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Fig. 1 Evolution of assessment methods for optical microscopy image resolution
Bl XERMAGS PRGN RERH
FIRE: i B0 E{% %8 (Fourier image resolution) ; PALM/STORM: JGAE v B HA/BEHL G A B AR (photo-activated localization
microscopy/stochastic optical reconstruction microscopy) ; NLOO: M7 #h3% ¥ — 1% (noise-compensated leave-one-out) ; DA: Z4H ¢4 Hr
(decorrelation analysis); A: I, (wavelength); NA: $({HfL# (numerical aperture),
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Table 1 Comparison of traditional methods for optical microscopy resolution detection
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Saxton 5 Baumeister *'' F 1982 42, & T 9%
Y tdss . LR WS . 2D A PEE (2D
STED. 2D PALM) 452D &4 1Y 7 HE k6 . %f
TR 2D BB (x, ») 546 (, p), H
T LA 4 53 0K £, (s 0) 5 s (s v) C (uy w)
72D 25 [ g [ ) . FRC 2350 Xk i L - 25 i)
TR — (B 2R 1 A L AR e ) 5 — ke sE X
A :
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FRC(q) = Btk Xt Ty AR (40 2D PALMY

z(u,v) e cu,)fl (u,v)f; (u,v)

\/z(m cC(g) ! f' (u’”)lzz(m < Clg) ! fz (u0)P
Hrr, g RS AR, Xk I A B v 2 ) o 5 B ) 2
1, FoREBEAREE, (u, v) 23 e
H) Z4e bR, XPRAETP A, C (g) R
Hq R (83R) ERBRERES, [ (u, v)

(4)

BAE, £ (u, v) B AEGRA S AR 1) 2
hn, TR, [ (u, v) PRS-
FUGAEN . (u, v) AEMTIRGE,  RIE AR {6 e
JERPET, | (u, v) PASEZAEURAESS (u, v)
BRI, S (u, v) eC (¢) | MR
C (¢) WITAREMRKMIZHE , 5FSCHLL,
FRC REBUERE N (-1, 1], RBP4~ 2D &
PRAEAN R 23 [ ARk ) — 5Pk

O3 BER IR 2 [RVREFE T FRC 2R 19 BR (i 09
T 1E 23 [R] %2 g, % 8 FRC 2 80T [ 28 (8 1) 1y 23
EARE, PR r N r=1/2q, % I FRC B{H 5
FSC—3, f4450.5. 0.3, 0.143%%, Hf0.143 [
{ELAE B 4 HF 2D UGk by de ol iz 1, AEdE
B DT . SRRF S . ULM T3 9E Jbrifk
B 229 2L RE B ROR T, i FRC
S {E 0.143 1 % ) Attention U-Net 5 @ {5 43 HE %
BFRTAESE U-Net 5 FEULM 1, T FRC |5
{8 0.5 5 20 #r i 1T 52 BUAKILAE 115 43 B 3 A A 1
ik
3.2.2 SRS OCHMAL

FRC J7 ¥ (5256 5L A B 5 FSC 26, : %
ARG . Bl o H) . AR R R AR
4y, FRC REOH . BUEH € 509115, &
XF 2D EIS HRE, FRC 735 19 st Ak A 45 F
T4 %

a. BUHE Ay BIOR WS . X TR 2D KR, R4
FRC X P 20 ik 57 A5 B8 08 1 A B ol 1 FEAE AR A
FEAS . ShS g s ek A R S = P N . R
11 QS AT Ny S P B B B i1
WG S R FR——C T BN RE , (Gt
PR R ENR 2R AE B SR E S5 T &, B
EIR R R e W L VA E RV €/ S O o
PR 5 /40 5 £E R R MG R Lo ), o sk
FUZR 15 25 HE B 42 50% 3R BE AL 43 Bl 2= W 24 1 &
&, WO BAEAE 25 8] 5340 5 K BERRAE b AR —

