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. 1.1 Conceptual diagram of the questions posed in this study: “How does melanoma respond to

fluctuated mechanical compression?”.

. 1.2 Approaches that combines the application of compression to cell with maintenance culture.

. 1.3 Overview of conventional dimension transformation algorithms.

. 1.4 Relationship between the chapters in this paper.

. 2.1 Cell culture device for imposing mechanical compression with temporal observation(CMT).

. 2.2 Creep test in CMT.

. 2.3 Creep test during mechanical compression in CMT.

. 2.4 Fabrication of the 2D melanoma model. BI6F10 cells were seeded in a cylindrical area in

the PDMS mold on a cell culture dish.

. 2.5 Cell culture test in CMT.

. 3.1 Conceptual diagram of Dimension Transformer with Bidirectional Coding Theory.

. 3.2 Accuracy of the decoded data strings using BCT (n=1000, mean = S.D.).

. 3.3 Execution time in encoding and decoding with a 1D random number array of integers

generated from a discrete uniform distribution.

. 3.4 Reversible dimensional transformation without information loss using DiT. The data values
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contained in the voxels of the original and reconstructed data were all consistent.

. 3.5 Reconstruction of the self-shielding 3D object with DiT. The data values contained in the

voxels of the original and reconstructed data were all consistent.

. 3.6 Reconstruction of mutual shielding 3D object with DiT. The data values contained in the

voxels of the original and reconstructed data were all consistent.
. 3.7 Raw data and calibration test.

. 3.8 Dataset construction and single-shot three-dimensional cellular computational microscopy

(STCM) architecture.

. 3.9 Learning results of mapping from the single phase-contrast microscopy image to the 3D

cell shape using by STCM.
. 4.1 Image analysis using ImagelJ.

. 4.2 Progression of B16F10 cells in a 2D melanoma model under mechanical intermittent

compression.
. 4.3 Cell viability and cell proliferation assay.
. 4.4 Quantification of cell migration and invasion capacity.

. 5.1 Phenotypic plasticity of melanoma cells in two-dimensional cell culture model under the

intermittent mechanical compression.

. 5.2 Representative phase-contrast microscopy images and three-dimensional cell shape images

reconstructed by STCM at 12 h culture duration.
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Fig. 5.3 Time-course change of the percentage of cell number in each cluster at control, T=4, T=8

group.

Fig. 5.4 Phenotypic plasticity of melanoma cells in three-dimensional cell culture model under

the intermittent mechanical compression.
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Table 3.1 Performance of the generated 2D compressed map with PSNR, mSSIM, and CCC. These

metrics were calculated by comparing them with 2D ground truth data.

Table 3.2 Performance of the reconstructed 3D cell voxel data with centroid error, relative volume
error, relative surface error and absolute error of three-dimensional morphology index.

These metrics were calculated by comparing them with 3D ground truth data.

Table 3.3 Comparison of the 3D cell shape reconstruction on the established dataset using IoU,
Accuracy, Precision, Recall, and F-measure. These metrics are calculated as the mean

value in the test data. The best number for each metric is highlighted in bold.

Table 3.4 The number of parameters, memory footprint and inference time on the established dataset.
The memory footprint was calculated with a batch size of 2. The inference time was
measured in each epoch with a batch size of 2. The resolution of the input and output size

were 32% and 323, respectively. The best number for each metric is highlighted in bold.

Table 4.1 RT-qPCR primer sequences.
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2D-CMI: two-dimensional cell morphology index

3D-CMI: three-dimensional cell morphology index

ALM: acral lentiginous melanoma

AMT: amoeboid to mesenchymal transition

BCT: bidirectional coding theory

BIC: Bayesian information criterion

calcein-AM: calcein acetoxymethyl ester

CCC: concordance correlation coefficient

cGAN: conditional generative adversarial network

CMT: cell culture device for imposing mechanical compression with temporal observation
DA: data augmentation

DiT: dimension transformer

DIC: digital image correlation

DMEM-high glucose: Dulbecco’s modified Eagle’s medium-high glucose
ECM: extracellular matrix

FBS: fetal bovine serum

GMM: Gaussian mixture model

IoU: intersection over union

mSSIM: mean structural similarity index measure

PBS: phosphate-buffered saline

PDMS : polydimethylsiloxane

PI: propidium iodide

PSNR: peak signal to noise ratio

ROI: region of interest

STCM: single-shot three-dimensional cellular computational microscopy
SOTA: state of the art

SSM: superficial spreading melanoma

MAT: mesenchymal to amoeboid transition
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T1E FES

L1 BBAIRIEICHT DA T ) —< D%

T, AT —~OREFN/HRAITHM LT WD ZENREIh TR, 27
— AR T DR RIBFIE OB E S TWAD[1]-[3]. ERBMD TRNAT ) —
< IO EMEJEF IR TE WA LCEEZRL, PEHOEBEWHIEERERETH H[4]. X R
U AR IO TARERRIES], [ REXFF SN TEREN, 7F747F v —vay
7 REE RN EE 72 E DR D TWRANZZEMERT], [8]1% R T — 5 TREFITMENZ L AEK
RBEEHTH-2[9]. 22T, TFEOFAEMFOREKEZZ T T, FFEOBKETERY
B Y — 7 v b T 255 FREEREIE[0], [11]°°, REHETF =y 7 KA v MlE AR
FERRIE[12], [13]72 & O BB RIBRIEN R A L SNz, ZThDDRKIEITAT ) —~
DAY X —HTEATThHD, RIEMEILN VI AT 7 —~ (superficial spreading melanoma:
SSM) Zxt L TR ZFHE L7z, SSMIFECMIZ: & OSSR TR ICHIET 2720, &4t
MIRZEZ RN E L2 OBBTEENRD LN TWB[14]-[19]. HEOELETFERE ¥
— 7y b & LTy AR EIE R E LI, SSM T LD THEWRHE L RT Z & 03
B TWVWDH[20]-[23]. LML b, BEICRBIIRIETD~A T —H 724 7OREERT
B A ) —= (acral lentiginous melanoma: ALM){%, 2840MERIRETE & 0 BN MK < Ein 4
BOFEBRBDIRNT2D[24], [25], 7 FEEAFRIELRERIE R & OB 2 IR+
HIKZPEDRNRIARN26]. L7223 > T, ALM O X 9 A 484 g5 & o B M D v~ o F
— YT A TR L THRRORRRIEZHET L 2 LREIRDENATNDS., 22T
YA T =V TEATOERT v RTIL, EHARBREICLIIBEFERLTIEAERD Y
2 ABGFEET D EHEBEINTVWD[27], [28]. I, 27/ —~D#ERToERICHEZX 5
BI2RWFE LT, AT =<2 HTYHBRE BRI AER S Lih® 7. Minagawa
BiE, BRARFERIZ IV TR RITE 2358 < B S D EALICEB W T A T ) — < DR DM
ESNTWD Z &2 L7Z[29]. Liu b I3FH R MBENREDENZE > TAT /—<D
WERNEAT D EE2WELEBE0]. LLEDO XS, AT/ — < 1 XFRA0 7 B A0 34 2 s
BELTHERT A2 ZBMIEL I ENRAICHALNERSTEL., Ll b, £

PNTRAET MRS BRI W ICET T 5720, AT/ —~OERT 0t A2
1



S BRES 272 DWTITE B+ 5 BRI N IR T DIGEMZ M« 2 LENH 508, By
BTIEEAEDOT o ARKMHATHS.

£ 2T, AKWETIE, KB SEMAEMRRIRICT T AT ) —~ Ml oS &t 2 fii
EHLUANVBIOHE-ME L~V THAT S (X 1.1). KELRE, AOF5E0 32 Z3
DI ERLT 2O0EREHHAT 5.

1. BSA A R ED N B e e & (1.2 &)
2. DUk oTAM IR BE e (1.3 &)
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Fig. 1.1 Conceptual diagram of the questions posed in this study: “How does melanoma respond to

fluctuated mechanical compression?”.



