inhibitory rate, norepinephrine (NE), do-
pamine, the proportion of NN50 divided by the total number of NN (R-R) intervals (PNN50),
mean R-R interval, mean heart rate (MHR) and the total time of sleep are key influencing nodes
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of this network. According to the results of eigenvector centrality analysis, in addition to
PNNS50, NE and MHR in the above indicators, depression, tension, fatigue and other indicators
remain important connection nodes within the network. In the weighted complex network mod-
els targeting sleep quality, the results of the targeted betweenness centrality analysis find that
the mood state indicator has the highest frequency in the shortest path to reach the sleep quality
indicator (48.57%). In turn, neurotransmitters and sleep indicators, each with the same frequen-
cy (14.29%), are found. The central nervous system status and autonomic nervous system status
exhibit the lowest frequency (11.43%). In the results of targeted eigenvector centrality, mood
state emerges as the most important influencing factor on sleep quality, with a frequency of
82.86%. Following this is the autonomic nervous system status, with a frequency of 8.57%.
Subsequently, the central nervous system status, neurotransmitters and sleep indicators each
share the same frequency (2.86%). Conclusions: The primary manifestations of sleep disorders
in athletes include a shortened total sleep duration and prolonged wake time during sleep, result-
ing in low sleep efficiency. Utilizing complex network modeling methods, the research has re-
vealed that emotions, particularly negative emotions, serve as the primary influential nodes and
key factors in the occurrence of poor sleep quality and sleep disorders. Among them, feelings of
anger and anxiety are associated with brain neurotransmitters (5-HT and DA) and the level of

central fatigue, while energy levels are associated with central fatigue and autonomic nervous

system coordination.
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BBl 53R R RS2 AR S L 0 B/ AR FUIR 0 R BEANIE B
I 5% £ Rl X &K 10 52 1 (Halson et al., 2021). 59z 3)
SR B, 32 Bl B A% T AR 5 B C - 47 B R S A]D B4 T IE
W [ # N\ (Swinbourne et al., 2016) , 50% ~ 78% [/ ¥ 915
Bl 7 R M AR R A, 3 A 229% ~26% A B R R A A9
(Gupta et al., 2017) , X A FI T AL BE K 52 FH 12 2R I
P (UK 55, 2022) . BLIY B Bl G4 R HIR B A5 1) BF 5
% AR T 70 1Y 52 i [K] 25~ & (Halson et al., 2021) .
TR B, 18 Bl A MR AR B A5 10 & 2R 5 B B AR o 4 L
A€ (Roth, 2007) . H E M2 LA S %% (Halson, 2014; Li et
al., 2024) %5 %l & HLREIR SR T AFAE KT, Z R &
FAER e S EUE B R MR RS R A . AR, i B i
HEE I P 15 1) 2 2 5 00 47 s R B R R AT R B i e

