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Abstract

Objective: To investigate the imaging characteristics of resting-state brain activity in children with
attention deficit hyperactivity disorder (ADHD) who exhibit reduced vitamin D levels using frac-
tional amplitude of low-frequency fluctuation (fALFF) technology, and to explore its association
with clinical symptoms. Materials and Methods: This prospective study enrolled 48 children newly
diagnosed with ADHD at our hospital. Participants were divided into a hypovitaminosis D group (n
=29) and a normal group (n = 19) based on serum vitamin D levels. General clinical data and behav-
ioral assessment scores were collected for all children, who also underwent resting-state functional
magnetic resonance imaging (fMRI) scans. The fALFF method was used to assess regional brain ac-
tivity intensity, with intergroup comparisons conducted. Average fALFF signals from differentially
active brain regions were extracted and correlated with overall vitamin D levels and clinical scale
scores. Results Intergroup comparisons revealed significantly reduced fALFF values in ADHD chil-
dren with vitamin D deficiency within a brain region centered on the left dorsal anterior cingulate
cortex/supplementary motor area and primarily encompassing the left superior frontal gyrus and
medial prefrontal cortex (voxel-level P < 0.005, cluster-level P < 0.05, Gaussian random field cor-
rection). Correlation analysis revealed that the mean fALFF value in this distinct brain region posi-
tively correlated with overall vitamin D levels (r = 0.523, P < 0.001) and negatively correlated with
hyperactivity (r = -0.392, P = 0.035), compulsive behaviors (r = -0.390, P = 0.037), total scores (r =
-0.421, P = 0.023), and negatively correlated with conduct problems (r = -0.462, P = 0.012) and
learning problems (r = -0.574, P = 0.001) scores on the Conners’ Parent Symptom Questionnaire
(PSQ). Conclusion: These findings indicate that children with ADHD and reduced vitamin D levels
exhibit abnormal spontaneous neural activity in key brain regions involved in cognitive control and
behavioral regulation. This abnormality correlates significantly with more severe clinical symp-
toms. These discoveries suggest an association between vitamin D status and both brain function
and clinical symptoms in children with ADHD, providing novel imaging clues for future in-depth
research.
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1. 53|

17 Bk I £ 5 RS (attention deficit hyperactivity disorder, ADHD) /& J L % J#5 & WL 22 Kk & Bahg i
PIR[L], FERIAERIAES . ZEFMENIT N WATEEEE on, RE)LEZF /DG ADHD &R
N 6.4% [2], I HARSFE 8 L THE343]. ADHD SLHZE . H1 403 N K O BT % 45 22 5 T % F0
HIReinE, MUBEEWENANLRE, TR FESH 2GR E 7, B IX R 2 — B RS E R
SEMB[4]. HAT, ADHD fE S R ALH] AR e A B, HEckEZ R RE, 2 EREERSTEE
RARTE AR AL =ML B SSHEE 5]

YA D A — MRS FE RS R, BRIATESBM A, B RS YER. WaERE LaR
PR EEDIRE . AR PR, 4EE R D RN E BRI A T A ORI T [6], i
W2 BRI A TG IINEE /ML EINREIRE, S5 2P &R v I B RE (7] IR SR R I,
FEGTFIEH JL3E , ADHD )L 44 3 D /KSF R BRAK, JF BB M5 4E4E 2% D /KPR, & ADHD
(AR IE N [8] - BEAk, A M T AR, #h7egEd: 2 D nf LAl ADHD i LFREIRAS 21 B 5 5 (9] -
R FRIGRIEIEIR R 4E4E R D 5 ADHD Z AMFER VIR R A2, WA AZETAT hERIL, H
TE 10 T R J2 T A FEBILAIATS AN 42

