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[ Abstract] Objective To investigate the denoising performance of different deep learning ( DL)
strategies on low-dose brain *F-FDG PET images. Methods This retrospective methodological study was
conducted on brain PET/CT images of 50 patients (35 males, 15 females, age 20-87 years) who received
3.7 MBq/kg "*F-FDG at the Fifth Affiliated Hospital of Sun Yat-sen University between May 2023 and January
2024. Full-dose PET data were acquired with 2 min scan. CT scans were acquired before PET scanning.
Low-dose PET sinograms were generated by down-sampling the full-dose list mode data to 1/2, 1/4, and 1/
20 of full-dose count level. Both full-dose and low-dose sinograms were reconstructed with random, CT-
based attenuation and scatter corrections using the three-dimensional (3D) ordered-subsets expectation maxi-
mization (OSEM) algorithm (2 iterations, 20 subsets). A total of 4 DI denoising methods were established ;
(1) 3D conditional generative adversarial networks ( GAN) using only low-dose PET as input ( GAN-1) ;
(2) 3D attention-based GAN ( AtGAN) with low-dose PET input ( AttGAN-1); (3) 3D AtGAN with low-
dose PET and CT inputs (AttGAN-2); (4) 3D AttGAN with frequency-separation using low-dose PET and
CT inputs (AuGAN-FS-2). For AttGAN-FS-2, during the frequency division process, high- and low-fre-
quency components were extracted from the PET reconstructed images via Fourier transform, then inversed
Fourier transform, denoised separately, and finally combined to produce the final denoised images. The
dataset was separated into training (70% ) , validation (10% ) and testing (20% ) sets using simple random
sampling without replacement with a fixed random seed. A 5-fold cross-validation scheme was then applied to
test all 50 patients. Performance was evaluated against full-dose PET using normalized mean square error
(NMSE ), structural similarity ( SSIM ), peak signal-to-noise ratio ( PSNR), contrast-to-noise ratio
(CNR), SUV,.., and SUV__ bias of selected brain ROIs. Wilcoxon signed rank test was used to analyze the
differences between the denoising methods. Results AttGAN-FS-2 showed the best performance among all
dose levels, with statistical difference as compared by low-dose PET and GAN-1 denoised images for NMSE,
SSIM, PSNR, and CNR (Z values: 2.92-6.15, all P<0.005). NMSE, SSIM quantitative evaluation results
(median) of each model at 1/20 dose were; GAN-1; 0.08, 0.87, AttGAN-1. 0.08, 0.88, AttGAN-2.
0.07, 0.89, AttGAN-FS-2. 0.06, 0.91, respectively (Z values: 3.24-5.77, all P<0.005). Conclusion The
DL-based method combined with multiple strategies AttGAN-FS-2 shows improved denoising performance for
low-dose brain PET images.
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works ; Brain; Positron-emission tomography; Fluorodeoxyglucose F18

Fund program: Ministry of Science and Technology-Macau Science and Technology Development
Fund Joint Research Grant (0178/2024/AMJ)

DOI;10.3760/ cma.j.cn321828-20241204-00419

- 745 -

PET/CT R RAEE RGBSR A3, © N
iR % R BOR I WY BESE R TR R
T, I R S e s Bt PET A 1) 30 BT s X 2 0k
88— T e AR e CSRE R ER e T RE
(1 S 2 0 DRI 5 g — TR, R A I K B S 3
BN X — IR AT BRI G ) 2R BRI
(UNAF B2 AT 8 i sl bk JE ) P OE O 3
IR B PET HAR T A R0 TR S XU, 20 B
B RRAEMS ] (H i T5 0 LR B, SRR R
() B AT E MELL BT TR R T