STORM) ELHEXS FR o o Bl AR UEA TRENL /340
WD TF 0 AEARREALA AR, 533
AP 2D A HEEG, PRAE P AL B (4 7 et
FEPE ORISR O IATE TR A G, G
b Bk R RIAT 58 i PR e B, 0 TR S A
AIFERCHAFEA (WSS 7. i
SRR MR R . 53 H 575 90 Uk P 2 A 1Y)
MSrPE: TR R GG EUR S 5 S TR R EE
G AT AL R B 5 et 0 %8 B oA — 3k, B R
FIARGIA RG22

b. BIFEAE: ARE GRS 5 23 [R5
i, GHBCE B R R 59, 0 R AL
(BRI 53, B ORISR A X S A SR 8 R
FER o X TERBR [ 7 A L AR 25 51, (51 B0 43
i P HE R HER . 5 kR ER R R
SR MM, GG F B R EE MxM RS (BRI
oA A ), D B s ] Y [ ER R AR G L
0~ V2 M2, [BIECE @B E R 10~2041, V1
FEDURG B S5 HRR0%

c. MR AMESIE . FAHMEEIE L ER, 50
FRC Jr ik B 2> TR, DL ] SR FH W A M2 FRC
(FEIL3.3.1715) MEATACIE

d. A& 1) SR AP PR RAE Sl AN ) 7 1]
JE X Ja i) FRC 240 (ff B 2 A0 5¢  (Fourier line
correlation, FLC) ), ZEFH 2D B4 4% n) 51k 4 9
R . XK E R4
B AR A 1) £ B A R E o AR L 2s [
2 15°~30° (A1 B R o3 b JE X3, 49 Sl 158 44 X Jak
) FRC RE0 5 X W o3 BE, B 2 i ok IR 1Y)
SRR AR, B B AR 2% . FEARHL
] 5 DX 3R B0 o PR A 1) S
3.2.3  HFSCHIEMIXT b B 5

FRC J5 15 5 FSC i iy a% 0 Ji #— 3, Mk
T8 B AR 4 g AE DG A A, HIE H s AN ]
(#£2). FRCIE T 2D UG HER A0, 113
ZREERAR, AT PR SE B E A 2D St i iR S 2D
PR BRI S HE e it FSCAl T 3D BlI&
Oy KGN, AT S2 P 3D 43 A S SR A 4 T R AE
(SRR =N -/ S =M

TESEBRI I, 2D BUgHAR  (lnseds i ks |
2D STED, 2D PALM. SRRF, ULM) % FRCJ7
P sl 3D & R (3D STED. 3D
PALM, HFWIZH4 . 3D A Z M2
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HC %F  (ultra-resolution volume-stimulated Raman
scattering, URV-SRS) ) RAIFSCUrk 4, X
2D+ZHEZBNAS, W44 FRC 5 FSCH vk, 2rilk:
DA 1) 5 0 ) 43 R 00 il . #F 3D URV-SRS

g b, ) FRC RIS 7] 23 BE (86 nm), i#
o FSC I 0] 73 HE% (405 nm) ' 7EHLFIi/Z
Ffirh, Wit FSCRAE 3D A B, i@ i FRC
SRR DR BB ) R

Table 2 Comparison of Fourier ring correlation and Fourier shell correlation methods

®2 BEMFEXSEEMTEMBEXTEXL

Jrik dEME R ES N

BYETT A RRAE BAE

SEVERT/R S R HREG R

it 2D FIEEN & FSEbE. EH 2K [T
ENEES

fE. PSR HobRiEAL
fEEM 3D BR7E (=]
A FURB . EHC3DEE S FR R
GEES

SEELA [ S 5 Ry M€ (2D STED/2D PALM/SRRF) . %
BAEEME . ULM. $R3IME
M RMAIDY PR, EH TR SDEOPRG . | T2,
3D URV-SRS/#4% . TEMAH{