¥ ELAS Th BE W 3R L% (resting-state functional magnetic resonance imaging, rs-fMRI){E A—Ff 5 1) 1k
ZARER, BRI I E KPR I(BOLD) (5 5 e K TE § EUIRAS T I B KA ETEZ . 2 BURSRE
(fractional Amplitude of Low-Frequency Fluctuation, FALFF)/E Ry rh—Rh3ghr, ] 4 R BEAR A 3 0e 7= T90,
B N HER b S BR ORI 4 R3S 3K [10], 4% V2 R T ADHD ixi Dy RE LI Fe i, & —PioAE R e
i ThRE 7 VL [1L] . BEAERRFUR I, S1EW KB JLHAHLL, ADHD &L V250 i i) fALFF 8
BE[12]. ERIREE[13]iE I FALFF i ARRE T 44 R D S E A B FH wh Z M4 ThRE s, fbA1TR I,
AP 4EAE 2R D /KP4 5 30 & AR 3 BRI 25 (DMN) R @ B 22 00 B RIS sl 5, $eondE
AFK D S A EEER . R0, BAr sk Z 6 ADHD JLIEZEAE R D /K5 N Th RETS 2h 2 18]
RAEMBFIT . Bk, AFFCRABEBm T, BEEE R rs-fMRI HR, ¥IB 442 D
/b5 ADHD )L KN R 3G S RHIEZ A DG it — 2D b L SRR I 2 (A1 HFIAH G o BiF FE 45
RHEENEGFZMIAMAES R D REE ADHD WThREMIE RIEHEVIEIEE, H AR KIE KT T s
FR ) 2 R A — E PR AR

2. MRS
2.1. RMR
ATREF GR/RERE ) AHMN KN RER A LM, HfECS: 2025-YKLOA-
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(K05), &)L N2 rtE A= 1. AW FURTIEEA N 2025 4F 4 H & 2025 4F 8 H #1IF T4 /1 K 2=t
JEEERE ) LE K B AT NORAERL E X125 ADHD 1)L 48 . A9 AFRitE: (1) Fie 6~12 %, HFF, W
s (2) M CRErhFEFZW 540 T 55 TLA(DSM-5) ADHD 2 Wiknie; (3) BHILHH I, K3zt
4] ADHD #2457 BRSO BT (4) Jofat ik S8 S MRS whope s o HEBRBRHE: (1) fFAER:TE
BRI PR A 2548 S s (2) BEAT WS 4252 ADHD FHOCZGEAEZ IRTT : (3) & I HAKS pi LR Bl 22
BREaG. RE R E)LE4EE R AL 454 R D IR L K ILR) , 44 R D EFRR0a N =28
1B I3 25(0H)D 7K F >20ng/mL; AS2: I 25(0H)D 7K“F4E 12~20 ng/mL 2 [i]; $k=: IfiiF 25-
(OH)D /K~ < 12 ng/mL. FATLA AMHE K il &£ 201 ADHD JLE 2 RIS 4E 43R D /Ko A4EE =R
D /> (137 25-(OH)D /KF < 20 ng/mL), FI4EAEZ D IE# 4 (1f17E 25(0OH)D 7/KF > 20 ng/mL). %
IINYEE 2 D B LE Dy 29 ], 4EA 3 D RS = 40y 19 Bl WM BE AR TRV RR RIS . A, 1A
FiteE(BMI). FIF L4423 D K-

2.2. MZLIBFITE

[ T AR B RN, FATE K A SNAP-TVIFE 52 &3 (the Swanson, Nolan, and Pelham IV Scale, SNAP-IV).
Achenbach )|, # 17 & % (Child Behavior Checklist, CBCL). BEghi )L # 47 &% (X BHiR) (Conners’ Parent
Symptom Questionnaire, PSQ)A: [ -l ADHD JLEAH AT ASEIR. AR, il AT 8 5 8K R4
JLE RS Joh 3 - 23T WA B B bR . ITA PFE S — 4% B 20 FinRE R LE K E
AT R RAER R A TE R

2.3. ME4AESR D &M

JTA A E AR IRA AT ZE 220 8 /NI, TR HTERR AN A BBk A A . L7 25-(OH)D #J%
HIA7 MK 22 B e = B e B ok 2 — 0 €

24. RERIERE

2R G HEEZ T MRI 8. ZHRThEE MR & dz M K22 B EE B SR 3.0T 1 (GE
Discovery MR750w 3.0 T)3k15 . ZEFHfEd, i VAR B 28 RS /b Siig s A f A e . Fr
ZRE W ERORFFAIR . WS BUARES, REESRRAGMERERGERED . DRERESHUT: B
#: 38 )2; EERE(TR): 2000 =Fb; WIPFAEI(TE): 35 =P BFAMA(FA): 90°; FLEF(FOV) 240 x 240
mm?; R K/NA 3.75 mm x 3.75 mm x 3.6 mm. =4 HER T B EUGGE o = g 5 e [ Ay
JEIER YIRS, SRR . BESH . TR: 800 ms, TE: 11.33 ms, FA: 90°; FOV: 256 x
256 mm?; PAKRAEZE N SF: 1mmx1mmx1mm; 3£ 344 2.