1.2 BRI EMERIEE NS R E

ARHE UL, B AR BLR D O I SRR ek 2 SRR 0 FOIN & KERFRE AR A WAL D
T m—F A R L. MR ER R AN R T, AR, B EHRE
FOHMNERDOISOHEFBICE>THHETHIENTED (K1.2). 22T, AJJHEFEL
[T E A & BURHC AR S 2 A ZE SR, B3R LB OIS & & I E 3 2 Bl ) 22
EAEET.

ANERIT, WEAREEDHEOEEDEWNICE > TRIISND. WERAREE DB )
DIXIEAR O ERIZ S5 . BEARRIC, 1AK% H W 72 JERE RN O BN C xR =317, [32],
[ AR CIEBER A IE /) [33]-[35]1 IV b iL 5. M By @RI B 2 A E 018, #KE
(ZHEANTRE LR RIE O Rt BFIEINZ2 Al RE & 9% . W BRAUAEIE O BLA 2> b 13 Rk & 2>
EEIE D AN N ERICHBEND . ISR TR 70 ORI 2, A% O 3R 6 DH 70 1 7 )
WO Z ATRE & 3 5. mE I K 2 LM R o BN <li, 1.2 IR T KR+
BMBEICRBEIND I F L AA—BENH VB ILH([36], [37]. HEAEIEIC X D LMK O
T~ A 7 Bk T S A ZTRE SN L RS [38]-[40]5°, $E7Z2 & HALEEAE[41], [42]
NHAWLND.

AUBHELRIE, AWFENREE R X OB AREIEOBE N Lo TR END . EWFEHRE
J& DB B ITHE— R L L IR F LS B S A0S .l e - e R AR ELAE T & RT

REZR PR 0 HEBR ™ 245 & 13 B — ML L~ v, SR - B F AR ELAE & B8 T 2 3 G 1 M 4E [
L)L CRB AT 5. MRS O BLE D BT Tkon g Sk e E I S h
D. WOt Ma S R Il E TR A R T A5 E, ROt L e D, SkoTHY e
b~ b U 7 A (extracellular matrix: ECM) 2 X o THIEA AR B ER S 256,
SWRICHEIE L 72 D . L, ECM MR EEHZ & > THBIN e B Ch 5 L AIRRIC, E1bF
B X NEDNFRORBEAERNOL THHLZEDBHALMNER-TELTLD, ZRTHE
I X 2 MpaEE S A< VWb LD & 9127 o T & 72[43], [44].

HABEZRTIWEDORFMSMREIC L > T, = RAA LV MIEELEZX A LTS
APEDBFET D, =2 RARA » MIEIZB WX, ORI ABES LT Lz
FERIC B W TORMET DI DMK RIIERITIMETE 2. —FHT, A4 LT7T X
HEICB W, REOJEE AR ORE THIET 2 72O MR RAERE A TX 5.

AREFFETIX, MBER L SV B IO ML LD AT ) —< il CHEI D K

TS LIX =R RSB T T V2R B R L35, RO B BERITIT,
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1 e L OE —Ma v~ L OREHI R ORE 2L EL TRHTE LI &

2. MBI ORRIMERZIGIETHDL Z &

MULETHL. OB EREEZME T ANBERLELNEROMEIL, ThEth

1. EREIEC K D EE ARG 2 FDIN T Re Ze A ) B3R

2. FA LT T ARERRIR M EHR

Thd. JRHEHFAZLAHZHNTE 2 mEEICE > T, MERS X OH—-HMr~1ic—
BRZRERERI AN T 52 N TE 5. £, WEMZEMRICEN BT ZH WD
e T, WELLEMMMZFFHEAICHINT2 2N TE 5. HMEIC X OBBRNEN %
FINg 2 B oM & L TR D L ISR T o528, Wi s EHEINE
WEIZB WL R R R EBMRGE AR N AET D, £, MR Z 7o =6 Rl o B
INCUE, M & A ER DO E IR TE T IA LT T AMETE RV, £ T,
AMFFEN I T EMRIEEDIN & R FE A fG I KOO MR 2 W T oL ZE LT 52 L
T, WERFUG A BUG T RE e BEAR A JEAR R I FV NS BB 2R T OLENH 5.



Input

Physical state
Liquid Solid

260 Lob

Biological specimens

Biological organization

Single-cell Multi-cell
Q,.0
<> <%%g
52 Y)
Output

End-point

Time

')
- X =

Physical structure

Point Surface

! EEER

X  Sooes
Qb JOo0w

Cell carrier structure

Two-dimension Three-dimension

e T T Hewm

Fig. 1.2 Approaches that combines the application of compression to cell with maintenance culture.



1.3 DOYR G A BR AR 8 1

ARHTIR, =R TR o B AT R 28 A1 2 814297 2 DU R oo il e LA 5 v 7 e e 1) | 2 2 L
T5. 2 2C, MRBEMEE TR O FRIMEIC L > THIRT e —F "R,
AETIEIEBEMENA Fr VB I AT ) —~v izl e LTRET 5.

DU YR e AR B BERAMOBR 51T, ZZMIE R 2 WE T 5 = Roc M BAER L &, RefERZ e T
HEA LT TAL A=V TOMEFICL o THEEIND. —E&KIIZ, SEBELENA PR
TNANIZEIT 2 =T B ERE TIREOLBMEEEN IR e Tn D . st B EE
ETE, 8 EEZHCTHIENORED T2 T 5. L LR, #EHEMEE
FOEFERNIRE, AFVEMLFIC L > THlRESHZ B2 LB MbNTEY, &
MBWBRIEIC L 224 LT T ABRITAR PN MREZECEEL RETTRERH D
[45]-[47]. £ 2T, #XMEELZHWTICHlaZRE 2 % LT T 2ABERRT VT U —
BMBIE DS ALETH D, o, A7/ —~HRICEENDI AT = ARITAHENE
BT S\ R R 0 AR A 5k < WIS B [48]. BRI £E O S FE[49], [S0]X0%E B R
CEBEIR) [51], [5211F A T /7 —~ Ml O AL FER OS2 K& S Bfb S 5. AP ER
RBICBITLZAT ) —~DIEMEZNET 701X, LRFOEZEAZRAE CTHO L
TN ay RISV T ) —BHBBERLETH D.

A, FHEBEMEEE L XN D RBEWEEN Y T vy gy BTV T U — B
EEERARERFERE L TERAINLTWS., Yo7 vy ay MEFRBEMEEEIZ, 76
T —FEERFHT e —FIRTES.

JFHT T e —F T, ORFHERICES S BRI T 2 2 L TR & B R R
BMET 5. REITIE, BFHN7 7o —F 2 BHMEELS LOTHBIECHET 5.

BREBEIL, HF VAT LABIWNHAE Y AT ADEWVIZCL > THETES., KFEV AT
2L, BHtOMEICL>TEMae—L Y MEBRBL OO ZER 2 — 1L v ME®R
RICKBEND. ZERabe—L o MEBRETIE, SEENSHEELN 2Rt —L b
HexmH— TR HREHI RS 325 2 & TRBRENAMAZ TG L, SHRENMNDL T — U =&
Wik &t L TR EBFMET (53], [54]. MomZEMae —Lv 2 MEBRRTIE, MMHED6E
Ffo e o2 = b — b > P2 sURHT IS UG 9R EE 0 A &2 UG 9~ 5 [55]. St o 43 Ai
7> B 5 B 5 AR R0 0 ik T R I B S S AR 2 METRIICEN R TS 2 L TR 2 AT
5[56], [57]. WEHE T AT A%, RENICHT 2 BELREE 1 BNEE S 2 BB HEE &, &

B OBEZBET HHFEMPEFE SR SN D, BIPEE TIE, SRS & w0k O IRiE
7



A & R BRE N DO BEHRIARRIE Y AT ALl L, SEBMESAEKZOT 2R
Va—va Ko THNTINICG 2 TSRS 2 [58]. s sRIE /5 i BIEUE mOBIR O G B
BT AMENMZRTEETHY , MBHEICEI 2BV BN EG INLELSFIHINTNS.
FEMBEE TIE, B A BT 20 RE A A2 BRIICKER AT 2 2 & TR % i
T2, REFRICIIRZ2FEENERIND N, FEBOEFLVEEIZHE S THRZESS
W[ BB 4k 1 [59], [60]° B — AMBHkik[61], [62]72 & O @EdEE 2 MR AL N E ST &
oo THHOEBEIZE VT, Kk GRS L o TRl S5 K 5o < B g
WMRLEEINDD, ZEBELAL A IENIZ B W TIEEEGEL O % )5 1 2 K E 3 2 dkik i (2
[63]° 2 LA EDZEBELE AT 2 R L imPl[64]78 Exkx il 2 WD HLENH 5.