H AT, 1% 58 G AL #1715 40 = 4 ( three-dimen-
sional , 3D) HePCLFyL" o DL 3r oy ) FEAIG R
PET BEURFEME TP IS T — @ ROR B iR T 1
7 IR DA 2 A R, SOREAT PR, I AF R, B TR
A (RN R R I B RV ) AR B ot 1
TR 1 A2 B BT 2% ( attention-based generative ad-
versarial networks, AtGAN)7EHIZA PET K% [ 5E

LT MR RS (H TR RS IS R R R S
UKL S0 A 5 Bl B AT
GV BATT S (8 A8 3 i e W D3k 3 et Ak 3L 41
P A A3, ARAT T T A 47 PR B ASOR | i
AE SPECT B Lk AT TR AR T4
JEXTHT I 2 ( generative adversarial networks, GAN)HE
055G CT sl Ses s BOM PET BSOS 7)- i
TEMG AR [R] 0] £ O AR i PET IR 5, 5
TGRS, HGET

BAREFHE

LG IR TR, AHIFFE Sy 0] B4 2 B 5, 43
Mr 2023 4E 5 A 2 2024 4 1 A i KA 8 48 1
PR B R BH2IR B 50 435 1) PET/CT 5218 %%
Ak, H 5 35 471 £ 15 1], 4% 20~ 87(58.7+18.0) 47,
IRIFHEEL 16.0~31.7(24.0+3.7) kg/m’, HENE
RSB AR JR AT (R A TR M ik b g 5 A
P 2 R G058 HHERAES b AR AT o LU 2=



- 746 - rPAER B 5 0 TR AR 2025 4 12 A4S 45 55 12 Chin J Nucl Med Mol Imaging, Dec. 2025, Vol. 45, No. 12

5 FLEEBEAS B 51 25t (LS . K1d6-1)

2 MR RAR . WARCR LIS BT R Ry
AR/ ] uMI780 PET/CT 1%, S F-FDG ) M 5+
BRI 2R B 24 B R FR At e 0 1A T A bk
H A F-FDG 3.7 MBq/kg, 54 /5 1 h #E47 H 4,
PET/CT $4 1 A FRAL, 34 2 min"' | 155 45 &
Hiki P14, i 2 PRI PR/ N 128 % 128% 113, 125 K/)N
4 2.34 mmx2.34 mmx2.68 mm, PET HA#iH[CiT
CT F4#, CT RAEEMGHEFE R /N 512x512x251, 14
ZK/MNR0.59 mmx0.59 mmx1.20 mm,

3. EUR AL BE K2 43 B, #5450 & PET By %1 3%
BB R R AR 0 & 2 T BOK 19 172 174
11720, R H 3D A )7 FHERRBIEEEMRIE (2 )
AR, FEEE 20) X450 S AR i (R AR A T
FEMEATRELAE IE | FEDR IE RO I, 5 I 345
G PET BHR (K 1) K PET BRI R (A AR 4
SRR T S R R R A e SUV, B CT B
HU {HIH—1tR 0~ 1, EHERA G 5 PET KU ECHE,

4R IR R, AR RS T 4 PR
JEA I BE MR 1) J7 ¥ (1) B TR & PET % 3D
GAN-1; (2) 51 AVEZE S MUK AR 7 & PET BRALE
AtGAN-1; (3) @il &5 TR & PET 5 CT AU
AUGAN-2; (4) s B RS A A KR 2 PET 5 CT 14>
B AtGAN (3D AttGAN with frequency-separa-
tion, AtGAN-FS-2) ([l 1A) .