2.5. ElfgmabiE

Fr DA T RERLIR B s AL B H 87 2 IMRI 20 AL P2 B F (DPARSF, http://rfmri.org/DPARSF) i
7. HARDIREFE: (1) ZBRAET 10 ANHE A DUERRE 5 AREN: (2) #HTIRER IES kahfE, Hikr
TR AL R (FD) K T-FI4ME + 2SD 152X # [14], BB N 0.5 mm. FD Hiféi &4k 1A% 8575
WHEEAH . T 48 MRS, “FH FD 4 0.156 mm, FriEf25(SD) A 0.125 mm. HEXUEEA t #0596,
Wi 2 (A ()74 FD %A BE Z 5P = 0.278); (3) bRt L : K FIRIED v 45 52 55 R R 4 &89 52 Fr
(Montreal Neurological Institute, MNI)Fr#E 7 [ (B RAEARZ K/ 3 mm x 3 mm x 3 mm), PAHEERAS A
BORIATR] AN ZE 57 (4) EH 6 mm 24 B m iz 2647 25 (B~ (5) 191V Friston 24 k24,
USSR 7%
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2.6. fALFF it &

FEFEZA fMRI B S, I #RA IMRI 24 431 B T-(DPARSF) T4 fALFF,  DLIIE XI5 5 &
OGS o A BR i {8 HL 22 i (Fast Fourier Transform, FFT)ReaE A 2 (I 18] /7 51 5% e sAUE, @5 i
AU [H(0.01~0.08 Hz) 1 F IR M 2 A g DL 44513 5 6] (0~0.25 Hz) iR i < F145 2] ALFF fE . 2t
JiTE fALFF BT z [EARAEAL DUE 5 22 5001 LL i .

2.7. Gt

ffiH SPSS 29.0 X N O4tilt2 5k ARE I AT AR b AR R R, fF&IESHmT
B B R O REA t K556, JEIEAS /A AR B R H Mann-Whitney U K556 il 18 G0 iHo0 HT R B RE A
t K56 LA AL E] FALFF 253, BRI 3 E AR K P P < 0.005, ZE2K/KF P < 0.05 (GRF R IE). X FEAE
EHHZER X, 2SR fALFF (B, S50 E R 3T E T AT TR R
Y2 D KESIKThAERI R R, BRATIEW FTREU FALFF {4 5 5T B 44 2 D AKCEBET T M Sk 2
Mro FFEr B Al ] Pearson A E M, ARIEZAS /04 fdi Fi] Spearman MOS0 Hr, & PEAKF%
N P <0.05,

3. &R
3.1. AOEZIHER

et & D S IE R RS . PES. BMI M2 FD & — %R A 2 2 St 22 5 (P > 0.05),
WY R D KFEM T IEWAP <0.05), ADSitHdEBAS % 1.

Table 1. Comparison of demographic data
1 HHER D BLESERA—RERE

T e G Giit B "
HRI(FI%&), I 24/5 15/4 0.109"” 0.741
R, ¥ 8.60 + 1.37 8.96 +1.39 -0.883" 0.382
BMI, kg'm2 16.73 (15.26, 18.64) 16.12 (14.83, 17.96) -0.485° 0.628
#4iE% D, ng-mLt 13.70 (9.78, 17.96) 23.03 (21.67, 27.75) -5.808" <0.001
FD, mm 0.13 (0.06, 0.17) 0.13 (0.08, 0.23) -1.086° 0.278

Ve TR CRHUE: TR Z M. BMIUNEBIRT RIS FD TS AR .