AT X 4 R TR 7 30 21 4 TRGH R JE A — 1A X
Rl A FH B A% 0 405 A58 2L 5 9k o AT AR O 1) R, 75 K BT A
AR AN N T R, N A 2 TR R AE O B A B o g T
BEMSEHRFEHRALEFAOERCR. WTECH
12N T AR RL U, AT 4R R N 2 A R T AR AR
4% 1k, (Barajas-Martinez et al., 2020) LA & 5 [ B By B A 5%
Y 4 4h 45 #) (Bashan et al., 2012) 25 & 24 ] il . 7E4K 5 B}
ST, TG B bR AS IR B B BRI (¥ 52 A 9 45 A5 Y g
%8 NP 43 M AS TR i B 3 s IR ML AR 9% 57 3o R 1 o) £
A5 & (Pereira et al., 2015) , N[z 35 X A< H m K &
(Breda et al., 2022 ; Pereira et al., 2018) , LA b 4 S I g
F7H 29 A % (Kraemer et al., 2022) %% — R 3132 5 454k ) &
Z LR ML . 7RIS Bl SR B SR A 1) 5 e AL BT A R, 2
K 2 A8 AR D% 43 BT 55 D7 VA IR 7E s — TR 36 5 IR R 2 1)
% %4 (Andrade et al., 2019; Leduc et al., 2019; Li et al.,
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2022) , {H B HR 5T 5 1 52 1 A 22 A 3R RE EL AR A 36 (R 45
R WS 5% W AR AR B, 1 28 0V T vk ) B 2 P R R
6] SR TS BRI 1 T T 45 R mT A5
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RS 15 RS S MR 5T B 45 4 » 9F (8 A T H AR A AL &
DA HE 5t 58 AR R AL 2% 90 28 A6 R 59k 5 R 7 B G
e B P 9 B 52 700 59 A5 40 7 4 22 WL RECIR 25 X 12 Bl 53 R
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1 MRMNEE5HE
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AHIT FUAR 35 DAAE 52 % 09 28 450 B N\ 4503 37 2 3R ( Gobat-
to et al., 2020; Pereira et al., 2015, 2018) , I % H Vi 17 7&
W I e 0 11 5 W 38 B B, e R e G o 1 s 4 2 2% 0L e
W s BL0R ke 17 N SRR R VR 3N AN
XEB 14 N+ UG %E 6% I B B SR 4D 075 1F 20 9 (8.07£2.56) 77 »
il (20861129 %, B /4 (179.29£5.34) cm, fK
H9(71.50£9.00 kg, WZRFRR N (6.50£2.21) 4, FF G 1A
#ar k. Hdr, BEE:TIH 10 N (Zd B WER L
BROEHD , A FH 4 N (UKER VA IEI ) o AW 7T HE IR
W 5 7 0k bk E 57 & [ B B HIG 5 55 43 25 (the international
classification of sleep disorders-third edition, ICSD-3) 12 Wrks
HECRAT, 2018) = 1) YR BEHIR I AR ) > 30 min 2l B Ji5 5 R
B 1] > 30 min s 2) 2% RORE DR 45 JA 45 /0 3 2 5 30 R MR IR :F
SR >3 A H s 4) HR B/ AFAE T IR 2 U AS,
P55 R TT N I A2 T B R IR A - 5) DU 24 R IR TR 4L
(Pittsburgh sleep quality index, PSQI) >5. 74, % M HEHR
0 5 SR G e AR P 1 b 74 19032 3 DR g N e Y
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T RE 1, A M B RS ok 8 25 WD BN AR < 5O I AT i ) 5
It T 40 7 (AT B AR 5 6) S 36 i S i R P AR 2 532 3
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Figure 1.

Construction of the Complex Network Model Based on the Results of Sleep Quality and Neurofunctional State
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1.22.1  BEAR G

% 5 HiE Ak 1 (polysomnography , PSG) (Natus Medical
Inc. , JITEE KD A2 Bk R e 00 1) <6 s vEE , 76 ARAIE 50 b F T e
RN B R 5T o ASHIT A0 Hh ZR G VT AN BRI B 1 275 e b
A5 i R BR R T B0 I R R R DA R e I S AR
Ao PSG H¥s KA 2N 256 Hz, BERR 5T & 4 B 544
RemLogic-E™ , H 731 52 4 ik 41 5 [ e Al = 2 52 2 il 5 1
2.0 FRAS bR e, B0HE 5 T30 s 1943 Bowk B B (19 i B 43 B