THWIETIE, Yol hvay M A=V T RARLETIT VXA T T 7 1 HiifiiC
HHMNEFZ > TWD[65]. TVFNALKRT T 7 4 TIE, L—HFoXirmae—L AN
RzWikitks KOS HEET 5[66], [67]. WAL L ZROEDOMAHEIC L > TERESH
DFWMERBRT 5. FHRICRKT 5 MESMIIMAHEICL > TREIND 2D, §HE
W AR MR A I UGB A AT 2 2 L TEWR TR A BT 5. T, WiEto
2 Wtz 2ZMMICZEAT 2 EMALRHZFE AT vvay T VXA R
777 4 —RBFE S hiz[66], [67].

lED X512, RFHT7 o —FIck by 7y gy MRt EBEMEEET, B R
FIFRATIC X o TERWHIEREN AR IS Z &b, B L OEROMHE S F L
REEZETTCE., LrLRans, ZEBEMHEME TS 2 08EE N Fe L TI3R
TR HBERLHRWEZHBELN AL D720, HFHT Fu—F 2 W ARKIFEICE T 53
BHZH T A4 A=V ZITBR A TRHRETH 5.

HHRFHT 7o —F1F, EFEORBFESTOREIZL > TERRHITER SNH O T2 L
WMChD. WETFETIE, SEENANERELNERO T -2 BEEZFET 5 LT,
AR Z R SIHEREEREZEET L. REFEETVOFE v 2280 T, KR
W2 EOYHBRRZRNET HMENRNWZD, BRREONRTFNT 7o —F TIHRBEOH L
W AR TH T IRE & D72 5 TREME S @ 0 [68], [69]. 72 & 2 IE, Wu b
AR LT R O IR T BB B 0 b IR GCAI IR B R IR 2 HER T 5 T L & B3
L 72[70]. Blundell & ($ ¥ 5y 1 RIEBEMKEE 2 H W2 2 VX7 B O “Re#CBEBEE S » 5 =
Wt Z X7 BIIREZWN T 5T VLR LIZ[71]. T bOEATHETIEL, M= b

7 A Mg 2 BAGT 5 2 LN TE 2HOLEMER S A DB E L THWbRZ, L
8



LG, AFEICEVTEMIERE 7 V7 ) —C3 T2 0ERH D720, 7L
7Y -G EANEBRETOIMLERD D, 2T, ToULT U —BMEHG OME &K
B 5. —mic, PAEBEBECRE ST LT U —BMEEBIE ) A XD D70
BLid 5T, Karv b7 A NREG LR D[72]. MHEBEMSECHMS THBEME TR
NIV T ) —HBERITS T T A NREMGE R D —FHT, AEBEICERS
L/ARXRN—REDOT —F T 77 FPEBIIBY AT, DLEDX O, T T Y —
BRI FTANE ) AXR ML= R T RERICHDL D, 1| HOTXLT Y —
BRSO Z eI 2 R L X9 LT 2R AEREFEL 2.

VT, WEFESFICET 5 SR B EMERNZ BT 5. —RINR =R B
FEM T, BHOBEE (s Fay ) PofrEgInzZkcEBRE =ReT — %M
DI L B FEHET ML o TERT 22 LT, BEEMLO ZRcE B> b =kt
B & HAEE S 5[73]-[76]. v/ F v ay b ZRGCBHBEICHNONIEBFEET LT
X, BE=a2—I 0y NY—=IBRESEHESNTWD., Hg==a2—F 1y NU—7 &
X, ANMBREHNEBERZPEALMFE Dy VI o TR IN =2 —TF LRy NTU—7 D
ZEMEIC L > THBEINL2BHETALNTHD. =2—F Xy NT—27 TiX, A»b
% TR T HE S EMEOBRELVEHRSEL L TCTHRELM LIS, HBE=
2= NFy MU =27 OFEIITMO THRRFEENE RSN DD, FFEEOFE L VT
BEIA) B L B E T ADORBIZL > T~/ F v a v b ZRCEEEED T IR E X8I
ELT&E[75],[76]. LU b, REMOWEFEEN AL - TLTH, -0
(Yo 7nvay b)) PhoflgEIhic TIRTEBRNS KRG EHBRT LIV 7V e
Y P ER T EREEIIEELE LTHLWE 27 THEZ ENRMLNTWA[TT]. i,
TR D DR ITCBP AR IEEICHSNTE LI REWRETTIE, BEESTRTLZ
ENRD THEETH D &9 FFITHS[78].

ZFIZT, “TRET—EDDL ZRTET — A ~OFEREZ A7 2 LD HIEICEL > T %k
LT —H D ZRILT —F~DTREATICHERT HI LT, AW E B ke
DB A TR TAVEERE Ry v Vv a Yy S ZROGE MBS A M TE 5 LR
LA CTe . ARARBLOFEFEIT B W T,

() HWAEFRO =WRIET — X % ZIRIET — X IR LA
Q) ANBEREROZRIT—E b, HMHEHREO ZRLT —% % 7l

B) PHSHTHAERERD R T —F &2 =RLT —FICREEHET S
9



DIODAT v T HBBVLENRDH S .

B ATy LT, ZRET 00 IR T — X & THT B X A7 IX%EEFE
BB W CHG g A 2 27 & LTambi, WHRREFEET AVRZHEHRE SN T
WAH[79]-[81]. TN L DEEFEET VX, HibVFEET NV EHE R L FEET VT
KilEns. bV FEET VTR, —X—ORRICHDBEBET 2HET—% 1> F
ELTHEL, AEHhoRfReFE T 5. ZEiz2LFEETALTIE, BxocEE
HTr—42ty NZBITD, 7—2ALOEELZFEHTH. A TIX, #iib FEHET
LERAWT, ADEB» S EGEHEETS.

—BIOE =T v TORITICHERRTERT VT XL 2B 5. &Ik oCZEH
D OARRITCZEMICTHE R Z DAL R ITEBR T LT Y XA TIE, SHIRITT — ¥ O R E % il
LR TTEZ AN 2 2 & CIRR T ZE M A T [82], [83]. Frf¥s Al L 2 W oTEH|
UL AR RIEHRBEELEELCLIED (K 1.32). #HlxiX, K 13b 2T K97 =k
% ZROTTE R T D ROTAE W TlE, BRI O SO O WU 0 IA B 58 T RFIC SE A
Zkbhd (HCEMR). £/, BV G0 BEO =Rk E ZRCFmICERE T 5%
TEMIZBNTS, BERY Ao LHEBOFRIZEONEHEST 5 2 & ITJRBLAIC A AT HE
72 % (FHAEERR) . B oM BRI L 2 R R MBI =R HME Y X 712
BOWTHEMIUTHY, —ERDNLLEREZFERY RS Z LI AT H[84], [85]. T
febb, HWMBK O A AL A R e A B LR R CAEAE LA .

PL b, RBFEICEBWT, [HFRERXOR WA R R ERIELZRB T 22 & T, @E
N Ay D SRR EBEEE AR T D MELCBEMEEL YA LTS
AA A=V T EMBEDEDL T ET, BT 5EMAEMBBMICHET AT ) —<illlg
DAL RSB 2 R EFRER 7~V 7 U — 0k ol il BRI B 1L 2 i Nr 3 5 .
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Fig. 1.3 Overview of conventional dimension transformation algorithms. (a) Schematic of the

dimensionality transformation algorithm. Embedding in a low-dimensional space causes
irreversible information loss. (b) Schematic of self-shielding and mutual shielding. Irreversible
information loss is fatal in 3D reconstruction tasks, and once the information is lost, it cannot be

regained.
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1.4 FFSEEB

1.1 fiCIEATEORN G ERD AT ) —<ITOWTHEBL L, BRI E RT3 % 2
T )=~ DINEWEMAT L EOEEEEZBR T2, L L b, B 72 b bk 14 )
WMICxtT 227 ) =~ OIRBEEITIRTZHLNZEN TV RV, 2T, KR TIIEHT
2 B ERE RIS T D A T 7 — < RO AEZMIRER L~ vk L O — il L
NVTRAT 2 2 L 2 REBME T 5. KRIFTEH B OZERITIE, HEIR A LGB N 5 28 25

Ed L O R T M R BRI R IE RN LB TH D .