3.2. MBLEBFRELER
4L F D A 5 B A E) ADHD JUE TR IR IR & 3R B 1 E 7B T4 i 5= (P 1>0.05).
3.3. fALFF &£ 84547

SN BT R, 4EA 2R D I ALAE— AN LA 0300 A7 07 [ /46 Bhiz s XA s B0 [X 2R I HE 5 3 1)
fALFF IR (FIE K/ =69 MAZ, I1{E A MNI: —15,3,48). ZE R FEEE S 7 A% LR, A
B A5 K B0 R (R 2K F P < 0.005, BIH/KF P <0.05, GRF K IE). 4% W4 2. Kl 1.
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Table 2. Brain regions with reduced fALFF values in the vitamin D-deficient group compared to the normal group
2 2. YHEFR D RAERIEFENE FALFF ERIKHIRKEX

i3 X W AR B (X, Y, 2) R (K e {1 5 P52 (T i)

e AT Bl BE 3 X -15, 3, 48 69 -5.26
Fe M L =l (AAL)
e ) Py AR A
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Figure 1. fALFF analysis results comparing the vitamin D-deficient group with the control group. Note: Blue regions indicate
brain areas with reduced fALFF in the vitamin D-deficient group. fALFF: Fractional Amplitude of Low-Frequency Fluctuation
1. %% D mAHESIERE fALFF ERE. . BEEXE: #4435 D B H fALFF BIRMKEX. fALFF:
SR STIRNE

3.4. % E DK EESERKKX fALFF ERIHEXE 4T

XA 48 5] ADHD LI Hr R, IfiiE 25(0H)D /K75 2 S X (1) 71 fALFF (8 £ 58 2 IEA
(r=0.523,P<0.001). Z5% LK 2,
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Figure 2. Correlation analysis between vitamin D levels and fALFF
values of the differential mass in all pediatric patients

E 2. rBR/LY4E R D KFESERAIR FALFF EEXM 2.
fALFF: S 8URSTRIE

3.5. fALFF ESlmRERB XS

Pearson FHCTE /T 7R, 4EA: 3 D kb 2 2 7 X 1 fALFF {55 CBCL & £3))(r = -0.392, P
=0.035) & .43 (r =—0.421, P = 0.023) £ fi A%, 5 Conners /47 Al @i (r = —0.462, P = 0.012) Jz 2% > ] i r=
—0.574, P =0.001)744r 2 1 AH5C; Spearman AHK/r 4T W], % fALFF {H 544 % D jk/b 241 CBCL &%
R SRIEAT (r = —0.390, P = 0.037)73 /> k6. 45 LA 3.

020/ - . r=-0.392,P=0.035 0.20 o o r=-0.390, P =0.037
e, 0.00 ’ » 0.00 «
5 0.20 E 0.20
< <
x| -0.40 x| -0.40
= =
i -0.60 1% -0.60
0,80 : 080 .,

-1.00 ’ -1.00 )

0 5 10 15 20 0 25 5.0 75 100 125
CBCLZ 2435y CBCLIRIEAT NAH5)
(2) (b)

0.20 .. r=-0421,P=0.023 . . . r=-0462,P=0.012
. 0.00 ’ . 0.00 4
5 0.20 E 0.20
< P
Xl -0.40 x| -0.40
= =
It -0.60 ot -0.60
W -0.80 T W -0.80
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Figure 3. Correlation analysis between fALFF values of differential clusters in the vitamin D-depleted group and CBCL and
Conners scales. Note: (a)~(c): fALFF values of differential clusters showed negative correlations with CBCL hyperactivity
scores, compulsive behavior scores, and total scores. (d), (e): fALFF values in the differential cluster showed negative corre-
lations with the Conners Conduct Problems score and Learning Problems score. fALFF: Fractional Amplitude of Low Fre-
quency Fluctuations. CBCL: Achenbach Child Behavior Checklist. Conners: Conners’ Children’s Behavior Questionnaire
(Parent Version)

& 3. 4R D B HEERHER fALFF {5 CBCL £ Conners EFR Z [BIMHEX M. F: (9)~(c): EFRER
fALFF {85 CBCL 8k Z T, BBITAHITFSRES2RMEX. (d), (): ERHER FALFF {E5 Conners f1TIE]
BT REZF S ERIFS 2 HhiE%x. fALFF: SHIKSTIRIE. CBCL: Achenbach JLEfTHE%. Conners: Conners JL
EITAIEE(RTAR)

