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Abstract: Objective To clarify the causal relationship and neuroanatomical mechanisms between attention-deficit/
hyperactivity disorder ( ADHD) and various emotional states, and to evaluate the mediating role of prefrontal cortex
volume, so as to provide a theoretical basis for early intervention in ADHD. Methods Based on publicly available
Genome-Wide Association Study (GWAS) data from 2018 to 2023, two-sample bidirectional Mendelian Randomization
(MR) and mediation MR analysis were adopted. The study incorporated genetic data for 12 emotional traits (z=380 506),
ADHD (=225 534), and prefrontal cortex volume (n =32 418). Effects were quantified using the Inverse Variance
Weighted (IVW) method and multivariate MR + Delta method, combined with multiple robustness tests and stratified
analysis by age (children: 6 - 12 years old, adolescents: 13 - 19 years old, adults: =20 years old). Results Guilt (OR=
2.64, 95% CI: 1.42-4.91, P=0.002) and boredom (OR=2.18, 95% CI. 1. 48 - 3.20, P<C0. 001) exhibited significant
positive causal associations with ADHD, with no evidence of reverse causality. Prefrontal cortex volume played a major
mediating role in these associations, accounting for 74. 4% and 68. 3% of the total effect, respectively (P<C0.001). Age-
stratified analysis indicated that this mediating effect was strongest during adolescence (13 - 19 years), with mediation
proportions reaching 83. 7% and 77. 8% (P<C0.001). Conclusions Guilt and boredom are potential upstream risk factors
for ADHD, and prefrontal cortex volume mediates the association between these two emotions and ADHD. Although this
study is based on genetic data from European populations and its generalizability to diverse genetic backgrounds requires
further verification, it identifies potential new targets for early intervention in ADHD.
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Tab. 1 Results of the associations between different emotional states and attention-deficit/hyperactivity disorder
" giit2¢ oy i (P HD

i REAR SNP % OR (954D VW MR-Egger pleiotropy Het MR-PRESSO

1 2 77 1.85(1. 41~2.42) <0. 001 0.937 0. 424 <20. 001 <20. 001

2 Ty 5 30 1.78(1.18~2.68) 0.006 0. 428 0. 656 <0.001 <0.001

3 R Jke 6 1. 82(0. 70~ 4.73) 0.219 0.977 0. 850 0.191 0.211

4 i 27 1.97(1.11~3.51) 0. 020 0. 357 0.743 <C0. 001 <20. 001

5 15 4 3h 39 2.97(1. 98~4.47) <<0. 001 0.773 0. 539 <0. 001 <0. 001

6 IR 9 2.64(1.42~4.91) 0.002 0. 663 0.793 0.392 0. 407

7 o B AR 17 0.71€0.36~1.39) 0.316 0. 085 0.113 0. 002 0. 005

8 PR 22 2.18(1.48~3.20) <20. 001 0. 420 0. 980 0. 805 0. 808

9 Bk 30 0.89(0. 55~1. 46) 0. 646 0.576 0. 625 <0.001 0. 001
10 L)/ 9553 32 0. 78(0. 46~1. 30) 0. 334 0. 426 0.502 <<0. 001 0.001

11 7 45 26 1. 59(0. 99~2. 55) 0. 057 0. 443 0.734 0.011 0. 005
12 =40 17 1.41€0. 64~3.11) 0.396 0.174 0. 141 <20. 001 <20. 001
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Tab. 2 Core mediating effect results of guilt and boredom on ADHD through prefrontal cortex volume (IVW analysis)

EV RS 2R 2 B1H OR {8 (95%CD S:{a P i A B0
SE BE-T () 0. 004 1. 004(1. 003~1. 005) <0. 001 <0. 001 -
SR i /~-ADHD(b) 0. 780 2.180(1. 952~2. 435) 0. 059 <0. 001 —
RN BB (o) 0. 004 1. 004(1. 004~1.005) <20. 001 <0. 001 —
I &) 0 (a X b) 0.003 1. 003(1. 003~1. 004) <0. 001 <0. 001 74. 4
ZSE/N BB (D 0.001 1. 001(1. 000~1. 002) <0. 001 0. 058 —
PR B () 0. 004 1. 004(1. 003~1. 005) <0.001 <0. 001 —
RS thA-ADHD(b) 0. 730 2.075(1. 860~2. 312) 0. 061 <0. 001 —
IR BB (o) 0. 004 1. 004(1. 004~1. 005) <C0. 001 <0. 001 —
PR [ B2 R0 (a X b) 0.003 1. 003(1. 002~1. 003) <0. 001 <0.001 68. 3
RS BB (D 0.001 1. 001(1. 000~1. 002) <0. 001 0.062 —
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¥7<20. 000 1,3 2 fa A bR, B — LKk . 7o

