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Abstract: Background Mild traumatic brain injury (mTBI) affects approximately 42 million individuals annually,
constituting a major global public health challenge. The 11.7T ultrahigh-field magnetic resonance imaging (MRI) offers novel
strategies for tracking microstructural dynamics and elucidating repair mechanisms in mTBI. Objective To investigate the effects
of ultrashort wave (USW) intervention on dynamic gray matter volume (GMV) changes and neurobehavioral functions in mTBI rats
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using 11.7T MRI. Methods
induced mTBI model), USW group (mTBI with USW intervention), and control (Ctrl) group (no injury or intervention), with 15 rats
in each group. Longitudinal 11.7T MRI T2-weighted imaging was performed during acute (3-5 days), subacute (2 weeks), and
chronic (1 month) phases. Voxel-based morphometry (VBM) was applied to analyze whole-brain GMV alterations, while open field
test (OFT) and elevated plus maze (EPM) were synchronously conducted to quantify locomotor activity and anxiety-like behaviors.

Forty-five male Sprague-Dawley rats were randomly divided into mTBI group (single blast wave-

Results Compared to the Ctrl group, the mTBI group exhibited significantly reduced GMV in 11, 5, and 4 clusters at 3-5 days, 2
weeks, and 1 month, respectively (P<<0.05), predominantly involving the prelimbic system, striatum, and parietal associative cortex.
USW intervention markedly attenuated GMV atrophy, with 4/6, 3/4, and 2/3 clusters showing GMV recovery at the corresponding
time points (P<<0.05). Longitudinal analysis revealed gradual GMV recovery in the mTBI group over 1 month, whereas the USW
group achieved stable GMV levels by 2 weeks. The mTBI group displayed acute locomotor deficits (increased % slow movement
time vs Ctrl, P<<0.01) and persistent anxiety-like behaviors (reduced open-arm activity vs Ctrl, P<<0.05). In contrast, the USW
group showed significant improvements in locomotor function and anxiety-like responses by 2 weeks (increased total distance and
open-arm activity, P<<0.05), with anxiety indices normalizing to Ctrl levels at 1 month (P>0.05), while the mTBI group retained
chronic anxiety (reduced open-arm entries, P<<0.05). Correlation analysis identified significant associations between GMV
reductions in the right prelimbic system (r=-0.631) and striatum (r=-0.645) with increased % slow-motion time, and between left
parietal associative cortex GMV loss (7=0.727) and reduced open-arm time (P<<0.05). Conclusion VBM analysis based on 11.7T
MRI sensitively captures dynamic GMV evolution post-mTBI. USW intervention promotes GMV restoration, mitigates acute motor
deficits, and alleviates chronic anxiety-like behaviors, thus providing dual imaging and behavioral evidence to support precision
rehabilitation strategies for mTBIL.

Keywords: mild traumatic brain injury; ultra-high field magnetic resonance imaging; voxel-based morphometry; ultrashort
wave; behavioral assessment; rat
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Fig. 2 Post hoc analysis of each significant cluster among the three groups at 3-5 days

x2 2FAR3IAKRRE VBMAESTER
Tab.2 Results of VBM ANOVA for rats in the three

groups at 2 weeks

S T % ri A
[I SR ESEINEN 1.05 -0.765 1.69 15.475 1345
2 FiiEEE CA3IX 4.65 2.685 -4.46 21.200 1011
3 ZEMiEE PRIk ] -435 1335 -551 10315 128
4 A ITCAURL S i R I 330 2.685 3.94 7597 118

ATMISIRERERIR 500 485 251 1708 517

B
I"_’Q m RV o =
6 E@J“\ﬁﬁ’“wﬁ'j 2750 3.135 -3.11 15451 478
JURS
7 KRG RS -0.15 3.135 1.84 12535 678
8 AWz e 2.55 5985 2.89 8.110 148

FIHARZEE>100, R LAY P<0.01(Z FWE£Z1E)