4. ¥1ig

AW T R A FALFF 437 I3 25-(OH)D 7KF-5 ADHD JLE i H & #4815 S RHE 1 OCHK, FE0 8T
H 5 ImAEIR ™ EAEE 2 A AR e . 45 R BoR, [fiE 25-(OH)D /> () ADHD JLE /LA MIE E [\l A
A i A B2 w0 [ 2 I FALFF (B0 S5 35 P s I A g DX 4 Ja T A0t — 0 [l DA Ja 42 i) ) 8% 1)
R, B AERE TAECAZ . AT IHRE[L5) B S[16] 5 MmN mIhRE R R EEAE A . i — DAk
SRR, ZRMIX fALFF 5%k 4k 2 D K FRIEMSE, 5 CBCL BERFHZE). M TN, B
LA Conners &R AR AT 0, 2% 2] ] BV 43350 B 0AH O . IR RO DGt R IR 9 AN 42 ) 57 5 i D) e 52
B XA IRZ ADHD FRELAE BLOCIC R RS TR AILR R . [EMERNE, EAME LI 3 14
A& D K52 X FALFF (B 10 535 IEAHDS, S0t s BB L a g —8. X—#gt 505
PEIESE FOA L EDAE, LML T 45425 D RS S ADHD JLERTHUH - 0 5] /0 48 D e 4748 2 A 55 1)

45k,
4.1. R D BOMEXAIRMINRER R R F ISR KB

AHEFRI, YA D b ADHD JLEE 7 A (5] &m0 [ R B FALFF 55 PG, (E15
EREME, ENR—ME LM R E RS, JUHE RS 2 565 (autism spectrum disorder, ASD)5 ADHD 7E
WAL 5 W ARR IS O T THATAE S 2 S 2 A0[17]. T H2E[18]HF LRI, 442 D =1 ASD
JUE [RIFEARAE A A 8] STy [ DY Re Vs 2h T 1%, SART A R —38. R, B[R,
Y D B (MG G AR R AR LA B B BN FALFF (I THe, X 50T 7045 M B ; ADHD 2 i 78
P B BEAG, %L in) BUE T GBI X AE K B OB IN eIE IR B T REAIC T [19]. i3 D sh= W ReilE
PR SCRE RARATEME, IR T XA S R B GHIRThRERAS[7]. A FIHR MK E R, e
AR N2 i 2 A A R A 2R AT R AR [20], e 3 S5 32 B 2 T IG Re w22 o kAT PRk 2, 7200 B0
TPl A0 22 TO B DR 22 P 2 W] REJE AAREE L, DAER - RIS DhRE GRS, AT AE SR B TR R I Ja #5 3
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ARG = [21] [22]0 =B AE RIS 7 B PE i S al M7 ) BN, aTRER S S R E RN E
B

L 1] 5 A 0 A g w4 - 2 J2 (prefrontal cortex, PFC) B8 BE4H e 36 45, ZE DA ZnE5 ) L $hAT T g
14 SESAT R PR E R REEMEA23]. KEMEAEY R, fEm - R, B
W53 B Bz JEAE AR JE IR AR [ A, T RTAT R E MR I KRB W O S s 8, x—
FFAE T RE S M R B BRAS 6 5 AT 55 [24] [25]. 2 I R GUERIT NIAEIZ OMEIS R R4, FfEE
U MR B R . S i - T 2 R, A S R B R 55 X 2 LR RE AR 4 T I LR
B, 5T K Z KR R 0] B [26] [27]. A B 5 R I 40406 1% (Near-infrared spectroscopy,
NIRS) KA I A [F] 4F- % Bt ADHD JLEE R A J 2 Thie, 45 % Ron B ADHD FIJLE, Haraim /&2 m
hRE S R KT & 422210 [28]; #7~ ADHD B pidint k Bl aaEAfeEtt. &b, &A1
M2 EL % R GAE AT O AR R HE S SR o BT O Al STk, FRATTHE H — AN T AAS 56 MR
W 4EER D KPR A S5 2 EUKRETh R A ORIk, XA Reidt— B SHTA 1 2 R B RHEAE G .
AW YEEZR D /D (1 ADHD JLEE Zc U b 5] & Y AT FALFF BRAK, FIRERML T 4825 3% DRSS
SR E U= S PGPS R