SERERME: 130 nm P, SRRF:
100 nm “*); ULM: 6.9 um ",
URV-SRS: 86 nm "]
HTWEAH: 4 A Y, 3D URV-
SRS: 405nm (i) K0,
3D STED: 50 nm

SR, 2D S RUE

g

STED: -2 ¥ % 5 #t ¥ & i R (stimulated emission depletion microscopy) ; PALM: J% fi{ i& i . 7 R (photo-activated localization
microscopy); SRRF: #B4r#if2[n)fiky& (super-resolution radial fluctuations): ULM: ##5 &N AR (ultrasound localization microscopy) ;
URV-SRS: #H0# A2 b 2 85 (ultra-resolution volume-stimulated Raman scattering) ; TEM: &5 H T B#AK (transmission electron

microscopy )

33 ETHEMTH®RMLTERE
3301 MEEAMEEEERAHIE (NC-FRC) Hik

ET ARG LS (Aneasy T A% i 55 26t
55, MBS FRC LM PER g E S B E T
K, RS 2 S EFRC R BUm G, dEmi kAL 4
HEAe MR AME M L FRAE G (noise-compensated
FRC, NC-FRC) Jrikiliat | AW AR (g
MhE | EHTMAREAE) | X FRC RECGHITROE, 25
TRAF MR LU BUR ) o B G B

NC-FRC J7 ik B0 AR . s BRI E
ik (additive) M7S, 38 b Al THRE S 1) D285 2%
B, R AR 4 rh R e 7S TTmk . RS FRC
28 BEBTN . a AT EUEIERS DR
N (q); b. XFPAS BGRB8 46 3F 47 e
B 2 A9 =f(9)=N(q), /'(q)=/q) - N(g);
c. FEF MR IR IS A B AR #1155 FRC 4K

NC-FRC J7 vk i 35 38 i 1 I e L G 104 o0
ARG B, & TS A BB (an
PALM/STORM) . 552 AR MR S50, SR,
BIFRARERARA BRI, TEm GHEE B
Wi FEAR S S, SR TCIEARAR G Al 37 (R RS
£, NC-FRC BT EARINA BT, XA Ao
N G ) BT R ER AP 5, DA

332 ZREMEHEMIFMSE (MS-FRC) SR
HIHERAH5E (rolling FRC) J5i%

Z RO B PR 5C  (multi-scale FRC, MS-
FRC) J7 i %t U R [6) RO 25 49 1) 43 W R 2%
5, A A ERE B FRC R4k, SEEL
FUG SR 3B o BE R 0 i A R AE . 1558 FRC 7L B
PR R PR, Jork R WURTREs R (angm
MDZ 5N S AU AR IC X)) 195 HE
Rzl e

MS-FRC 5 i %O B R« a B EMGRI 5
ZAHEBR IR b AT XA
FRC 255X R Rl P e sl id(E1s 8] 4
EUE B JR R BER A AR I . 207 k] B R G
ARk 2, ST ARESA (ndk
YIRS R ) Y o B A I Y
ZIT R R Y X ——R 8 FRC Jrik it — ik
TF XI5 R, R AN s Oy E SRR
ERAM A, PR s ) o BE AR R v L il
. fEM T FRCAL T, E VRS FRC ik K
AR 2% 0 SR B o % (80 nm) & T2 L Py K
(120 nm) , 3K 55 30 2 45 46 1 56 b 10 %% B B /=y AH
X5 FEULM B4, i@ i MS-FRC J7 ¥ 2 1k ik 2
25 el IX S RO A s B 22 5, A RS
AR ER AL SRy R A HERAKAE s AR Y] U
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Hi, MS-FRC J7 % 1l 48 75 A [R) 20 i J2 04 53 % 52
iy