B3 2R3 EXR B E S EHR 6 E

Fig.3 Brain map of significant clusters among the three groups at

2 weeks

GMV T3 ~5 dFI2 il (P<0.05)GE4, K7, K8).
(2) mTBIAL: AN RIS DTS, I
(B ASUG DX 430 SR A O i . ZEM R HE . ZE Mt
Rk ZEMIBTI S R G RAMBCRAR . =I5 53 H7
RIL2JEE 5 3 ~ 5 dBFA 4422 R A GMV H
G 25 5(P<0.05), H¥H2EIf>3~5d

L5r it B mTBI4 —— Usw4l
P<0.01 P<0.01 P<0.05
]
P<0.01 P<005 P<005 P<001 |P<001 PR
1.0+
s i
& B : i !
? g
0.5} 1 LEs )
o =

0 1 1 1 1 1 Il 1 1
Mitk1 P2 HIR3 Wbk Wtks Hide WIHR7 A1Hs
B4 2FM3AXRREEERARERMNER
Fig. 4 Post hoc analysis of each significant cluster among the three

groups at 2 weeks

=3 1MAR3ZAKRRVBMAESTER
Tab.3 Results of VBM ANOVA for rats in the three

groups at 1 month

- —
e AT % ri A
1 AN RE g 5T 345 2715 -296 7.1544 116
2 ZEBekiA -4.05 -0915 -0.56 9315 536
3 ZEAMI YRR 5T -7.05 -1.665 -536 7.165 180
A CINEN -0.60 -0.165 2.14 10487 724
5 E{ggg%&ﬁﬁﬁﬁ% 435 0135 -221 13346 268

6 AICER B 315 2.685 394 9478 255
B 50> 100, (K HLHLH P<0.01(Z: FWE £ 1E),
fs 14 H 5 2 AT 4 42 3 HE) GMV (AT
G222 R (P<0.05), HYN 14 H i >2 i}
(#s, K9, E10).

(3) USWHAH : HNIHIT LIS A 22 Al B, I
R AU DX 5330 by 2 0 P W B2 T A I R i X
A BCRAA  ZE A0 G Bz J57 RUHR DX RA 2 N T
L CA3IIX . FImr BB 2 HRT 53 ~5 diA 54>




TR R 22 B4R

Acad J Chin PLA Med Sch  Jul 2025, 46 (7)

https://xuebao.301hospital.com.cn 685

oW if‘ﬁfﬁﬁ

® ® w o
E5 14 AR3EXRENERARKNE
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Fig. 6 Post hoc analysis of each significant cluster among the three

groups at 1 month
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B9 mTBIAKXER 3/ BFET = 8 p 2= FE RN E

Fig. 9 Brain map of significant clusters among the three sessions

in the mTBI group
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HET mde  Bs Wda B
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Fig. 10 Post hoc analysis among the three sessions in the

mTBI group
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R 6 USWAXRIAHET REK VBM 7T EZ 5 4R
Tab. 6 Results of VBM ANOVA among the three sessions

in the USW group
il N MNI B AR AR ZiEZrN
AR A5, ———— F N
e G A A5 i X X v . i 2
1 2Py Rz 420 -2.565 -0.11 14390 528
2 A PUEENEHTG X 0.30 -0.465 2.44 52.892 805
3 fugeikik 3.60 1485 124 25797 1956
Il Y16 2] v
4 %&Mﬂ'&“’“&ﬁm 495 4185 -7.31 21.548 1055

5 ZEMiET CA3IX -4.05 3.735 -3.26 39.611 564

PBIHARZE > 100, A K LA P<0.01(Z. FWE L IE).