1.2 8Tk, MRECEHC &3 2 EMERIM O & MR R B 2 WL 457 7' e —F 2B
L7z, Ml L OH—MAa L~ L OREHZ R ORI 4 ZE L TAafm T 272912
AR IE OB E ) ZFHIMT 2 08BN D 2 L 2R 7. Lol b, HiEIcXLDE
TN CIEJRATR R R B R RN AE T D & & IS, JEME & 23 B2 5 72 DI L % R )
TEPTHALTTABET H LN TER, BHEIEIC X 2HMBEIE O & R HE4E,
ZLTHA LT T ABE WML T HREHEEBIIRIEFEL TRV,

1.3 8T, MEEMEANA Ferricailani A7 /) —~vflilaa k& LT&RE L
BT, ZWouM IR o By [ B 280 & #1229 2 U IR O Ml i BE AR B 1 & B PR L 7= DUk e A
FOSEM SR, ERERAIE X 2 RO B BRI L R R A2 D2 A4 LT T A A
A=V TIC Lo THEIND. KRNI, KHEELENA Fe ZVNOfii gz 4 A —2 >
795 ZWorM B BAMEEIE & LT, Ml A ORI D SO BMETE N IR v s T
L. L Lo, @EiTMao By icEZ 22t sd. £/, A7 /7 —~<fila
THRHIC L > CTHEBRENEEEZ LS E 5. EBZENRETICBT AT 7 —~< il
DIEEMNE B A LT TABET L0120, KRFEEEABRAETHO LY I vy s
vy TR T Y —BMEEERLBEARR R TH L. T, FHRBEMEBE & TN D8 2
WEER Ty ay P TV T ) —BMETE R T RE e AR E L CHIER S TW
L. YU Nvay MEFEBEMEIEZ, KFNT e —F EERFENT T e —F KBS
nNo. XFMT 7o —FI3RE R FERICESS RBENE RIS —FT, £E
BELAL A 1 C > 5 EBELIE N Fa Vi S o MRk 2 82 2 2 2 &R EAIC
LW, Wy T e —Fik, EEZFLVWEELZRT CWDOHIRETFEET VIZESL.
TRE 8 IOt e EoMBABRL 2 UEETICAN DT — 2 ORBEEEZHETE 52720
HEELEANA Fr SV NOMREREZRZ DD AREERSH S, —FH T, AT —XIC

B D HE LR RTEOMEEC X > T 1O RTBMEGR b =R R 2 E m < JE
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Fig. 1.4 Relationship between the chapters in this paper.
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F2E  KRIIE R Z BUS R HE 22 PR A e Rl B E N
HRRE

2.1 #EE

ARENZRB T, BEMAEMHAIBIC A T2 A T 7 — -~ fll i o i 2 M % R G 1) L2 BL82 mTRE 72
B4 (Cell culture device for imposing mechanical compression with temporal observation :
CMT) OMEAEZ RS .

2.1 12 CMT OMEE X Z /=7 RWFFE TIIRE O ARG Z B L T A Fe Z NI
AT ) —~HilzaM L7 AT ) =<7 VA RBEIIN S E 35, CMT IZPLHEEE L,
Cell Culture Insert (pore size; ¢ 8.0 um, BD Falcon Inc, Franklin Lakes, NJ, USA) 3 & U* SUS304
B EREEIC X - THERR & 415 . Cell Culture Insert [ZJE i 28 PET % fLUE BEIZ X - THERK
SNONH 7 4 NEERBT AL ATHY, MEBRICILTLEZSEE AT 2 LT, HiE
W X DB EMERE OFIIN & RBHG S L OREHEREZE LSS, Zhb0#EEZ
21 DX ICEEST 22 LT, HWBIWEMRIRICH T 5 AT ) —~v oI EEE 2 A
LT TARPETEL LR D. MERHEORE I ZMET 52 & TIEEO W EZBEXTS
WCEMTH I ENTE DN, RFFEIZE W TIXE RS 7.7 x 102 Pa O [EHME I 71[41], [86]
MENEN S X 21z, W 25mm, # 30mm, &S 16mmicAeb Lo ML 2
2T, BEEOEATHIIE[41], [86]1C & - THEMEIS /) 7.7 X 10% Pa O HINNE A Al e o i i &
ARESELZEARESNTEY, RFEICEVTHMRETDHOIEHZ 7.7 X 102 Pa
e JEAE IS SR E LTz

@) (b) ]

‘ Optical path

Mechanical compression

Weight

=
=
©
a
©
Rl
=
o
o

-

: \ Cell Culture Insert

Cell Culturestmsert 1 mm j]

Microporous
membrane
(8.0 um pores)

—_— Microscope
objective lens

Fig. 2.1 Cell culture device for imposing mechanical compression with temporal observation(CMT).

(a) Photograph. (b) Schematic side view. Red arrows indicate the direction of compression.
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2.2 PEREFHE
22,1 T UXNVEBMHBEEEZERAWES Y —7HER

2.2.1.1 =

AREINZFBWNT, CMT OB EME R EIINMERR 2 7 U — 73R BRIC & » TR+ 5. CMT
(THEBAME IR CTH DA R Z Lz N LT AT ) —~ Ml e RS 2 i+ 5. —
AL, Frfse B 72 for B 2 REBEAMERSRHCEIN U 72 BS, BERIARBICfE > COT A3 ind 2% 2
U — 7 ETEHRFEAET D [87]-[90]. CMT T I3 1F 2 B A M fl AN IR 2 d W T, B5 2 1L
DOREINZXT L TAKREFMIC T V—=TERNAELC D0, KEFRDONA Ra 7O RiEA
7 —~MRICEARISE N E B2 DRSS, 7 U =T B OFR R (IR )
2N A 1) JE 0 TR oD FITIN B RS b R C AR © X 2 5 A ISR A 52 1 2 8 A TS ) 12 4
TE DA, BICRFM IR & FRE S L IEXREUNKMU EoGae, Mlanszid s A
WiG TR T2 2 L3 TE Ry, ZO5E, CMT IEEMAEMREIEZZ T TR, AW
FE B MBIZEIM L CLE S 7, AT 7 — < Ml x5 2 B K 0 JEAE O %h 3 % 3T
flid s ETCRERFL2>TLES. 22T, AFERIZEBNT CMT RIZBIT527 0 —7
ZE T O B SE IRy [ % I E 5 5

22.1.2 AEBLOERFGE

AEICHE T 27 ) =R BICEW T, BEEMRIEORMG L E LTy A7 rE—
A IR a7 —F o PV e L, BEAERIIE TICB T 520 THOEE TV Z L
B % FH B35 (digital image correlation: DIC) 12X - CTHIE L7z, O T A ORI Z{bicxt LT
gV —TWHBREIERE 74T 4T THZET, CMTIZBWTRET 27 V=T EEOD
I A IRy ] & Al L 72

I B ag =7 3R ENORREZMRT D ERSTHY[91], [92], AT/ —~FET IV
EREERT AN Ra skt LTRALE. £, AERICBVWTIEZ Y —TEEO~
—N—¢LT, ~A /b —Xz 1 WMag—rrruicallLz. BEniE, a7 -7
BEPEES IR 1-AC 3 mg/ml  (KOKEN) & Fi#pl R i (B € 7 F ) |, 10 1% DF JRHhT 2% ik
(FHEZFY) 28:1: 1 DLRTRATDHZ & THREBE 24mg/ml © 1 a5 — 47