AIFR G RGN, 4E4EE D /DA 5IER 4 ADHD B LEIRKE RIS ER R B EZR, AR,
FEYEA 2 D N, 2RI IX FALFF {45 CBCL &R £ 3. 5847 4. 4 ) Conners 47 7] 2 &
S O) ) RRAS Sy EAHE . RS RATAEIE T . FALFF 1R NHPETESITa bR, X Th RN 1k i U
TATNER, FEHNG T IE T & ADHD PR R B R, ML t ke ie 5 2 TR a3 %
S, MAHEFE T R 9 ADHD L, B P AR E IR R R B B [29], AT RefE R 4R 4T R
R A NARI BT WAER T I DhRefabr SAT R4ERE 2 R R G &, B FALFF (BB, 6K

0 E ], PR ARG AT K 0 R4 A 45 1 9 2% (Cognitive Control Network, CCN) 5 BR AR = /X 4% (de-
fault mode network, DMN) IS8 1, S5 2Rl a. PAT KI8shis {45 [30]. HIhaEs A 58Uz
SRS R, SR IN £ 3 5583817 N [31]. SATIRE AT DM EERT AT e A, SRR B S
MR TTIVE[32], HEMG RSO A S aEhlae ) R, SECAMAME DU S RN A . 1T
FRIATE ADHD JLZE A N HPIR 22 5 DLIRIRR, 1 T AT Th RS2 400 T B 2> 3 850 46 R 1 R v 4
FERME[33] . 1f 26 15 R A v B Re I 0 N, FRA T AR S B AT R PR A . AHIE AL AR 22 R X
fALFF {5 2 WipEsr £ A0, 3Rz X DIRe MK 5 ADHD I pRAERIN E 2 DIAE G, IR BE B4 3
TRFYEAE 3R D OIRFS 2 ADHD W4 K & W 70— AME S I RBRR R

4.2. FbRM

B TAFAE—E R RIRTE. 55, MANBILNEED, IRE] T A0 B R S an s &l 7y, i H
AREAFAEG T RUREAN E TR, ARORIIWE LR NN 2 S 5EH RBIER — 2R e, Jfdt—»
IHTHEAEER D B R AN FI A B ADHD BE IR DIRERISANT . HLC, A TSk Z 0 450 VT AR e e ) L
BRI, RRIATREARANANAE L, PAX 7 ADHD U4 PE M h e A2 S5 4k 3R D BUARSR
s FRIR ARTFUR X 7> ADHD BRIV, AR T Z 8t — PR AN F 1) ADHD & L4E4:3% D
IO X G T RERIREN o S Ja , ANWEFUR — WU W i 7T, BATIJCIEM 4R 3K D Bz 5 ADHD LN )
RECSAE 2 [P R R G AR, BRIAE ROR (KIRIE FC rh 75 ZE ) s RAUE SEARh 78 H AT AW FE45 2R

5. &
G TR, ARHE R TR S AR RER BUREAR, B TALFF ik, R4 D b
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ADHD JLEAEW SN RHE R 54T 7 K S8 X AFAE B R MEM s ahigg . Haz 2= R X Thagss i 5
28l 2] R AL O IM R AR ARG . XL R IAURL 704423 DRSS ADHD il L 8 R IK
B, WAL E IR R AR AR UL T HEdE, AR AT REAIR R A KT RIS 28 7 — € 3
WA
{2 AR

RSCRIE AT FLRI T &, MR EEARIEAT TBNG BEE SR SRR, TR A AR
AT FREE, £ES5EBE80T, ELRBERREMGE T 5507 i 7 ok, R AR
MR Z N AT TSGR EHEFE THIMNT =07 RHEOR D TRERE ARSI E R, 4
AR A R e R R Ja BB AR, RS AT TR BT J7 T 85T, W DR AS IR 7T AR AE A 12 AR A5 2

E&mE
T« ZE BHGR T LRE SCERHA B (45 ZDXK201806).
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