B 11 USWAKER 3B 8T = 8 # 2 = B S
Fig. 11 Brain map of significant clusters among the three sessions

in the USW group

L2r pooo1  P<001  P<001  P<001  P<001 3~5d

I T
P<001 | P<0.01 2
= INH

T I I
P<0.01 P<0.01 P<0.01

10} ’—‘ E

:

WH Ade Wb EHa Biks
B 12 USWAIMHES SRS ESAREE AR

Fig. 12 Post hoc analysis among the three sessions in the USW

04r

group
23 THZER

231 WIS (1)3~5dm: %HRZH . mTBIZH
FUSW 41 1 1% 32 iz 3 5 8] LE 5] 53 53 24 23.96%+
5.26%. 30.31%+2.81%. 29.33%+6.26%, 17 H.
NZE 208, F=7.040, P=0.002, PR 44E R
R, mTBIALE iz s i (] b 3] i 5 e 1 6 B2
(P=0.001), $&/~ mTBI4LiZ shfE Si4H LT AL A BT
TR USW 2148 iz 2 Bisf [i) b 71 k2 v F X0 B4
(P=0.043), HE/RILIFUSW @iz shBE 1 AH Ho ) IR 20

AT TR T, B 13A). K VBM 20 B h 15 3 1Y
3 ~5 A mTBI A FEAR/F i 1 11425 7 A GMV
5% —153 ~ 5 dINf mTBI 4118 35z gk fa] b i 4T
FSEME T, 455478 mTBI 41412 4s shif 1] He
W15 A M AT 2 2 58 (r=-0.631, P=0.037)FIA L
RAIE(=-0.645, P=0.032) GMV 2 B ZFAH, H)
mTBIZH K B 2 Sl s [] Bb A5 384 i mT 68 547 il
NG F G0 B AT SOIR AR GMV T B A7 A8 A7 G M
(E13B, K 130).

(2) 2 . mTBIAL A 0 X B FE . rPu IX
BETE] A XS AR e IR 2 2 1 R
[ (P<0.05), 275 I mTBI K 77 £ RN .
1M USW 4 1y e XS AR L rpol KBRS [] L rpls
X sk HE A VR EOH b mTBI 413 1 3% T+ 55 (P<<0.05),
FHHLXT B AL TEGE 24 25 57 (P 1 >0.05), $En i%
gy nl i 2 03E mTBI K LAY £E & R i . USW
2 ) S TR RN PR A BT ] LY 5] 34 8 3 55 T mTBI
4, AW ] IR T mTBIZ4H(P<0.05). |
UL SN2y (R TR mE (1) =N R SR RS
e f(F7, E13D ~ K 130),

() 1A 3R E S TEIR Y 2 7801127

= (P>0.05),
232 EETFERESLE (1)3~5dE: mTBIA
FTUSW 411 JF B s 8] B 451 35 708 F X6 B 2 (P<
0.05), H USW ZH JF JlU & A8 L ) /1N T % BR A
mTBI 4 5% B2 B C e 12425 7 (P>0.05), {HXF
F B 7T L BT ZH 179 30 U B8 A1) J8 5/ N %
W2, DU B AE 3 ~ 5 di, mTBI KA
TEH O B R AR IR RN o A 2ot 1 e
W A B I ek A R (R 8, K 14A,
K 14B). #H4b, $ VBM #4351 /93 ~ 5 d it
mTBIAREIL/TH = B 11422 5 F R GMV HE — 5
3 ~ 5 d i mTBI 4 H- U UER LA AN S 50 ek ] L
BIHEATACAE S, 254 & B mTBI 2 i i et
(i) LU A5 5 22 M T 6 28 B2 5T GMV 2 B 2 TE AR G
(r=0.727, P=0.014), B mTBIZ K BT A H
BIREAR T 5855 22 SMI TR 156 28 £ 5 GMV N B A7 7E
A (A 140).

(2) 2 JAl B USW A1 K BRUAY S R DX Bl s A
TE U DX [R] . F O AR TR R
L A5 TSR] A6 25 >mTBI 2H (P<<0.05), 3 B
FERB S E L. (H mTBI 4 5 X} BR 20 [a] 4% 45 bR d4 0
Gt 25 (P>0.05)(%8, K 14D ~ K 14G).