BEAT H) o B AL RN i b AR W AE S IR B A
TR PED 0.3 Hz, OB IS 35 Hz. FZAURME SR E N
B UE R 10 Hz, 3@ JE VK 100 Hz, FE 3k I8 50 Hzo HEHR R
SV FR AR S 2 BARRAE (Berry et al., 2012) : 524 3 HE {1 1%
™ PSG 1« TF 4R 4 A b 10 1 A N BB N TR % bR 1] T
S HE B 7 R 7 (sleep onset latency, SOL) , R M K47 2 F
N I IS &) 0 4 1 i) ) o B IR B 4K Ctotal sleep time,
TST) & 4~6 A 5a M Ji 17, 45 Ja 39T n] 23 Dy pRodt iR
7)) # (rapid eye movement, REM) Al JE 1 i BR 5 #A (non
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rapid eye movement, NREM) ] 1~4 ], % NREM i + 1
1 #AF0 2 #A & A5 N 7% HE AR (light sleep time, LST) , K 3 3 A1
4 WA FR N IR BE IR (deep sleep time, DST) , B 28 WK &>
HENRJE 1% 4> 9 LST . DST A1 REM. SR K (time awake,
TAD 2 48 HE AR 8 07 )5 o0 8 A BT 4 o e IR R 8 (sleep
efficiency, SE) & 48 TST & M N & e a) (o 45 O\ TR 2] I iR D
B E e ACHIF T ) 58 0 HEE IR 5 £ ¥ 4% i (Halson et al.,
2021; Ohayon et al., 2017) : TST<<7 h/#{ , SOL>30 min,
TA>50 min, SE<75%,REM>41%,LST>80%,DST<<5%,
) i R e 5 25 WL A
1222 HRXHLEEIRS

EEG i 3 Wl ] T3P0 ig 3h A b MRAL B RS, e
I {8 FH} Nation9128W {8 485 25 HLAX (o il FRL A, v D SRR
i BLAE 45, SR L B b o 1) 10-20 SR VE A S FE A o K
PR AR AR (6] - 1) 22 RS0 60 s LLE ;2D R R FE3E
60 s b 15300 B4R 120~180 50 R R FEFEIT o il HLIBE o
EEFRI ) 8 COAR TR “ o 40 1) %67 D AR 2 Hh AR 982 55 12 2, et
AN o I %= 3 R 28 0% ZERIRE a%]|/ ZHIRE
0%, 5 GV 531k (0~4 73D AR AR I 35 55 4 o il ol B A
E ER Je IR T T 57 o i R SOIRES N A oA
RERELLAE CO/B) AT TFA TH AR R ML REIRZS (2B 45, 2023) .
1223 bR

i 18 9% ik V% 9] B2 R (supra-slow encephalofluctuogram
technology » SET) & JG @ Wl 42 i py ot 28 336 53 1) 75 20 SR A
U5 %5, 2016) . fii il Solar System SOLAR2000 & 5 () SET
T H H 0 R 0 COR B R, rp DD I 22 IR 2 I LA 5
18 min. HCHE 43 A I8 K i U B b DL mHz Jy 561
HUE 5 o 2 b 3, Horb 4,57 A1 11 mHz (F8818 3 R4 5
5% 4 % (5-hydroxytryptamine, 5-HT) . Z, [ JH i Cacetyl-
choline, ACh) . % H & I JJit & (norepinephrine, NE) fil £
2 J#% (dopamine, DA TEZN A ¢, #1438 M ik &5 1
AHXFAE , AR 5w 48 38 A D¢ A5 Jiw HBL 1 b CR A
%, 2016)
1224 BEMZRE

iL» A5 S PE (heart rate variability, HRV) 52 3 i /0 fIlf
A 2 5 R 2 B 4 5K 7 1 48 #5 (Santos-de-Aratijo
etal., 2022). AH5EA# ] Polar H10 0> Z 7 (Polar Electro,
25 2230 3 R-R AT (2 A4S QRS I v ROk 8] 1 1 [ 4
ji ik Kubios Hrv-standard 4 # X 5 min Jf 11 & HRV, H
TRl B EEIRE (B R %, 2022) . Hrb, B 52 &
11 2 45 #5 (parasympathetic nervous system index , PNS) #H 4l
2% R-R [A] B 22 {H > 50 ms Jif 7 1 43 bt (proportion of suc-
cessive NN intervals greater than 50 ms, PNN50) . /-3 R-R
8] #H Cmean RR, MRR) il & 43 2h % (high frequency , HF)
S W R A2 Ik R 205 PR . 28 KM 42 4R 4 (sympathetic ner-
vous system index, SNS) . “F 3J > % (mean heart rate,

4

MHR) . JE /7 #8 % (stress index, SID F11i 451 2h 2 (low fre-
quency, LF) Jx W22 &AM 285 1% . LE/HF Bt 1 22 A
A IEAR L2 K 7 (P
1225 OEPRE