A Ao A i #2546, HL BT A 8] 422 %00 P A 44 <C0. 001,
A K HL— SNP X 4 {25 5 0 9K 3 /8 - iF 52 H A
AN IR AN B AL R A, KO 2R
kg (MR-Egger # 5 K 50) 7~ . 9K 4 AR
0.000 1(P=0.896) K& 4 # Ny 0.000 2(P=
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0. 983) , ¥4I K F 0. 05, F& B T H A8 & i 3§ 4
R R R R B AR 52 e ADHD, T & 3K 7 2 8400 T
Pt s MR-PRESSO £ %6 A& £ | £ 4% fu] 5 & {5 SNP
(WIS P=0.512, JRER4 M P=0.876), i
— B HERR T S SO0 e AR KU . 45 b 2 E AR
SR A BT DN T L AR B 07 BE B o L B — SNP 4k K
-2 B B S A S 2 A SR Y B L TR A [R] UK
P35 A ) i RS E AR 66 00 ~81 26 IX R, MK
KIKF] 100% , i — L EUE T “dEE R A" 1LY
SR L AE T ADHD B 52 0 47 76 A Bl 0 $2 09 HoAth
TR B AN A A DI RE RIS A 4838 B 40 W6 45D
2.4 HFEEHBEFNE RS AR E A SO
45 Rtk ADHD K W )2 OL#E:6~12 2 K
AR 13~19 B BN =20 ), A AL
RO b e T H AL 4 . WLk 3.

F 3 N[EAEES WAL b0 25 - Bi AR T Rz 2R AR A-ADHD
B H A L AR L
Tab. 3 Comparison of mediation proportions of emotion-

prefrontal cortex volume-ADHD in different age subgroups

AN EWRH CHKID A REI% P1E
PR JLETFHGE~12 %) 29.3 0.115
NI FAMEWLH13~19 %) 83.7 <0. 001
AP/ WA ZH (=20 %) 39.6 0.032
PR JLETH6~12 %) 27.5 0.138
R FAMEWLH(13~19 %) 77.8 <0.001
PR WA 2H (=20 %) 38.9 0.041

33 i

3.1 HNEE5R#%EE ADHD t9 %&£ LHRE R &

AIF ST 38 1 AUEEAS AL ) MR 45 4 H 4/ MR 2087 . £
GERIT T 12 FiE 4RSS ADHD (1 PR OCHK 22 v
TERR 2 A F A ML 1 OB B XS IR 48 & ADHD
R0 U A b D XU PR 2R HLJC B ) PR G AR, X —
50 5 BEAE 2 10 8 A T Rk I B
Shaw 8 #E — Wi X ADHD f8 3% 15 25 F¢ 11F (19 B 5%
H ok B, ADHD 835 1Y 15 28 5% e IR 8 o 58 i,
Hh AR R DR A SRR 1 A5 . 3 e T B X R HL
XA 2R RS ADHD B0 SE IR 9 7
PR R IEAHC R MRS 25T B2 5 ADHD i %
Jog it B . Mojzisch 050 At 23 N J1 M 28 BL 2% £y JiE
Hh 4 A PR s 2 S BOR I A R 8 R A 3 3 T
S TE B VR T BE L i O AN E TR E & ADHD
A% O IE R Z — X IR 5 ADHD 9 P 2R SC Ik 42
HET HE 5 S FEL ML Ab . Newark %500 #F 5% & BH.
ADHD &35 5 17 16 B 3 2% 58 BAR T 19 1n) &2, 1 3

RIS G A ey | D R/ 2 DD e o 0 A
P-H A -1 B — 20 T R TR 3, B
— 3T H T NI AE N ADHD | K N & 14
A

3.2 WIHCTH BN 4 ¥ m ADHD #9425
A8 ASHEIE I R IRUE T N PR SR - H A R
JERF-ADHD” i 4 SR 4 , #5711 &0 R )2 AR R
AR P A E N X — R H A R &
i) 2 M B AL 2 JE Rl . Grasby 25500 58 4 % R B
ANBER GWAS 381 W8S T i &t 2R BB A W
H WAL, HOHBE 2 S5 5 ph 2 0k B BRI A
KL AWFSE H R AT MR J7 25458 58 14 e 2 IR
B A AR TR AL 1 7 35 2% Wi #2 . Demontis 557
TEHOR 1) ADHDGWAS fff 5% vh & $t . ADHD B 5t
A% XU Ak P 32 28 4 T AR AR G E i, He
Z M D4 32 & 7 [N (dopamine D4 receptor gene,
DRD4) | i 5 PE #h 22 2 5% A F (brain-derived neuro-
trophic factor, BDNF) 28 3 [ #9748 7 5 ADHD % %%
DRI S5 2R DG, T 3k 2 35 PR [R) B A 2 5 9 T A
F R B R 20 5 il A BT FpE 208 FR L B AR
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FIHLH B 24 . Shaw &0 BFFE I8 48 H L A4 I
JEAE R KR IAT Tl BE 1 4% O v R AR B FN ) g
e ma T2 0 U8 L v g 45 ) SF OC B RE .
ADHD B #F M mr & nt 2k 5 A s TR A
e X HE— DA B T A A i A R SR AR B 23 ik 1
#5520 ADHD 2.0 A A2