(3) 1 HBF: mTBIZH K BT AU £ HL /)N
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Tab.7 Significant differences in OFT among the three groups
Fisf ] TR FFR bR X} HEZH (n=15) mTBI4(n=15) USW 4 (n=15) HFfi P
3~5d  MRHEGBEHI A%, x+s) 23.96+5.26 30.31+2.81° 29.33+6.26 7.040  0.002
. 1 644.08 1 852.49 2593.00
P4 HALFEL
Bfftg/[em , MUQR)] (100524 ~2437.62)  (690.09~2409.29)  (2046.50~2991.83y> 8991 001
RENEHE/[% , MIQOR)] 51.41(33.54 ~ 65.10) 48.11(35.58 ~ 72.85) 33.73(28.36 ~ 37.79)° 7.850  0.020
2 RS B R/(Y0 , Xs) 13.62+8.14 13.94+7.02 20.66+6.77% 4408 0.018
rFU XIS AR [em , MIOR)] 74.92(23.85 ~ 145.67) 16.8(0.00 ~ 56.63)° 78.73(27.38 ~130.77)°  10.676  0.005
FRLC KR TR/ [s , M(IOR)] 3.46(2.08 ~ 7.20) 0.93(0.00 ~ 2.18)* 5.16(1.67 ~9.11)° 11.811  0.003
R XS AR, MUTQR)) 5(1 ~ 1(0 ~ 3)* 42 ~10)° 9.253  0.010
4p<0.05,vs %} B84 ;°P<0.05,vs mTBIZ.
© ) P<0.05
40 P<0.05 40 - 40 - 3000 P<0.05
| I |
P<0.01 35| 55 s _I_
o T g 2000
=20} = =
E E’éj 25k 25 - 2 1 000|
g 10 |- ﬁ‘ﬂ 20 | 20 |
15 | 1 | | 1 | 15 L L L L | 0
‘6‘3‘% \y,;% «% 082 084 08 088 090 092 094 0.74 0.76 0.78 0.80 0.82 0.84 ,{3%% \LL%%@%
6 W VaY U [:prAEZ &5 W/ E N FABCIRAAIR AT
@ @ P<0.05 @ @
o P<0.05 10 - 8 P<0.05
60 - £<0.05 25 P<0.05 150 P<0.05 —1
.)LS
i . s . Sof
Sl = B = X
E F IS = =4 <
E ® & = H4r
® Mook xl & )
R b 2 2 x|
jva 20 |- & T il & 2k
st 3
0
@% 9\% @%

0
x@%%«%‘% P

0
Ox@% B @% P

°®®» B

A: 3~5dif 38K RIEE BB (%) 255 B, C: 3 ~5 dif mTBIA A T4 2k 2 G FAT M ZCIRAKR GMV 1512 5852 Bl 1] (%) A e 123

Mrs D~1: 28 3L KB ALEERE . RENHE (%) . PRz shetE (%) .

P XA |

PO DR TR o DX e AR BOE 5
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Fig. 13 Results of open field test analysis
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USW 2 1) FF J5CE B[] Bb ] 52 30 R F mTBI 4L i
#F(P=0.30), (HFFHUE AL L BRI T X% B2
(P=0.08), LA &5 RAEIR7E 1A B (1 HE )
mTBI K B Fb 1E 5 % B B AT AT 00 5 i s 0z,
T 26 70 et I~ T 1) K BRI s I A T 3 (3R 8,
E 14H, & 141),