MS-FRC 583/l FRC HiLEMIHAAET: a. HM
JETREVEA R X IR R 22 5, IR R A
PR AN A5 5 bl G L R E STREAR 1) 43 A
W, JCHIE T AEMAL YR A E SR i
Je RIS A 2 R R e iTH TR R G
b, B SRR HERR AT B i AG 2 E X, f8
SF RGN HRRMEET: M RRES
FRC 100, M8 GPU I ; X R~k
BEOP A SRS E e, Tl 58 IR TE i S
IR/ GEF R 50~100152) o
333 ARAFRF MRS R

B WG AR Zouk, IR BT & TR
SERAS A L A DA AR i, dE—2B 4 T
FHIE

a. FL I SIUB A 5 Al B 1508 Bt FRC ks %5
RN G AR LA AL, 7E FRC 8 i
AAGIREIET, & IE O R ES S 800 R AR5
W BAn, AR T AU Al TEM g, il
AR IE FRC, ALINEGIE T 4 A B0 HER, IHIE
SHABIEJE ) CTF BOE T o B e 22 2.5 A 1Y,

b. ULM & H FRC J7k: 454 87 a4 i 450,
Rk, SRADBUUE R 5, &R 551
BRI AR 5 RIS AR s, B IERGE T s
SEBASCME TR Blan, 7/ BUR U4 ULM
B, 3 AN R R SR A R (15/23/
31 MHz) MR, JESE 31 MHz RSk 7E i
YA R AT 52 6.9 pm Al 5 s A R

c. & if% (URV-SRS) FRC Jrik: %Xtk
AR AE SR PE, SR AV i S AL (Fourier
reweighting) 345 SR LS G FITSLFRC, 25
R B2 AR P 4540 00 o FE R A RS B . folan, A
URV-SRS (&, il iZ 7 k5 ik 17 86 nm (14 7]
gy BE 2%, H FRC 1 4 5 3 2 Ot 2% 1% 338 oR 4L

(optical transfer function, OTF) Y& 4,

4 EFXEX9H (DA) WESHE G
PR E

FEE T HEISAR B ) Z FEA S R 73 B3 I 2
BTOCRIREMGIERL . T EWSE, BB
BT K o ARG B8 8 )5 (W FRC/FSC)
WA Bds, B Fahisod BfE, JELLE 2
MAMBE A Sk 7 5 . 2019 4F Descloux

S LT DA TR S B0 R R R Y
e R R R A AR AL AR AT
SEILT ICR P E USH IS R USRS 5 B
Fah, NP SEGOEE BRI B
AL T @B Ty %8 o 2 e Sam it #h sE oY
563 1 SMLM 048 s fo vk ), Jf4 s 7 ikfe
E e ofeng 2, bR R T N .
4.1 FEREBSZOEHEH

2T AR HTAE T8 8 0 — b L AR 46
A E T S TRk, FHARGLE SR HARgs
RO, FHAE I Sh AR g S A A 3 e RS
BUEZS AR, TR AR R AR sl i B A, H:
A TSR 43 BT EIAGAE o FEL 233 ] A A OGP S R
P& WU fig 08 7] 5 AL 2 1Y B s A B AR DL R AR g
B 24

X A R A 283 1 (k) (K k= (k,,
k,) AL AS [ AR ) ATk S AL B LA
GIREE L a)= = g s MW/ R A N o/

1(k)
mm:mﬂ[ (5)

Hodr 100 A Bt AR e i AE, IH — b3 AE AT
oy EAE S AR SIRIE R, (ARG fE R (g
BEERIIRZ) TFLORER [R5 A1

FESLEMKREL (d (r) ) MEGE A
B 3 B S 1 UH — Al A R AR 6 ) Bz 2Rk A8 X
FHG :