POMS BT O BRSSP LRA MR (B R, 1995).
U i L AE S AT AN 2 4y 3R (AR R L L SRR L AE
AR SO M2 ARG rEROEIMBE ), RS H
WAk (0~4 43D o 15 4 4y BLAR 2 50 BUIR S 1 28 6 VF
W TR TT VRN S A W AR 4 A o ek 2 2 A B A 4
557, FINE #0100,
123 B AW 4 M A 3 3 7 ok

AT T AP IR 2 Y 4% B P PR T E S R B
AR T WRBAALEME KK R, HHLHEENEF.
EREZTRERNLNEE. N BET2RGFIEE,
ST A R AN R 45 b A R B g

P 2 H AN A A8 1R T v, B v, 2 TR () S AR S iR
FE LT BT WU AN R T 2 R A s R A,
FORIZNT RAEW b1y B, N BB IR RN

B,= > [n(i)in] e))

1<j<l<N
JEi=l

D, T v, AL, Z 18] (0 f R AR 25 2 m, (0D
N R v, R, T B o R B AR 22 e 5T A, B R B NV O Y
25 T R

S B b P 23 BT 25 R R T AR X 4 o ) i B AT
TENT U2 A AR i B B, & — PP T AR (1 i EE
PEFEFR o 1€ A0 bl Mk 1 T D5 VR S T S R 3
KA PR o R R A 0 R PR 48 1 P AT R AR DR AR D H AR
(Gobatto et al., 2020; Pereira et al., 2015) .

B R, N BON B, HA bt C, (v i 5577108 «

Cy(v,)=2B/[(N-1)(N-2)] 2)

REALE 17 B b MR 25 18 T R R DL S A A
R EZNE, R A EEE L — TRy, 2
B A P A x, T BT R B B BT N S O A
PR, T

x':%JZfa'jxj (3)
H AR, X (3D ] Y REAE A & 7 R R
Ax=\x (4)

O AN H A R B R A AR 3
[ (Smoot et al., 2011)

HESLTE H AR AN IR 5 2% ) 25 A5 R I A B R AR B
(] (¥ A0 2% 1% (P<<0.05) , T A~ % JE& 41 5% & # (Gobatto et al.,
2020; Kraemer et al., 2022) . 7E75 H s AN ABLT7 o, 4
R AN DX, B 49 5 G A AR .

a7 DA i HIR 5 A H b R N AL 52 2% 0 2 85 7Y (Krae-
mer et al., 2022; Sousa et al., 2020) . {E It ik, A
V] 75 10 1E AH ¢ B A AH G AR AN 75 I AH SG 1 R/ IR IR T TE AL
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o H BRI I 2 2 37BN 320 FRREL 4 B L 1 2 AN A
Z [A] 1] Spearman #H 5% 2 # vk 7€ (0.01~1.00, £ 4 HfH
WA MRS . tHEH bR BP0 A3 0 I R
Spearman A ¢ 2 (1, [#] 52 {E) ik 2 715 55 [8] Spearman AH 56
REAE N M Z M . 5 H AR R AE O
(eigenvector centrality) I 38 - F 40/ 4% £ i) v 0o 14 A i%E
UL, URCE T ETE D, 5 B AR R IR 5
) 423 T2 2 (0.01~ 1.00 , ik K 422 10 D AT FH 3 3% 422 1)
¥ 55 2 [A] ff) Spearman #H 5¢ 22 %0(0.01 ~1.00 , 8 Kk 45 ) )
A tdn, 25 H bR A CREIR PR ) B RS 8, 1%00
BOCES FH & H AR R B S, 5 H bR S0 g
AT A OC R AL 0.5 75, 10 = G B DU 90 7% B R AL
Ay M A 2T 0.250 0 £ 4 0.125 0 %5 F1 0.062 5 i .
Uk, 76V 5T B AR REAE 7 2 0 M 43 BT TR Y A
PRERERIE . BT Db B AAAEAE OCOE R (P<0.0 M i
W RUERE S, 4 0 SE TG H AR AN I ASCRT DL B R 5 R H
P [ IR S % D 46 A8 R o B0 A v o0 P R ALE 1)
I WINTIE A L AN OB (S
124 HERITE 20