3 it
mTBI [F R AR R EE | 3 M5 S b ik
YK ANEBUR, Heidnie, B T s iR 17

W@,@%%ﬁ@ﬁ@%ﬁﬁm REFEFSE R
mTBI J5 GMV 1 7 & B A W 2 0 i 25 5 5k .
waw%mﬁuzﬁﬁm6¢HW%ﬁﬂ%¢
H 2451493 (blast-induced neurotrauma, BINT)[1 %4
PG AT R VBM 24T, KB5S % IR (n=8)AH
o, BINTZLAY GMV iz 3 R, Fril S e
L BERTHR R . Killgore ZEMAN A T 505 2 JR
0=2), 1 ™~H@m=6), 31~-H®m=5). 61~-H@m=10)F11
AF (n=3) Ay mTBI & # K& 12 4 {@ X IR, d i
VBM 531, RINZ 055 B[Rl i P 0 i i
FAT MIARIR [0/ GMV R, 58 7] I 25 K T (g
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Tab. 8 Significant differences in EPM among the three groups

Fisf ] TR X} HEZH (n=15) mTBIZ(n=15) USW £ (n=15) HFfE PA
3 54 FEIOUE UL LUAA1/(Y6 , Xks) 38.32+17.63 27.01+14.98 22.08+13.56* 4340  0.019
FF R st 18] FE A5/ % , MUIOR)] 30.39(13.94 ~ 48.16) 10.12(3.99 ~ 24.08)* 17.77(3.21 ~ 25.19)* 6.514  0.038
. 1290.38 1445.93 2166.38
r_ll [
Bt R/[em, MUQR)] (892.08 ~ 1 931.94) (966.85 ~ 1 930.89) (1946.88 ~ 2 898.66)° 19333 <0.001
2JH ERE BBV K, MUTOR)] 19(13 ~ 30) 19(5 ~ 30) 43(34 ~ 59)™ 18512 <0.001
TFRE X [em, MIQR)]  26.86(0.00 ~ 264.03) 12.14(0.00 ~ 222.68) 317.76(77.91 ~ 714.59)°  7.756  0.021
TEHUE HEAREU K , MUIOR)] 40~7) 2(0 ~ 4) 15(5 ~ 22)® 13.287  0.001
A FEIOUE UL A5/ (% , MUIOR)] 32.26(20.00 ~ 46.67) 11.11(0.00 ~ 35.71)* 20.00(9.09 ~ 42.86) 6213 0.045
i N
FFE B[R] EL A8/ [ % , MUIOR)] 8.60(4.73 ~ 28.60) 3.99(0.00 ~ 16.66) 9.60(3.14 ~ 15.44) 3.694  0.158
1P<0.05,vs X HAZ ;P P<0.05, vs mTBIZL.
@ @ @ 4000 P<0.01
50 - S0r P<0.05 80T o [ £<0.01
= r=0. 2
P<0.05 P<0.05 P=0014 ® .
£ 9T + £ T < 6OF 3000}
2 = S £
S 0! H 30 ¢ 3 -
= E = 40} : & 2000
+= = += 2
= o} = 0 sl
= pes |
e K 200 T 1000}
10f ort (B T ey
0 - 0 B B B %40 045 b 050 0.5 0 X@’% {b\% gﬂb&
5 0 5 A S\
R S D SEAMAT B B R AL Ll
® g0, P<0.01 ® s00 20 @ 40 <005 O 2
prapepen P<0.05 P<0.05 I
<
. P<0.01
400 —
~t<5() g ,§ 15F §30. éls-
& 2 é 10 {% 20} E 10
ﬁ gﬁl 200} & ﬁ ‘
201 = 10| i B S‘W x 1of K o7
b ¢ T 9 5 5B B "B B B
B B B W B W Y G oV ¢ R
{{3%%&«%&0%“& A B AR NP QR RSN

A, B: 3~5 diF 324K BURITTHUE YA LB (%o) FIIT RS I 18] L f)(%) 2555 C: 3 ~ 5 dIf mTBIZHZEAMMN TR B 46 K2 BT GMV 55 JF708 I ] Hb
Bl BIFIRNE AT D ~Ge 2 RIS 3L R BT . 2R BUE, JTHUE B R R TR BEAUCEE S HL T LD A I 3 4R AT

IR U LG 811 (%0) R TR IRF ] EE 451 (%) 25 57

14 SRTFEREZHHFER

Fig. 14 Results of elevated plus maze test analysis
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