d(r) = R TRV ()M (k; r) k.o

N1 )Rk, dke T, (k)M (k5 r)Pdk,dE,

Hor, d (r) REAHSCREL, iR T As
S 3 8 S UH — A AR e 22 TR B R b 38 SR
JWAE 5 TE AR r AR X R Y ) — 3k, (M (ks
r) ) R (re [0, 1] (H—fBS%) M —JCH
AR, 1 (k) AR AR 1 (k) &
e, PGSR BEAR I, R, (- FoR
WS, [ dk, Ak FEA B S ] B By, &R
TR AR T SRR X (Andemsepy ) i) 82m
BAE, TR BOMOCHE, N1 (k)Pdk, dk, R )5
GR A B AR T () B RE B, VRN RAM S R BB
() —&B4r, L) M (ks r) Pk dk, ks 188 98 I Je 13—
AAd B AR 3 Ink AEEREM (ks r) NINRESRE,
FERMIXREOEME—fk; D () =e [0, 1],
{H B 45 00 1 3R W92 00 R X N (S 5 — Btk
9/

(6)
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3 B AR S A Ak 2 AR B Bl s
W JE b AR () W () g, K
JRy B B RAERT R Fre AR P -5 5 PR B ™ -l
w, ZIEENIE (r) 5 RIMRES B A BN
Ko AR TR, XA ER AT
(N,) YA RE R 5 Y il I8, XU s &
A B LMK, BT JR R (A B

CLroy my ooy ) ) TEURCRAEAE 8L =5 1]
B, kemmax [ry, riy <o, ryl, BESHEARI
ER/N W
’ . .
Resolution = M (7)

k.
Hrr, pivel size HEMGIZE RS, koRE—fe#kik
23 (A8 . 12 v 38 o B B 3l F 3l o Ak A
R ARG TR AR 0 P

B X SMLM ds iRk vk, SR L5 b s 17
KAEPLAL . SMLM it /8 J2& 2 7 sl 48 A il IE B 42
BUR, S Ve G A A RS A ReiEA T A ey
B, (EARSe e gy (T A v 28 B 1 (67 N
FETEREIEYL) Snl ABIMRIE, SR PERMG
TR 2E. Ak, Descloux &F 2 47 H ek it &5 &
(bilinear histogram) & Ye50E, KRR AL 5534
B4 AHEBR Z IR TAEE, AR08 TAnifEE T
BITE Je iy iy AR 25, H o MO AL A0 E TS
B, fd A M A SMLM B4 v 52 30 ELE A
SRR RIER TR S DA G R, A HRRAT
AR 5 o7 %5 B M€ ARG B2, 76 STORM, DNA-
PAINT 45 SMLM 75 h 4 R S AR e PERE
42 EREAEXBRAES

DA [N SEB 3 R 4 A% AL BRI
HIP 1.,
4.2.1 FURFALFE

X A BG T U)BE - (edge apodization)
ARFR, A R A b R A R s BRI EUSR R
PO 2 28 R R AR EDL] B DRR AN 2 5
BPRLG BEK 2 X F SMLM 5, R
LeME B R R, B L vy, | R 44
AR %, BCEE Tk AT w[ay,] =
(1—%+L%J

v =Ly
B AR A T v S R s e (R 5~
15 nm) , e /K S B0 £ 5 2 [RIAR Skt Ok
(i i BRI ), o R i % 2 Jh e v U (R e

&® (1 -, + |, I, - Lx,lj), =R/KEA

B ) 22,
4.2.2 [HHEMASIH—1b

T A B A 0 L A 48, 3 s (S
— {15 3] 4l A AL A O 5 13 — fk (8 HL AR
(I, (k) ), BG4S HME RS M R,
X SMLM Vi Je /g, I3 — L4 vl A S AR TS
P | ARG 2
423 DA MRER S FMCREOTA

i 7 A — AR AR (re [0, 1], i 0T
FOEHER M (ks r) XF1, (k) SEFTA @80, 2
WHREMKRE (r), £ld (r) -rihk, $2H
ERNEE S ENERIINASE T SN S 7 R A 1 D 0]
SMLM EHE 5 5 25 57, T B P 0 2 i 3k
F] (1~4) x10* loc./um?, VLB a2 125 [6) 40 5
P, b IR 3 O R Ao
4.2.4 IR SRR