PP IR A R U 7. AR TR IE S0mM KEgME T R U v A, 260 mM fREEAKFE T N Y
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7 2, 200 mM HEPES THEL S LD . W T, ER20um ORI AF L rHlv g 7o —
A (Polybead; 18329, Polysciences Inc.)%& Il =2 5 — 7 > RIS I LR E S vivA TIRE
L, EE60mm OREMICIEGIK 2ml 2 N L7z, IRE 37°C, COIE 5%, M 95%\
FH S NTCIRBIAA F2aX—FNT 20 pHBHEIELZ LTIV EE, 27 —5
V7O BT Cell Culture Insert 35 K OV &bk 8 2 3% & L 7=

DIC (3% > 7 D OF Z O R B 2L & i foe i g U 72 R R R 7 B M 7E 3 2 FE LAl EF
HETH Y [93], [94], AEBRICEWTEaT =T T D2 A4 LT 7RGz N TOT
KA B RE L=, BAKAYIC, CCD 2 A F(DP73, Olympus Inc.)% ## L 72 A7 A0 75 B % 45
(CKX41, OlympusInc.) Z HIVNT, BB MR EDINBA 46 1 S22 © 1 53 [BIF&E T 30 59 A

\

DX A LT T A EEM LIz, DIC TIX, ZEAitk OV o 7 VEHE ) & FEL L 726 8
DATERBTH L TERARY bERELOTAEZMET S (K 2.2a). BFET 50
SIATIIMRAT A L MIE N D . ERATR OBBRITAEE OB ZBRE L, MR AR L oo
DAOMAEMBAREAZREMNT 2. 22T, ZEAOMITEIIEE S, BBEOMBITEIX
FE DR BEIHANICE W TEESIND. HAMHBERERDRKRE R T ITEONEZ LY
BONEE L, BRAIEGOMITROENN7 M EFEHT 5. BEBNICERE L 72 AT 8
WCBWTHITEREZEREL, TN OMMSDOENN T FVh) 5 Green-Lagrange O 7
Sxxr ey Sy AT 2 2 TH TN DOTH oM e R T D, 22T, Sy sy [TEEANO
Xy FIANZ BT DIEROT G &, sy (T AW O Bpli sy 2 3. H HEIRe 5 2 il 3 FD DN B
IR RICRRE L, (EER A TOY 7Vl & MR ST Y 7V % Fv 7z DIC (2
EH0THNMOREHICL > T, OFTHOMOREMMNZ(LEZRET 22 LR TEDH. AFE
BRIV UL, B AEfENT Y 7 b 7 =7 MATLAB (Version 9.9.0.1570001 (R2020b) , MathWorks
Inc., USA) OA—F vV —AY 7 b7 =7 Neorr[95]% VT, DIC 2 X% OFAHE%
FEhi L=, 72, FAEEOHIEAZ B E L TH o VB G NI & 5565 (Region of
Interest: ROI) % &¢/E L, ROIIZIIT 2T 784 K OMRRFHI D A 2 i L 7-.
BT, ROI IZH T 2K MM OEROT By D "R /v bs = [s,? + 5,22 FHIL,
TRV ASOFRESELEERFAZOOTAOREFMHESOE L TCHELE., 7007
HOREHZELIC LTr V=T MBEIERE 7 4 v T 40 0 7322 & TERERM 2 H M
T4, —IC, EEEESCa TSN R EDOARAFT VT AD T Y — T BRI
—fi%{t Kelvin-Voigt &7 /v Z W TELIER S5 [96], [97]. RFEBRICIB W TIE, 3 EHEDO X
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{t Kelvin-Voigt E7 NV EZIME 7 4 v T 4 7T HHHEET L E L THWE. 2.2b T

I B — 1k Kelvin-Voigt &7 MIZR A TRLak S 5.

_% %0 _ %
y(@©) = L +E2 (1 e ) (2.1)
o
T= _Ez (2.2)

T, y(OIXRBHRIF O O T BB, ool XFIINIG 71, E(i = L2)IL AR5 2, nidokh AR
Bz, tdBERMEZRLTWD. EMIET 4 v T 4 T TIEA =T 0 Y — AREEHRNT Y 7
k¥ =7 R (version 3.5.3) #fiH LT, MR/ _FIETH 5 Levenberg-Marquardt 1%
[98]% W T, FEBRMESOIZxT 2527V —7ifiy@) &2l Lz, BERic, HNE o, =
7.7 x 102 Pa & LT, KEBRTIZ/NT A X {ELE,, t}2HE Lz, FEBRESOWCK T 50 E 7
U — 7 il #y (£) O3 A B 1% Pearson AH B4R B A HI W TREAR L 7=

(@) (b)

p
\/”7‘@ Elastic modulus

E2

Elastic modulus
£ MWW

1

o\ o
1

1]

Interrogation Viscocity
window Search area i

Fig. 2.2 Creep test in CMT. (a) Schematic of digital image correlation method (DIC). (b) Schematic

of three-element generalized Kelvin-Voigt model.
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2.2.1.3 ERB I OEE

H B 0 E RGN Flo B 2 25 — 7 2 P ORI 72 56 % Bt U = (0 H S B85 18
R RHNEBR 2 2.3a I2RT. BEBANOBRWEEAIZ~A 270 —XThHY, IENIZITR S
AT IER — OB R AIZ BN T~ A 7 1 B — XN RERREBIZ > TBEI L TW A ik %
ALTWS., 7 —=7HRIZE->TREHELEOTAORKRMEOREMAZE L, —&1k
Kelvin-Voigt €7 VA HWCIHMRE 7 4 v T 47 L7 V=7 %2 23b 2R3, O
FTHOREMBZEAORERE LN S, FERRIEICHENOTHBEML —E DO T IS
LEFREO LN, ZHVUTHRA R ) — T ERICBIT L0 TAORRNE(LTH S.
F 72, Pearson fHBIMRE DO T AL 0.968 (X 2.3¢c) THY, GWHEGETY U —7lhifE%
HETE I R ahie. BIERFONER R AKX 2.3d 2R 7 . BRERFRH O P REiE 8
DRRETH Y, BB ERE R OFIINRER & U CHE T 5 3R A4 — 21~ TR T/
INWZ RIS NI

INOHOREREND, CMTIZEIT 5 2 U — 7 28T 0 37 FIE RF R 1R b () 46 o 8 0D FID N e P
WCHARTERATEZIRETHY, MLz 28BS ITELE TS, $4bb, CMT
XM EME R TSR T D AT ) —~ MR OISEMEZ BT T2 Ol L REE s L
THREL TWD Z RS,
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(@) Time

t=0 (.r?in) o t= 15-(t:nin)-'_'- .4 t=30-(r'nin).'_: =
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Fig. 2.3 Creep test during mechanical compression in CMT. (a) Representative time-lapse images
acquired by phase-contrast microscopy. The black dot object in the image indicates a polystyrene
microsphere. The white arrow indicates the direction of displacement. (b) Representative
experimental data and estimated creep curve fitted by the three-element Kelvin-Voigt model.
Experimental data are shown as plot points and Estimated creep curve is shown as red solid line.
(c) Boxplot of Pearson’s correlation coefficients. The median of the Pearson’s correlation
coefficients between the experimental data and the estimated creep curves was 0.968 (n = 6). (d)

Boxplot of estimated delay time. The median estimated delay time was 7.74 min (n = 6).
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222 HiEEEERAR

2.2.2.1 BEE
ARENZFB T, CMT OEEEMERE & Ml 55 28 5B K - CREI 9~ % . RER A0 it &2 BUfG w)
HE 72 B AR Y JE A R B ED NS 2 4518 & U THEBE T 2 72 O IS MBI ARIR Bk S v 2 PERE I
1. M EFARERERRE THDL Z L
2. BEMAOEAMERIEIC K> THINICAEERICEZF R T ORERETHL 2 &
3. BERINGEHREZBS W RELRERERE THDH Z L
D=Z=RThHD. £2ZT, REIZBWTIE~Y Y A AT 7 —~HkHlakk (B16F10 fifd, FEATF
AR T) EHOWTENENLE,
1. calcein-AM/PT ~ HHOE R (A X 2 il et A 15 1 AFAilf
2. rhodamine-phalloidin # Y0 lZ X2 F 7 7 F UMl g0 V€T U v 75l
3. ERMEATIC K D AR B s B o IRy R 1R A
W&o THERERFM 3 % .