HOHE 25 AR B NEUSG 2 60 s DR E £ 4R
22 (MESD) KR, Al F o A % 12 95% & 1% X 7] Cconfi-
dence interval , CI) % Bl ## I8 £ 4 1 fiF . - Shapiro-Wilk 7245
IR IR, B T 2085 45 43 A K F Spearman 75347
HH o3 BT 32 S0 52 4 I 28 T e, o B 4 IO 4 A TR v H B 11
H T RUORORBE R R 5 M 2 ML RR IR A 8 4 1EAT 5 AR
KA HT:0.10<<|r) <0.29 MK AH 55, 0.30<C|r] <0.49 1 &
AH I, 0.50<Cr <0.69 M =1 JE AH 5%, 0.70<<|r) <<0.89 N IE
e L AR 2% 5 0.90<<|r|<<1.00 NiT AL A 5% . P<<0.05 %R
BAGU R 54 24580 A H0d 0 1 R AE
Ir] & 0 M 4 Python 3.9.3 F2 /% A1 NetworkX 2.5 %47 FiE
TH5, Cytoscape 3.7.2 B fF 4b ¥ -5 .

2 HR54H
2.1 BEIRFEFAFIZF) A9 RER R & AnAb B HLERIR 5

AT 5T r R B B A5 12 Bl % A7 AE 1 B B A 1) - )
5P B AR A IR <7 W/, B HR AR <<75% , 1R[] i T A
I 8] > 50 min. M FRZNLAEIRZS Bt R, B HIR [ 1592 3))
PR 57 F R E >2, IR P ERCRA . AEMAE R
GRS AN 5 TEH . RSP E S ELER
i U R AR R 15128 Bl LI RIS R 2 (R D .
22 R BARFAAREY B2 AR T 4R

B2 s R0 HARAS DB S 2R I 28 B . A Btk
g5 AR, B L VRS 0 AR 4 L o M| % W NE 1 DA
PNN50.MRR.MHR FI TST H BUAE fe i B 4% 1o A [ i vh
IR, _EIRFERRH R PNNSONE A MHR 4, J045 L 7k Al
95 57 15 4 5 FL A P8 b2 X 4 (1 EE ELE BT N (R 2D

F1 HERREMHEVERENRER

Table 1  Results of Sleep Quality and Neurofunctional Status
i DS, M=SD PR 95% CI
£A
BEAR  TST/min  412.77+63.39 41620 396.17~429.37
Ji¥&  SOL/min 17.57+£22.34 9.75  11.72~23.42
SE/% 7025+11.06 7030  67.35~73.15
LST/% 24.92+11.61 2275 21.88~27.96
DST/% 37.894+1227  36.65 34.68~41.10
REM/% 37.194+15.17 3585 33.22~41.16
TA/min 93.124+41.99  89.00 82.12~104.11
AR adH% 2.66+1.18 3.00  235~2.97
Ak & 0/p 2.63+1.37 235 227~2.99
P 5-HT 20.01+5.38 19.86  18.6~21.42
& i ACh 27.984+6.28 2740  26.34~29.63
DA 32.18+7.84 31.92  30.12~34.23
NE 22.83+5.94 2290 21.27~24.38
5-HT/DA 0.70+0.38 0.58  0.60~0.80
A E4y  PNS 1.244+1.73 112 0.78~1.69
2IXA MRR/ms 1002.45+164.73 98550  959.3~1045.59
HF/Hz 0.2940.05 029  0.27~0.30
PNN50/%  4520+27.06 5222  38.11~52.28
SNS -0.28+0.89 2432 22.26~39.24
MHR/bpm  61.23+9.76 28.60  26.53~41.05
SI 7.42+3.03 197  2.70~4.98
LF/Hz -0.1740.93 0.08 -0.41~0.08
LF/HF 0.79+0.74 0.54  0.60~0.99
gk ik 7.801+2.64 8.00  7.11~8.49
K T % 5.84+4.56 500  4.64~7.03
Vi 6.20+4.26 500  5.08~731
Fp AT 4.84+3.37 400  3.96~5.72
L 5.95+3.01 6.00  5.16~6.73
A 10.214+2.04 1050 9.68~10.75
L) 13.2343.35 13.50  12.35~14.11
44 107.18+16.46 10550 102.87~111.49