IR 4 FPUREE 2 S X BT S BRI 1 AR R

Ao

TRHAE
PETER

FRA 1A SE RN, A AR FH U-Net 2544, h 4
s RS2 RS, S 52 H 3x3x3
B M T — 1k s R, S 2x2x2 Ak dl Ak,
FHTHRBUEMGARE . ffts M 2amad 250 2 19 2R
FE 3x3x3 B At 10—k R KAk AR pR
ORI E RIG ., gl R BKG & PET BHZ
YERERA 5 A i i o S 9 PET KA, D
RIS SRR L PET 8% 5 4% & PET B4
PIRR

ABFFEAERET] AUGAN-1  AtGAN-2 L4 K2 AttGAN-
FS-2 1) U-Net A& it 5 | A BRLIE I8 ] 45 1 R A
(FE1B) , i A Bl a5 e 2 8] i BRERE ek
R i RS AR AR > AT 1x1x1 4
TR SR G4 2 AR AE AR, I 30 2 3805 o 45 il
G o A JE MRRIE 4o B VR B ) A
T Ao A 2 A — b R oK EROR B Y R 2 SR A
[0,1] . d5cJa, B AR n i 10 3 R 5 R 0 Bk R 3 422
FEAEAHSRE

XFF AWGAN-FS-2, SE A 740 S al b 3, o 431
Hhim) PET PG IE ak — 4 A8 B it 2 46 Sy A 4l 174 Wi
FETEFARA 1S B AR A (AR <30 /%K)
FEIHERL (B2 >30 18R 3 AR S 2 A5
B AT 00 (e B v A o [l 1) PRIG, 45 SRR o A
Sy PET EHMRAE A R A 15 51 B R 5 A%
W4 e PG i T AR, A5 B B A M S R

122 I 2% 1 5 3 R T TR B2 2 2 HE 22 TensorFlow

-/

HXHXD,

M -
AT 5:\%%%33 L
SERLERIR POLER ®
SigmoidE RFEEE o EEAN ® RS
A g1 1 GxHFEE RIS M AT

M M, ¥:1X1X1%H
FXHXWX D BB X 5 X %X R
WERE: RIEEREHE (Rell)

SEIEH (Sigmoid)

1 IS R T HE X M2 (AUGAN) -FS-2 BEAIYIIZRIRAE A, AuGAN-FS-2 FOiAR &l (LF AR, HEF . 50 s B M bl s R



PR 2R 50 TR 48 2025 4 12 A58 45 %55 1239 Chin J Nucl Med Mol Imaging, Dec. 2025, Vol. 45, No. 12 - 747 -

2.8.0, % K E R 1107, A ECH 600, Hik
FHERIPE B ARBFSE 51 A L2 AL IE AL (A =0.001 )
0.2 B E 52 LABG 1k LG A BFSR 3 A2 2
ZFNFAE PG DAOE AL I Zhadd 72 O 3 o A5 A1 77 f g
1o ¥ 50 51 0 FRH 58 2k T [l ) a7 B BE AL A AR
JrR 5y NG (70%) BIESE (10% ) X 4
(20%) , X EERI TS T 5 Yo SURAIE, 12k 5 A AH
[FEEAY 43 5%F 50 A Hcthe #4703, 72425 3R
VESR G XS

S5ERIHT. (1) e I, AT L4
FIHE PET UG bR, THEAN [R) 07 125 B e I 15
H— 4k ) 75 1% 22 ( normalized mean square error,
NMSE) 45 4 #1401 PE ( structural similarity, SSIM )
WG AE {5 M Eb ( peak signal-to-noise ratio, PSNR) , DA

1/25&

REER

1/45&

REESK

1/205&

REER

Xof A fii B AT € B VE AL 4r A, NMSE B 8/,
PSNR FiI SSIM {EL i K, Q3% 18T 15 25 IR 200, i By
(2) FEMEER B — 2B PPAl . 2 AR 22 200 14
R BT X ROL( &l 2 B A HENE) | LA 10x10%5
G VR DX A S DX, THAREXS LU BE R 75 L (con-
trast-to-noise ratio, CNR) #F — & F Al % M 15 1%,
(3) SUV KGEEVPAl . K PET 5 o 3 52 45 UK
258 BT ( Montreal Neurological Institute, MNI) fY
FrifE MRIBEAT , HIHIXS B A MRI A 54 B0 fili
FERAZ Y ROL( & 2 2T (4R ) |, 4 3ol 0 s AS [ 5] o
PR AE 2850 AN [ P M A A A 3T F 5 4 0] 2 [ 45 ]
) SUV, . Al SUV, #EXFIH—iR2%