2222 RBEBRLOERTGE
AEICB T D MEEERRICBODTE KR TAT /) —~ET LEMEL, CMT Ok
ML, SR AT )=~ TN, AT —~DRET DO FN R =R

B it U<, “Ron Vil BICHRE O MR I TE L 72 B16F10 Al Ad i & =R o &
EATLIMag =itk Tifians (K24). 22T, ZRILAT /) —<F
TEREENOEEZEICRBEZAET 2EROYMBEMZKLL TWD,

TWRIEAT ) —~EFTNEMAT D BI6FI0 Ml &mEmB IO 2 T ) —~ T VML
LTIAS WD MR Td 0 [99]-[102], &\ MR SR AE & 7 A HE A 47 9~ 5 [103], [104]
L THRBERICH T O ENTISEE L R T MR TH 5 2 &0 b ARNZE IS L 7o Ml kk
ELTHRMALE. BEMIZ, RHFFRIZE VT BI6F10 MR IZHAE 7 v 7 ViR % 2 [B] 0 fk
RAEEERTZHICHRE L LTHW 2, MRFEEHMTIX, S a—AE5F X"y al
A — 7 VM (Dulbecco’s modified Eagle’s Medium-high glucose: DMEM-high glucose,
Gibco) +10% 7 VG2 1MiE (Fetal Bovine Serum: FBS) + 1% HiAEME-FiIE H Al (Antibiotic
-Antimycotic) IZFH¥E L7-B R IR A 7o, HEFFE R IXIRE 37°C, COLRE 5%, 1RJE 95%

WZHE ST REEHT A A % 2 _X—ZNTITV, a7z NI X5 MalE Lo $2 ik
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EEWET DI 2-3 BIC 1 EERIEEZITo 72, MREE T, HRBERELEZBICY
v EERE A K (Phosphate-buffered saline: PBS) % H\W\/-flifupbirili# 2 FfE L, ~V 7
oUW (0.25% Trypsin+0.985 mM ethylenediaminetetraacetic aicd-2Na) Z 7= U 7o
VALER % JREE 37°C, CO2RIE 5%, 1B 95%IZHIH SR AT AL o F 2 X—FNT
247 30 EIFE T 5 Z & T BI6F10 Ml 2 55 2% M7~ & I UMl flmik 2 F R L 7=, e
T, im0 HERR 2 VD O BRI A 1000 rpm T 3 43, IR CEAO0EET S 2 & TRl
S, REARGI LRI BRICHBE T 22T, HILWMRBRERZERL
7o RIS, BT LW R R IR 2 U0 2 M R R T, R LIS RS S 2 L THEREZE
ER L. 72, A7 —~IIAERNREIZEWT, REORKEIZHEWTAFEITIK

TR OKEERY) LeRicEREgICcmiT CREICER (BEERY) 725 _EOE
JEREX A RT[105], [106]. —RITA T/ —<FT /LB W TIL, KFEiEREHESOERE
BRI 2t 2 2 L2 A E LT, HBERMA~OFMEI L R EEICHE L. B
Bz, RY P AF L aFxH > (polydimethylsiloxane: PDMS) Hl % F 7= PRIk B % £ —
N REMEEL, FAREEET—/L RWNIC BI6GFI0 fifld 2 s L O ET 52 & C, FHE
FE I 2 FE S0 Hl3# L 72, PDMS [ 3AERE A2 R4V 2 —THY, PDMS L THl
f K 3% 24T 5 721 bR A < LA &S TV A [107]-[109]F 2 T 6 TH 5. PDMS D fEHR
ZBRWTIHE, EA & LA Z 10:1 OETREG LRI BIICH LiAL, BE2EF V7 —
ZNTC 30 oM OB AL EE & FE S L7, fEu T, IRE 60°CITR -V T D HLIEIF N T 3 I
MFE ST L 2 & Tk Z 4 L SE72&IC, RN S PDMS Z LY Rz, b s+
7ZPDMS 2K L CHEZ 4mm OER LV ZHOTHEIROREZRT 5 Z LT, MR
B E— /L & ER L7-. PDMS SRR EF R € — 0 NI, ERZ TSI KO,
120 EET20 3D A — b7 L—T7IRE 2% T b EABRICH W,

TWRIEAT )=~ T NVOEMGEEZK 241277, B 60mm OREN LICEHE L
PDMS #4555 £ — /L RINIZ B16F10 Ml i & 8.0 x 103 cells/cm? D % £ THEFE L 721 12, DMEM-
high glucose + 10%FBS + 1% Antimycotic-Antibiotic THH¥& L /=358 &2 T 1 H B R EEH
AA U FaX—FZNTHEEZ L. | HROFEEEHME THRICEEN) S PDMS #
FE#RE—/L B X OEEIKZRZE L, PBS + 1% Antimycotic-Antibiotic Tl Jff 2 vEi L 7-.
%I, REEE 24 mgml (ZHFHE L IR 2T — 7 U hERIE 2 ml 2 REED B S
TEL, 20 0MORBET AL >V FaX—F TOHBIZEL> THFMLEFDH L TIRITA

T —<ETNEME L. IRTL AT /) —~<ETI/VOEEFEIZIE DMEM-high glucose + 10%
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FBS + 1% Antimycotic-Antibiotic [Z % L 725 B 2 M L, KRBT A A F 2 X—ZNT
DEEHE & FE i L7z

CMT (281 2 M A HEREM O KR FIEEZ R 5. B F MR 2L -

compression #f & $E %4 R L 72 control BEZREET A A o F 2 N — X NT 32 FFHE & L 7-#%

, B BE e Ot 2.3 caleein acetoxymethyl ester (calcein-AM: JiliEZ # & 490 nm, ¢
W 515 nm) & SEAM MY 8 OF (2.3 propidium iodide (PL: hE & 535 nm, G E
617nm) & M7z ZHEEOLY A L, SORBMEE (CKX41, OlympusIne.) THB T 52 & T
TE LR 70 0 2B AR PE 0 3R A & SE M L 7=, calcein-AM [T E @I A AT 2R K AETH
0, EMBOMENT AT 7 —BIZ X DMAKRDEDFICE - ThADBE N ERKST D20
AR OEEAEFHK E L THW SR TWS[110], [111]. 72, PHIZMIREEIESE RO 6
FTHY, MIaEANO DNA O Z&E 6 AMIEICH & LR A O/ Z 39 2 JEH i D30
L L THWSHR TWD[112],[113]. calcein-AM/PI - H s 6 Yu A L <1k BAKAYIC, 5
FAR TR IO B A PR E L, 215 K% 2% I8 DMEM-high glucose + 1% Antimycotic-Antibiotic
WML 72812, 30 0 RREEN AL F aX—XNTHE L. KT, calcein-AM/PI 3
FOEMEEREZRA L, RA&RE 2 ug/ml ([CHET5 2L TEERGIHEAZER L.

ZRIEA T ) =BT INVORER T %, EOIFEMARE L CBICHOCRAKERNL,
REETTAA L F 2 X—FNTA5 pHFHEST D2 & THGRE L T L.