VE AV 28R 4R A AL A R, B 5 shAb 2238 AR E 0 R0 im
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Table 2 Results of Centrality Analysis in Non-targeted

Unweighted Networks
AHP s ARG 2 P s
RS W&*ﬁ]é ’ Aot M:}%,é\gq’f%h\{ﬁ

1 HAL 106.52 FAL 1.00
2 A7 63.44 Tt & 0.79
3 o7 % 4470 a7 % 0.76
4 TST 30.23 Fp AL 0.72
5 NE 28.77 %k 0.66
6 MRR 28.33 V& 0.62
7 & 27.24 TST 0.50
8 PNN50 22.02 A 0.49
9 DA 20.52 DA 0.49
10 MHR 20.07 MRR 0.47
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& VB EL RS 77D J2 1 RS B 5 B R B A 1) fac 5 RO
KRB =, B uF IR A 8 L R IR A 3E AT A 0G4 b
(R, BRMES o dfil% 24 5 IEA I (P<0.05), 5 0/
AR IER S (P<0.05); HitEl 5 5-HT(P<<0.01).5-HT/DA
(P<<0.05) Fl o 411 ] % (P<<0.05) # £ 1 £ IE A 5%, 5 DA
5o AR OC (P<<0.05) s A5 71 5 HF 2 & 1E AH 2%
(P<0.05) , 5 MHR (P<<0.05) Al a 41 1] % (P<<0.01) &
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Table 3  Centrality Analysis Results of Weighted Complex Network Model with Sleep Indices as Targets
8 ER S A ICE S RGN P i g i )
1 2 3 4 5
B AR P o TST 1#(5.00) o3P #1%(2.50) MHR(2.00) W 45 4-4L(1.00) PNN50(0.50)
SOL FpAR(8.50) TST(5.00) #8L(2.50) 5 4-30(1.50) Br#(1.00)
SE #rA1(7.50) NE(3.50) 25 4-3L(2.00) DA(2.00) o dH)%(1.50)
LST  H#%8.(6.50) a ¥ %(4.00) H#EL(2.00) PNN50(1.50) REM(1.00)
DST H77(7.50) NE(3.50)  #£4r8L(2.00) DA(2.00) REM(1.50)
REM Tt #%(6.00) DST(5.50) LST(2.00) NE(2.00) 2 48L(1.50)
TA HEL(10.75)  HZkorL(2.00) MRR(2.00) 0/p(1.75) HA(1.25)
AARFES P ol TST PNN50(0.38) MRR(0.38) PNS(0.35) T #%(0.28) a7 %(0.23)
SOL #pAR(0.54) 5 25 4540(0.40) JE 57 (0.36) 1#(0.35) 1EL(0.32)
SE A% 71(0.41) T 24y4.(0.40) # 57(0.32) $#EL(0.31) 1#(0.26)
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Table 4 Correlation between Mood States and Other Neural
Functional States
W 24 & s e 7y
5-HT 0.06 036" -0.10
ACh -0.10 -0.15 0.09
DA 0.06 -031 0.09
NE 0.11 0.28 -0.14
5-HT/DA -0.04 0.33" -0.10
PNS 0.22 0.22 0.12
MRR/ms 0.22 0.29 0.19
HF/Hz -0.12 -0.15 0.30
PNN50/% 0.17 0.21 0.16
SNS -0.12 -0.18 0.13
MHR/bpm -0.17 -0.26 -0.33"
SI -0.01 -0.05 0.20
LF/Hz -0.13 -0.03 -0.27"
LF/HF 0.14 -0.02 0.00
aFrH % 031" 0.30 -0.41"
0/ -0.29" -0.24 -0.29"
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