3.3 HVEMA TR XA AR FR
YR B T AR P A RN dR B X — &
REFH AR KW A& T 84 B EEAE % U A O,
Akse SEUF oY F W, 7 A0 AR IR R F O O HE
Tl T G G T A P g )2 H SR g R AE 15~ 17
ZIRBNEAE , Z J5 S A DIk B R 5T i L X — B B
149 R i 45 A8y R B R H AT g BE T S8 ) I A X SRR
58 TN 26 N 3 R B, Caye 255 S04 M F 5%
KW, ADHD i R AE ¥ 0 4E ] fie oy +7 2 F i 8, 51X
— I $0 %) 0 P Y 2 A 6 P R S A B e A P R )2 Y
EWRE 3 — e ADHD SE AR, 1 A 6F 5% (14 4F
W5 o3 2 A5 RAG I EIE T X — 4548, A, th E R
Bc L BRAIF T BT 190 L B R B2 A5 4 b I A D 4R
T Il B9 27 Ml 38 4 T 7 AR — Ak 2 2] B i 45 9K
15 4 FDRAB 1% 26 1 At SR 8 7 ™ T 3 — B 30
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3.4 KA R Z ADHD F 48 F 77 09 47 3. &5
5 g A ARG R A A R B A DEA
HGRAAEENLEREL., TR ExR, PEILEY
/DAE ADHD R % 23k 6. 26 %, H B A B E A
T ACKREAE 20l R 35 K B RN 2R R — 4k
2B FBEIRGIE L, © R D A0 2
i R O 7 S I it iy I MY N S L N
[, i AR 32 A TS 52 R AR I KNG 45
2 5%k 2 H BRUAH G, 40 XF 28 B2 91 B 1) 52 47 L X 2l
PLEY 574 3k b SO RR S Ve B 1 25155 TR A A AF
FEMAZ O & BT 0 A op [ A AR 0 S B A
FET AW IS e R T 380 A] B P 3R £ 9 D AR
I — O B U o B o 1 4 A BRI 5 Bl i D
AF L A P R IR A 15 4570 1 X 24l A 56 PO IR, 1]
B ABIAR + [ 397 XU I 25 i 1 24
AT AR AR R B D AE X S IR R R T
PR 55 R B IR 3R 7 Ao ok B H 57 5 51 5 P K
KRN ORSEE7 AT B AR B, [ e
BRBEWMAE T W E K RA “HAR T AR +
TG e aE 7 S CHean X R PE L B R £ L 1%
10 BRI SS J1, AT — & B 5L ) L s b IK 5
RPEEY BRI RAME  GIA R S+ A R
7 MG K #2255 4% 15~20min P54, [ Bk A
DLHR TG 2 B AR A S R A SR T R R THE 55
W5 775k AR B E BB E Y T etk £,
W A R I g M2 R I o Ak T A -
FIZDite e T+ AR AR B T i
RERY . REE 5 AT U IR B A R A
AT DR I Z KW 1R T L O DA
PP TERA Z B K IR B . X EAR L 0
G EE AR PR, BB, T ORI IR L SR i it
HHS %,

3.5 B MM AR ET LR AR W
GWAS B4l A [7] F e 75 4% 26 A 5& SNP i % | LD
G KL BT e SNG4 175 IR A 5 THAE A [RVA 22 L B
Tl 5t 1 S Jo Pk W e RO 9 40 Mk DL 3 A A 2
R AR A & B 45- ADHD [R5 2 5
FE P R AT R AR s AR R e . ROk
e F R T B ABER) MR A58 . v F]FH China Ka-
doorie Biobank 8 CHARGE B¢ 8 ¥ i + B\ %) &8 4
d BB TR 50 UE A A 5T & B A PR AR G I K R A L
il . WAt ADHD & JF £ & AR 48 3L, vl B T
P18 g -an i -ADHD” 86 , AR5 K HAWA £
Az g MR $E 56, A] {6 b A 2800 iy DAk 45 R AR —
FEAm A . ADHD Shy 42 il B 26 2 ] A B AU R £ T

B 3 — 20 il DX R 9 AR B A L A A A% 5 X LA
A8 ADHD % Ak JE ) 22 I X By 5] 4 T BL AR
ADHD [ % 5 Ak 5 5 BIL 3% B AT 7 S 35 P01 22 5%
A FER T AL 591 M 21 73 My - — s FR R B BRI T &8
TEAE A [l P S A A o £ 3 1

FIFHMRER ASCTH %R,

HETREER AR CEIIR A TT i GWAS T B
(https://gwas. mrcieu. ac. uk/) . K5 #t 5 2% i R 4 2 BE
(PGO) (https://pge. unc. edu/) . ENIGMA Bk ¥ (https://e-
nigma. ini. usc. edu/) , bR ¥ I AT 338 1 2 HF W45 H 5% Vi ) 3R
B ABPRE AR RAER FARM A . A B 5853 b7
BE O AR 10 SCES A TR A B W S I 5 O IR s R
S50, ][] 3845 VR 52 LA BRI L SRR U B 4R .
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