CMT 285 F 77 F U Mlagko) €7V v 7 MO ER GIEZR~S5. RERIZ
BWTIX, K& 8 RFfHld L ORE & 32 RFE B I ST 1T % compression #f & control B
% L C rhodamine-phalloidin (PHDR1, Cytoskeleton Inc.: JilZ i & 535 nm, # &£ 585 nm)
EMWNTZF 7 7 F oot LOHCEMBEIC L Rk 2ERT52L T, F77F
R R O RE AL & EMEAYIZFEAM L 7=, rhodamine-phalloidin (X 1 — & X i (A3 & 12
WLie7 a4 P Il THERIN, F 77 F U MlEHKICH L TRRUICHEAT D Z
ETCF 77 F UMl E#EZ G bd 2[114], [115]. F 727 F 3R #& %2 B2k 5
ZURIETHY, MRS 2 D FARRRICIEE LTSS (VET Y ) BT
TN BN TV AH[116]-[118]. rhodamine-phalloidin % Y A ALER TI1x BAKAYIZ, B8
THRICE BRI 2 B E L T2 %12 4% Paraformaldehyde I8 Z WA L 10 0 M EE CHFHET 5 Z
L CHEEME %17 - 7=, [EELHE# I Paraformaldehyde ik 2 &2 L, 0.1% Triton X-100

B ZWRML 5 R CTHET 5 Z & THRIB I\ 21T - 7=. Triton X-100 &K % Br %=
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#, 0.7% rhodamine-phalloidin &K Z IR LREE T A A % 2 X— X NT 30 o FHE T 5
Z & T rhodamine-phalloidin % ¥ Y& 2 AL % S L 7=

CMT (2361 % il el e 2 8 0 Ry R AN BEAfE D HER T 1L 2 b R 5. AERBRICE W TIE, HE#&E 0,
8, 32 WE[IARIE R ICF T D compression #E L control HED M SA#E%Z, CCD # X7
(DP73, Olympus Inc) % #£# L 720 F8 Z2BAMEE (CKX41, Olympus Inc.) % W TREFEAYIC
fRtg L7z, MRS O R R YA %2 € BRI 5 72012, BEERFH I L ofMia S A
w2, WWHEGEN Y 7 87 =7 (Image], NIH) ZHWTHIE L. BAEMIZ, MIRE
FEREI OB 2 FEH L, M Lo mB a2 Mmia S5 A s LTHELE. VT,
FRZICB oM S A mEE e ={a, EZIt=0, teEZILEXL, KRELITBIT HRHE
mELE RN L > TER L.

It =as — Qg (2'3)

ERBT —ZICHT DR FHRMEE TIX, AEKE S%ERELAMBEICLD

Welch’s t-test & Ffii L 7=.

Collagen
neutral solution

Cell
suspension

Type |
collagen gel

PDMS mold Culture medium

Fig. 2.4 Fabrication of the 2D melanoma model. B16F10 cells were seeded in a cylindrical area in
the PDMS mold on a cell culture dish. After one day of culture, the mold was removed from the

dish and covered with neutralized type I collagen gel.
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2223 ERB I OEBE

CMT (81 D E A E ORI 2 B & L7z, B548 32 RERIRF A28 1T D caleein-AM/PI
T Y A X 2.5a 1SR T R EORE 28 A I, AR OB N SERIIR A R LT D
f R, HEAE 32 R FE A2 3 T compression A3 X OV control BV 9 4L D FBFHEEIC
WTHREWMBAFEZ R T Z LN O LAt CMT ORFEERED, MM 4 A7 v He 72 ks
BRECTbHOLZERRINT.

CMT IZHB 2 F 77 F U laftao ) €7 ) v 73HEE BRI E Liz, K& 8 REfB K
O 32 Wy %@ IF 2512 38 1 % rhodamine-phalloidin 8% Y (044 % X 2.5b (2R 9. FREOE G
W F T FrERL, MAEREERO BT ZHE L TS, 1% 8 REfRIERF AT
compression FEIZIBWTITF 7 7 F il 548 O BEE 2 R 3580 b vz —J7 T, control
WCBWTIEF 77 F U fillEkoMRIRBO O holc. FrE 32 FFRREK A IZH W

T, WM HECTF 7 7 F U@ E R oBERMENBO OGN, 26 DRI G, CMT
Ze AU 7o B AR B FE AR IO I B R O R 2 R E S, AP ORE L TOMERO Y
EFVINELD T ENRENT. T 2T, Tse bIZHEAYEME I (7.7 x 102 Pa) DF]
TIRASEL A O ML E A DM R ZRE S EZZ L 2R LTV 5[41]. KRERIZEIT 2
WS FE MR O FIIN (7.7 x 10 Pa) 12 X 2 Ml B 4% ORI Tse HOEA & B BT 555 R
ThHdH. ZNHORMEND, CMT O 578 B 52 AN B FEHE R K - TRBaNIC A L% K
IR H R TELOHREBRRE THDL I LB REINT.

CMT ICH T DAl E OR RYIFEM A BAY & L7z, 553 0, 8, 32 ReffRRm i AT
F % A R SR 00 7 FE PE B BEAG & 1K 2.5¢ 1T, BEAE 0 MR R AT F 0T B A A R i R
YL Lo o iE AR 8 Wil de L OY 32 By Fl ki e Sl 5 1T % 12 1 1 A oD T 8 it R A X 2.5d
WoRT. RERL, BEEE 8 BERIRRIE B AV T compression BE DR H FE 2 control BT X
THEZHEMLE—T, H#E 32 KRHERERF A TOmREFICK T 2REmEICAEE
RO DN o7z, T D O RITBERAY AL TE RIS B16F10 o #¥ o> 15 &) 5E
W ESE DL 2R LTS, 22T, Tse bIEREHE 16 B SIZBIT 5= v
RARA v MBERIC X o T, B LG 28 T 0% M i i 4% o0 i R 22 0 L CEL S Al i oD 8
A MRE ST L2 H®E L TV 5[41]. Tse D DOEATHEE BB T 5 &, RFRICBIT
Lk DY T Y 7RI X ORI E R O R IE, 8 HFH] oD B AR A T A
BAREOMEZ I LT BI6FI0 MlaffOEBELZ —BAICREIS T LEZRBLTND.
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AR FERE R T2 1T 2 — e X T/ —~ M@ 2 6202 L2 2 LI, CMT @
BERBRE DR RIIGE R 2 RS TRERERRIEE L THREL TSI 2R LTV,

LLb, b oMk dR BRI 0, CMT ASEERFIE & BUS mTAE 22 Bk i 11 56 il
BN RAEE & L CHREL TWD Z e R ahi.
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Fig.2.5 Cell culture test in CMT. (a) Fluorescent microscopic images of B16F10 cells in the
melanoma model stained by calcein-AM/PI (propidium iodide) at 32 h of culture. Live cells exposed
to calcein-AM showed green fluorescence, while dead cells allowed PI to enter the cell membrane
and label the cell nucleus with red fluorescence. (b) Fluorescent microscopic images of B16F10

cells in the melanoma model stained by rhodamine-phalloidin at each time point in the outer edges
27



of the cell-adhered area. White arrowheads indicate an elongation of F-actin filaments. (c)
Microscopic images of B16F10 cells in control and compression groups. The migration of cells
subjected to compressive stress was compared to control groups at each time point. The blue lines
indicate the cell-adhered area at 0 h of culture, the green lines indicate one at 8 h of culture, and
the red lines indicate one at 32 h of culture. The upper right images show the boundary region
between the cell-adhered area and the collagen gel, with the white lines marking the boundary. The
white arrows indicate the invasion of B16F10 cells into the collagen gel. (d) The cell invasion area
at 8 h and 32 h of culture. Sample size for each group was n=13. Experimental data were examined
for significant differences using Welch’s t-tests. * indicates a significant difference compared to

control group (p < 0.05).
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FIE EBELMEANA Fr S ARNICRIT 5 EEIR
ALz FHRIFTRE R EE 7 ~ v 7 U — R IT
AR E B BRI

3.1 FHHIRTERIE

3.1 R MAF S LR

AREITIBNT, HHRBKRO RN WA EHZHE (Dimension Transformer: DiT) 4 4t
W2\ T, Mm% 5 b (Bidirectional coding theory: BCT) % Wgsz4 5. DIiT L IE A
B ESND@KRTLT —F %, BCTZHWT—®L FORKIITT — IR < Al
WHICEMT 5. & 21X, “RERZ7 AV T —F% “RIET — X IR TTEBLT HGE,
NI ENT —F%—RuT —2HDOEELEZ, BCTEZHWTTXTO—RILT — 3%
—BDOANT —ICEHET H LT 2 RILEM~ vy TICRITEMT S (K 3.1a). BCT [IA
RIS W TH LI L E R S EGm Th Y, FABBMTHERIND — KT — &5
D={a,_1,042,,a0la;(0<i<n—1)eENyAnEN}E FERITTA D T —S§ € RD ] ifi ff] 72 25 4
ZAREICT 5.