6.4 AL BR . 3] Python (BRAS 3.12.4) ¥E4T
GeiteE ot BE A B Pandas JE(MRUAS 2.2.2)

AttGAN-2 AttGAN-FT-

>
b=
i

12

B2 A — R TR R UR B 5 A Y 5 5 i R e PRl 5 R 5 A B PRGOS LR 25 R &5k PET MR 2L AR T T
T SUV IR 22 MR AN DX, BT MREAR 1 T F T 1153 LU BE MR 75 LK (CNR) 19 X 88 GAN A A2 IR T M 4%, AwGAN-1 iy SRS V2 )
GAN, AtGAN-2 WA TEE /1 GAN, AtGAN-FS-2 /MU &1 B /1 GAN



- 748 - FPAERL R 5 o AR AR 2025 4F 12 A4 45 B55 12 1 Chin J Nucl Med Mol Imaging, Dec. 2025, Vol. 45, No. 12

FFEIER M E R ITRER v2s TR, AFAIE
BOPAHERTRER T M(Q,,0,) &R, ilid SciPy
FE(HAS 1.13.1) 2P Wilcoxon £7 5 Bt e, %A
XU Wilcoxon 455 Bk A 30 XL & PET 5K R Jr
AR, DL KA TR J7 ik A i IR TA] £ NMSE |
SSIM .PSNR .CNR HI SUV iR Z 2545 br [ 025 Sk fT
Giit2F 0 Mr , 22 Bonferroni 4 1E J& P<0.005 N 24 57
EE NI -0

# =X

LIRBES S BEWR S R . B 2 JoR T 7E AN W)
FIET , AS[A) S Y R e g i 35 PET MR 5 4 7] i K]
Bngs R R 2= EUR . 2l R BRI, 1720 ) &
M EMGSE ARE T Im RS W i 172 Fli 5 1/
4 s EHR S 5w RS FE RS B AR, (3
T B /IR AR DX 3 A K PSR A, AN T
RIS, MREMREE SR KGO, AWGAN-FS-2 7E45
FIi MR R L 2R i PET BUE, BRHEE AT
R BRI AS R 20T, R 2 UG — D Ak T AR
RS eRRERZ R 25, WRZEERIPAT LI
AUGAN-FS-2 7EA[A] X I 3A L BE 1 B 5k iR 22 T/,
JEHAER SRR 1720 BRI 25 0 AT RE AR+ AH
X RsE ERE .

2ANTRIGR B 2% 2] Ty 1 B MR O 1 4 AT (R
1) . AtGAN-FS-2 M5 i R 5 A0 BLS 1Y 450 &
PET EUZREIM 2B/, Gn3k 1 iR, AtGAN-FS-2
REARITE 3 Fh 3R g2 /KT 35 8 B0 M e UG S 1) e R
B, 7€ 1720 & &4 F, H SSIM {E (0.91) & F
GAN-1(0.87) AttGAN-1(0.88) Fl AttGAN-2(0.89) ,
[F] A H: NMSE B (0.06 ) 24 £ B8 fe A, 5 A As
RUMI, ZS A5 42 L (Z H.3.24~5.77,
P<0.005) , 7E i 5% 1720 F& T 1) SUV K
JE53 1, AWGAN-FS-2 7E Fefii XY SUV 3% 22
(1.82%) 1% F GAN-1(3.43%) . AttGAN-1(2.82%)
5 AuGAN-2(2.77% ) f7) ; fF R R 1 SUV iR 22
(14.17%) 1% F GAN-1(15.83%) .AttGAN-1(15.31%)
5 AuGAN-2(14.49%) ,SUV, . 7 (3.69% )t} fr
AR ERARE