XoF D LA N, R JE v g O (DA 55 31
i), EEALTE4.2.2-423, BEEUA RN EUS R
PRUEIEAR [r, ..., ry)s BUIAW(EMZN) R
(HAE IR IR £, ARASFERALTT B R
S
SR TL . R B Ng T ARE IR
fEWE L BB N PR, PR e o0 55 R X
FEASH A K T P B RS B SRR, R
28 5 5 10 B 4l 43 DA Ak v A0 X 38R 5 SMILM
B T A5 MR A 57 2 B YR S5 sl A 28 2 1 i
S 5TE YR EN S, TR HER R 5 B 1 7AE
1k, ModeRiaTiaeE (MBEE) B, £HE
DRSNS BN R 2 BRI
P ——xF Tk SMLM B, 14 E R 55k
BARG YLy HERILEL, X F SMLM E%, 1%
F G HE R B N SRS B 1/3~1/2, el =3 [i]
Y PBER SRR
43 MEESERSRHE
431 ZorEREIi RS SRR

ZT RO PEBE T AAE T LA 44051

a. TBHRRE . YL N B PERAERE, T
TP TR EEMSE, MR T EMRE, 7
SMLM. STED. %% 2@ mfgh, ANEEE
A HZ T AR I BERA T 22 5N T 6.5%,
WA AL BB RGBT 2 2

b. FUREMGERL : (T oKk EUGEI] 58 il oyt
RGN, PR TN 22 41 S BE B KA. #E STED
BAZ T, G 23R FRC I 0 79 48 0 ~7 %54
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—Et:, FEFRCARRL, 1M DA 85L& 5357
I FILEEZ [, WERf Ak STED £ 5K b A 42 55 A
TRA R PR (AN R h STED 43 #3828
DA K A (64+1) nm, HFIS(E—) .

c. ISP AR . RS TR 2 % 5
ARG, CREEH T .. HRE
STED. SIM. SMLM (STORM. PALM). SRRF
GRS TEESEY A AT (K
B GRR ., ZALEAYI Nup9s), DATENIA 45
KRR R EN PR EE T, W
FWHM 7£ Nup98 %5 % 4 £ #4) 1 [H PSF 5 & Jo 7
BHIX AR AL, R HERARA 30% LA 1

d TPE RS . B I & IF R Image) 46 17F
(ImDecorr) 5 MATLAB A%, HLiE 12x12 pm? [
BB PRI AR R 2030 s, HALEAE, FT
BHFS Tk s mgE) T A 2

HFZmBRYE R AR A 2568 H T 2D/
2D+ZHEE G, 3D EHGAR IR =R AL T 1Y
R 7R X R AR U 221 R B R
Gy HE AL I 25 S, B B T S
Jrik s SMLM B HE o, M Ay % AR T
1x10* loc./um?H , 23K 28 A G HEA [ S8 e
Al e G e A AT YR R Rk
g
432 EENEENE SN R

U B 9T UE S5, DA FE £ o 4y BEAR S
(SRRF. STED) MIEZAWast (s . Zebifk .
ZALE A Y Nup9g) o, EKILH  FWHM 1 FRC
LR (% 3 R R . 7E R P STED {4
W, BT A SRR FRC T 09 80 ok 7 e e 85CH:
JR, T DAAE Ry B & 43 B 5 125 i D IR 1 R) R
REERA PEAY STED 7852 bRk 4 2544 T I AT 3403 Bt
R, O H SRR UER E L TR X T PSF &
B EELEH (W Nup98), 155 FWHM i [H 67k
DX AR s E AR A HE . DA MO R A A

HE, meHER L PERE 1. A, DAt
B HIE24, B WAy iE s T EF0h )
GBS AN TR Ty @ 54h, ek
FEIRBUAS . L1 20 Mo o B VA SE AR AR G o B AG
W, DA IR N HIWE 7). TELT A fit
FEFTRPEAG T, DA S Hr O GECEE 1) 2 A DG
[a] (speckle decorrelation time, SDT), [a|#ZmEfbel
A RAEFRE 5AERR ST, IR A A5 ks

FEHE TR B AL AR s TEOCE AR T W R A
(optical coherence tomography, OCT) HYiz &l R E:
Hr, BT DA JRIRAY F IS N O DA S T ROK 9
BRI RI , S HEAEIk 8.6 um, B OCT KA
BN TERRHE T HOR S

5 EFRAGMBENSWE “SIRe"

OB S Ak T A2 1) FRC/FSC J5 %, i
JEHET PSF e DA 1751, BT AL AR EXT
Ko Bttt Mo itk , it — i
Or PR R GERE T IR BN UG o PR R B . dRen]
FERY AR, IO UEHR AR REAE EL S S P
A O REE 2 5 O R U S RS 4i 444

X ZRYIE )T R OAE T AR R A,
FRFEAEGR RUE B2 T . il g R 5
REARVA M . VDA X SERAIE, RIS BREEPEH 2R
G PR ST o W FHIAR A S AL G N TR T 4s
L T S T B ) A 2 5 A R 45 R B 1) 5 s
F o N BT Y 25 0 1 5 ol Ak 19 23 B 56 I 4
(Argo-SIM, GATTA-BEADS 55 ), ‘EAI1# # 6 &
HATREE PR DO AR IC A SRR B 5 [ 7E [ FEAY
et % fLE A% (nuclear pore complex,
NPC) . M #% & H /v % (clathrin-coated pits,
CCP) . Hr.» KL FEE 25 & & & (synaptonemal
complex, SC) &5; W[ FE YA L2500k T
DNA 1 8 B 2GR GIE SIS (DNA-based point
accumulation for imaging in nanoscale topography,
DNA-PAINT) AR5 4 DNAHTAUAR, AT IFE: H
R AR RO T, AP sibfe fit
TR T IREERIPRIRL B0,

XA B ARE” BRI EANGE TR
PrEOR, EEEAIE, BRI &7 T RE
ZWE IR, i, —A R AT RE A AR = ) FRC
Oy BEARBE, (B TE S BRI IE v 20 J0 v IE A AL 5
NPC (PR G , 3xX ] B8 2 K e A o
EARCEEA R, SFERGVEERE . W,
e, FFIREE RPN S B R © S B IEAR 2
B IR PR A R B SR L R AR

6 BRWNKFERBGTHRENTTE

T BEL A W GCE AR SR T AT SR BR Ay ok
HR GRS 500 BB AAEA TSR, S5
FGE o3 WA J5 vk 55 5 T LI 4 ) el FH 7%
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ML EE D 57, SR R 4 e R i < FRC(q) >

B # 1T % T — RS BI BER M . o S {0+ Mg Jexp (Aot

SRR TR . IR B SO = = (8)

Sy BHEEAR B BRI T 7
61 BHFEMEBHMA (SMLM) 7 % L4
ik

SMLM J& 88 73 HE AR R Y B 80 5, A4
PALM., STORM, dSTORM (direct STORM) %%,
HAZ o J PR 38 2o 43 T I BE AL 0 S5 i
£, EaE PR, TFEMA R, 75 SMLM
i, B FE ARG E (localization precision) 5%
2 g e ORI R N =3 QU =Y T =L VA
i HE R T i 2 B o T B N E P, RS
Gy PR T 18 7% JE T AL S 23 W] 43 A
J&, EUG AT E T e 41, e B R 2
(v Y S TRe Al B S i i AT IS D O K5 e e VAT
BRI, PRI T AT 2R A % e VA
JE . PRICEE | FEAREHSEZHER
6.1.1 FIREJ}jiE

FIRE J71£ B Nieuwenhuizen %5 12 722013 R4
. 2T FRC AL SMLM & J& 43 HF 54
W5, GE%IET RS FEMRE . mcEES
FEAZS [ G5  BER A 5]