X4 B i 8 A2 1 48 Bk (SSIM |, PSNR | NMSE |
CNR) DA K B figi 5 B ARAZ B9 SUV RS 4845 (SUV,.,,
FISUV, 1822 LSBT 7R, AGAN-FS-2 [ f5
) R AE 4% ) 3t 1 T A M 38 1 4 A 39 5 IR
PET } GAN-1 M S I BIR 2 R A gt 2 L (Z
1H:2.92~6.15,) P<0.005) , 515 PET & GAN-1

FEME S USRI SUV RS BEF8 AR AR LE  AUAE 172 Y
Ffi SUV,, iR 25 1720 F &R SUV,, 1R 2
t 5 GAN-1 [N S B EME 22 S o gi it L (Z {8
2.20~2.67,¥] P>0.005) , £ 45 7 it UG i o i
FRAR T ANAE 1/4 559 SSIM . CNR & 1/20 712 1)
PSNR #il CNR 77, AtGAN-FS-2 5 AtGAN-2 il 2%
SGHFE X (Z :0.74~2.13 %) P>0.005) , 7F
R 2 MR R 2 R IR G L (Z (5 2.81 ~
6.15, P<0.005), BL4b, LFE 172 7 & 89 o i
SUV,, MISUV, iR#%5 1/4 #&8 1 EARE SUV,,
B2 1720 FlE R i X RRAZ R SUV, iR,
AUGAN-FS-2 5 AuGAN-1 #HI 22 R R4 1122 2 X
(Z18:0.56~2.17,%] P>0.005) , &322 H YA G it2F
BN (Z1H.2.85~4.06,%] P<0.005) .,

i

EA TR TR 24 >) GAN B ikAE LM ih
T 15 G () U-Net J7 3k T A% 40 uk il 5 1077,
Sanaat 25 PRI T SR RS GAN, REA RN} 1/8 F
it PET BURHEAT 20 A B R A2 W e 1
e 4 it PET IR, Hosch 451 fifi JH — 4k
pix2pixHD P45 X} 1/30 i (1) 4 & *F-FDG PET [
QAT 20, B PR T T B ARG B R AR A
Deng %5 53 5| AR MRI UL R AR TH T
FEMEAG B2, {H PET/MR BXA 4 v A I, H E5
] 5 MRI AL E R 25 25 ) A BN AR R, B T
I PRI 38 P . Xie 261 MPKHIHI i PET 5 CT
FIWB A A R 2B £ 50 3 = GRG0 1/
10 P HIFE PET EGEA T i Ea, AW
P A I R FH 2285 2R 5 e %t 1710 AR 30 40 WLIE 7
SPECT EUR M, 25 AL T 58 GAN, 36 T 8 i

B bR R T A v b

AW FEEAE PET IR EHEATIRER . 7E GAN
HUREERN 1 S I TR I ALH] , 1A i
A B R TTIEL A AE A DX, A R T AEAR
PERE, 453 MR X TR B ML GAN-1,
AlE VR HIHLEI ) AuGAN-1 1E 1/2 FH F i PSNR
EHTFZE 36.74 dB( GAN-1 4 36.36 dB) , B ilF
TR I HIL X R P AT A s [FIRE milA CT S
BiY) AuGAN-2 TE R ot & Al i A8 BBt T8
CT JeBe iRl AuGAN-1,7E 1/2 F R ) NMSE Al
SSIM ¥ 1 ek . X RW] CT AL 455 8 A
BT O BRGNS, VR AR B 2 ) B A 5 M it 7
HR] REKBR 40 1 BRIG O 7E IR B AR SRR A



PR 2R 50 TR 48 2025 4 12 A58 45 %55 1239 Chin J Nucl Med Mol Imaging, Dec. 2025, Vol. 45, No. 12 - 749 -