FIRE 5k DR A 448 a Bl ®l:
AT ST EARBEAL S P, PRUE P ik
SEPE; b BUSEE . ST AL (B 43 ) T
~2D/3D T HEEIR, BURIR R ATl e s 2
WrFERFEMEN]; ¢ FRC REOTR : XMW EHEIR
b7 1 Y R L = 7 N g [T e B 2 &l
) FRC Z %L, 53| FRCINZE; d. H¥ERME: K
FH0.143 HI{EAE R FRC MR AR, X Al 2

AL R A ZS TR, 0 R i Lk 2 [ AR
R

&4 FRC J5 Ml b, FIRE 5 ik 1 L5 1k
FETF: a B E O WA 0 PR TR R E, Pk
TEAR BRSSP E R ST RS G AR
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Fig.2 Super-resolution imaging technology and adaptive resolution detection methods
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Abstract Optical microscopy is essential for exploring biological and material structures, with resolution
determining the level of observable detail. The advent of super-resolution fluorescence microscopy has broken the
diffraction limit, achieving nanoscale resolution. However, traditional assessment methods, such as the Rayleigh
criterion and point spread function (PSF) width measurement, rely on empirical judgments and diffraction-limited
models, rendering them inadequate for modern super-resolution imaging. This review systematically traces the

evolution of resolution assessment methodologies, from classical criteria to advanced strategies tailored for
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various super-resolution modalities. We first discuss Fourier-based quantitative methods. Fourier ring correlation
(FRC) and its 3D counterpart, Fourier shell correlation (FSC), objectively determine resolution by evaluating the
statistical correlation of two independent image reconstructions in frequency space. These methods offer
robustness against noise and provide a global resolution metric, but they require data independence and are
computationally intensive. They have become the prevailing standards in electron and super-resolution
microscopy. Subsequently, we examine adaptations for specific super-resolution techniques. For single-molecule
localization microscopy (SMLM) techniques such as PALM and STORM, the Fourier image resolution (FIRE)
method extends FRC by incorporating a physical model that accounts for localization precision and labeling
density. For stimulated emission depletion (STED) microscopy and other nonlinear techniques, assessment
strategies differ. While PSF shrinkage measurements using fluorescent beads are useful for system calibration,
evaluating the effective resolution directly on biological samples is more practical. This is typically performed via
linewidth analysis of known structures (e.g., microtubules) or edge-spread function measurements, capturing the
effects of photobleaching and sample-induced aberrations. A major paradigm shift is parameter-free resolution
estimation based on decorrelation analysis. This method analyzes the autocorrelation decay of a single image’s
Fourier spectrum to identify the cutoff spatial frequency without requiring dual datasets or user-defined
thresholds. Its high efficiency and broad applicability have been validated across widefield, confocal, STED, SIM,
and SMLM modalities. Optimized rendering strategies for SMLM data further enhance its accuracy, and it is
emerging as a tool for real-time optimization of experimental parameters. The review also addresses the “gold
standard” of resolution validation using well-defined nanostructures, such as DNA origami and nuclear pore
complexes, which provide ground truth for verifying resolution claims and detecting artifacts. In the era of
artificial intelligence, deep learning plays a dual role: it powerfully enhances image resolution but also introduces
challenges, as models may generate “hallucinations” or false details. This underscores the need for new validation
metrics to verify the physical fidelity of Al-generated content. Finally, we outline future directions: developing
unified cross-modality standards, enabling real-time dynamic resolution monitoring for live-cell imaging, creating
techniques for generating local resolution maps to capture sample heterogeneity, and integrating intelligent error
correction to ensure data veracity. By providing a comprehensive overview of resolution assessment progress and
challenges, this review aims to equip researchers with the knowledge to select appropriate tools, thereby fostering

rigorous quantitative imaging in the life and material sciences.

Key words optical microscopy, resolution assessment, super-resolution imaging, Fourier ring correlation (FRC),
decorrelation analysis
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