R 1 ANERE RIS R RIFHE T ) E g R M(Q,,0,) ]
1/2 5l
HR 7
NMSE SSIM PSNR (dB) CNR
&5 PET 0.02(0.01,0.02) 0.97(0.97,0.98) 36.45(35.09,37.92) 2.79(2.55,4.41)
GAN-1 0.02(0.02,0.02)* 0.98(0.98,0.98)* 36.36(35.23,39.82)° 2.99(2.62,4.91)°
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GAN-1 2.22(1.62,3.69) 9.35(5.55,12.19)* 2.11(1.27,3.25) 9.46(5.36,13.42)*
AttGAN-1 1.77(1.25,2.88)° 8.42(5.04,11.49)® 2.03(1.25,3.09)* 8.60(5.36,12.56)°
AtGAN-2 1.35(0.73,2.40) * 6.87(4.17,10.54) 1.64(1.03,3.14)® 8.77(4.67,10.54)
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1/20 54
A
NMSE SSIM PSNR (dB) CNR
k548 PET 0.27(0.23,0.32) 0.82(0.79,0.84) 27.63(26.64,29.24) 1.29(1.09,1.57)
GAN-1 0.08(0.07,0.08)* 0.87(0.85,0.89)° 27.91(26.84,28.59) ¢ 2.73(2.37,3.60)°
AttGAN-1 0.08(0.07,0.08) * 0.88(0.86,0.90)* 28.25(27.18,29.12) 2.87(2.33,3.68)*"
AuGAN-2 0.07(0.07,0.08) 0.89(0.87,0.91)® 29.02(27.82,30.02) ¢ 2.84(2.48,3.61)*
AttGAN-FS-2 0.06(0.05,0.07) 0.91(0.88,0.94) 29.38(26.98,31.29) 3.16(2.38,3.81) ™"
1/20 7l &
T

Mg SUV,,, iR % (%)

Ffg SUV,, iR (%)

B SUV . 5225 (%)

BRI SUV,,, R (%)

fiFIEE PET

5.12(2.59,12.30)

91.07(65.59,137.74)

6.54(2.29,9.28)

97.51(62.64,150.32)

GAN-1 3.43(2.65,6.35) 15.47(8.16,18.58) " 5.27(2.42,7.10)° 15.83(12.98,19.25)°
AGAN-1 2.82(2.56,5.94)* 15.00(8.53,17.37)* 4.41(2.69,6.92)* 15.31(9.55,18.35)
AuGAN-2 2.77(2.06,5.32) 11.32(8.06,16.62)* 3.74(1.73,6.95) ™ 14.49(8.94,17.94) "
AttGAN-FS-2 1.82(1.25,4.71) 11.24(7.21,15.46) ® 3.69(1.51,4.77) ™" 14.17(8.37,16.75)*

I 5LHI& PET AL, P<0.005 ;" 542 iU HE 4% (GAN) -1 AL, P<0.005 ;¢ 5112 /) GAN( AUGAN) -1 # 1t , P<0.005; 55 AuGAN-2 #f
Lt,P<0.005; AHGAN-1 J B AGAN, AtGAN-2 Sy XUBLA AtGAN, AtGAN-FS-2 g 43S SUAKAS AGAN , NMSE 29— {b 77 2%, SSIM 2l
SEFAB U FE bR, PSNR W {EL{5 2 L, CNR S F b B I 75 L
AtGAN-FS-2 158 R o v -5 I 000 4 1 4
SR BRI AR e B SR AN PR B RE T, AR
B, AtGAN-FS-2 £ BUFE 1/2 57 & T /) BT A i
FEEIEAL 8RR 174 75 T 1) NMSE F1 PSNR, L &

1/20 & T i NMSE F1 SSIM # AuGAN-2 ¥4 &
FHEE [ AnGAN-FS-2 BRI YI 2T (60 h) Ay
AtGAN-2(30 h) /¥ 2 £, H A8 5L A28 ik % mT e 5|
ATUE, S R A B G Bht, B, #E S BR Y
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