BCT O HEARMHFA A OWVWTIHRARS. BCTOT A T 7%, 7— U = BEICRE SIS
TELEJEBR f(X) = Lo Bnhim COIZ D <. BB ISR & 13, *SRZEMICE T 204 ALK
BOMEHREE L LTRATLOIHIETHD. —KRILT —FINOERa % Ry =a;, BFED
ZEMMINLE % KR A D T —rOFEREICm 2 - REh,(x) =% 5 2, BIE/BEYiariic &
ST—BDANT—%1G5.

BCT O BAKHY 727 VY X LIZHOWTR~%. BCT X, —KILT —Z¥IDH 6 FERT A
BT —S~EWT DAL I BT
e 4 Ak
Ho s
3. Min-max [E#i{k

B

1.

g

s
B3

2.

DZDODAT v FILE S THEEIND. BERTLAD T —SHhH—IRLT — X FD~EHT 5
BEEALTMIZBWTIE, AL =Z20AT v 7OWEZIS.
Bt B 7 S AL ICB L C, BEDOIBEMIFIL Ss; (=12, n)THERENDHERIFL SIS =

{51,850, -, sp3 &, WAL 55k 2 75 5L L 72 fF 5ifie (D = 1,2, ,n) THR SN S 77 57E5IC =
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{c e 3B 2D . 5 L IXEMIFR S HISE M BEIICICAERT 2 54¢:S > CEEx
LT ENTE, B LI ZF B0 OB MR ZHISICERT 50 5B :C > SER R
HZENTE D, BRI & TR 2 W5 72 T/ BREHIC = {c', ¢y N EHT D5
Be':S—>C'Thd. BRIFGSCIIRTIT F PO/ FELE AR > TCBRICE LI —EDOF
W S s IC B ATRERMT R L LTERSND. BRFG X, BEEOTERICE > THHW
RFL 5 HIS & FF BREHIC' N R HFBALRICH 2 —BEH 5 T aetE & RIRF I 72 L, 15 ®IRFE 5 51
SEFFZREAICIE 1 X 1 OBFMR TS L TWD . BERFE O L4751, Bl s &
NOEE DO/ FREc DR 5EEc (1 # OBEFFIC R O R WEFHA LM T 2 & Th
5. —REZ, FBRESEMHOHEICIIFFEINOESEZRAD L IR LEFEREA VD
(B 3.1b). FFEARLIFEMR (FiR) & (B) ko TS, HESR (R) ZMal
LTHREETOMERGFETIANS 77 Thd. HEEEERT D2HETRTIIKC, &
FEERERICRT. BAPORAETOMEICBNT, FMBLXOMIICHEET DEAZ
ITNZENBBLOT LY, HIRICBWTTOBRWESEZIELES., 22T, EEO/E
HANBMMOKFEEEB OBICHY T 28 RICHFETL25EG, AIXTBOBEBEBETHDL LWV,
Thabb, BEFFLEIFEENE TCECMNET IHEG LM TH L. L xiE, HFHRIR
L5 8S ={a,b,c,d}% 5 5 FEHIC ={0,10,110, 111} #4551t ¢, : {a > 0,b > 10,c -
110,d -» 1114, 5 BN 2 CHEICE T D aBH R 229720, WG S{bTh b 2 &
NHEETX 5 (K3.1b). — 5T, HFE5ke,:{a—0,b-01,c-010,d - 11}i%, EiSIHiE
THHEENFAET DI OEHESE LT N TE P, EREEFSLTHS Z &N
fEcx 2 (KM3.1c). HHbg,BEL UG LA/ FFEITVT L HEEORL IIIFEERT S
ThHoHD, HrROFELWERKFFICEMBT 555 51b¢s : {a > 00,b > 01,c > 10,d - 11}Z
WACREHESM 2 - THREE 5 L 20D (K 3.1d). £ 2T, AFERICE T D BEEH 52T
v 7T, T AYIDEERT 2 ERaICH LTI B T 4 7352 & THEE
WaGERGEFICHFL, HRFEGLEINTH LT —ZFIDICx L CREHEFBRICH D555
FE8ID, = {by_1,bp_z, ", b HZBRIEFF BAL L=, RWFZEIC BT DB F 5k ZyY:D > D &7
B, Yla) =b; (i=1,2,-,mCET 5. BasF 00 7T 2H8NIT

N = [log,o(r — 1)] (3.1)

r ={2°|b e N} (3.2)
CEFLTE. 22T, BAExEx]=min{fk e ZIx <k} TEZFESIN D KK TH Y, HIREK

biZ7 — 23 DDUFa; M T 2AFVICHIVIRONLOIE Y P ETHD. L xlE, ¥R
30



B8 Ey hDAEY RTINS T —FFID ={0,3,14, 121 HIHTEN = [log,,(28 — 1)] =3

THIF BT 4 7 SN 57 5{ky : {0 — 000,3 — 003,14 — 014,121 — 121}Z L - T,

BNT, BREFEILICLE > TELONTEHF FEYD 2K EHFHICHES LT HID, =
by_1by_p b\ ZEH L, FHID, % B ric Lo THRBEENrEMD, (MR Z 5. KL
Wik T, riE5D, (% 10 E5D,(10)ICE#HT 5L TI10EH AN T —%2H5 2 (X

3.3).
n-1
D,(10) = » b;-rt (3.3)
2

D,(10)~D BEH AT, r* & LR, b2 R L L TRIBR ST oMM EIEERE L2 5
EMNTEHD, BHEFENHELRINDS. 2L, 7—%FIDICB T 5T — 2 EDOHFEHRIC
D 2N ONDOERAT ¢ U ZIERIT, BBEROBRICHET 280N H 5. & 2 IE,
8 ¥y hdF —&FID={0,121,14}D %A, D,(r) = 000121014 T & v D,(10) =0-2562 +
121256 + 14 -256° = 30990 CT& 5 #%, BCT 2B IF B2 517 1m2 3> TD,(10) = 30990
D, (r) R A U2 BED,(r) = 121014 72 0, T —ZFIDOHIFIEHR N HE R L T
LES. 7T RMEEDARETH LT —Z Ik T D2EBEHRAT v TFO—EMEEH
BT B0, T AEOEREAD T —ICHDRADZ EBLERARTHS.
22T, 7=23DDT —FEnE VW TRATERIND AN T —dll Ko T, EEE
fexi 10 #4525 7 —D,(10)» Min-max IEHILEITV, T—HEDOEHRE AL T —IC
ATy, AN T —dy 3T —ZHDIZK LT, D(10)AWY 5 2 AMEEFETH 5.

n-1
dn=Z(r—1)-ri=r"—1 (3.4)
i=0

X34 TERINTZAD T —d, ZH T, BCTIZHT H Min-max EFLIFKAXTELZ S

% . Min-max IEHEAHITHIZEEE TH Y RHRMERER SN TN DS.

n-1 n-1
1 ; 1 ;
= 1=

PLED X 51c, 2HEHFNERHAEIND 3 DORAT v FERALEZETTF—Z¥DE—ED
AN TG —SICHIDIAT, T ENRTX A, X 3.1el2TF — X5 D BNHEHr =235 L OHEr = 256D
BAOHEG 2R, Er=2L1F 1bit T — X%, HEHr =256 1% 8bit T — ¥ T %f )i

5.
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BCTIZRTDORAT v 7RG HE Th 5 - O HGRIICIIERIAKZE L SR 0N, &
AV BCT O EEIZB WL, #HAE EomE/ N ORERE 2N &5 oiae
Tu—HE (F—NR"—Tn—BLURT7T ¥ —T70—) ITLo THRBENELLBAND
H. o fo & Z0E, 10 A T — (T HREE R BN EREEIZB W T 6~9 HOF#R, FREE
FEUNREE TIE 15~17 fioFRLUPRFET 22N TET, TR EOHTEDIE
FAEV A ZXORBICE > THEKTSD. T2T, AFRICBOTUIMEEREREICL -
TBCT #E¥ET 2. (LERKERE CIX, 7— ¥ 5ID%BRRGSL L I 585D, DO RiER
WCHYET AT A X 2T 52 LT, LoFRBELEORELFRET D (4 3.11).
HAKMIZ, T _RTOEKEIBRICE VT IEEE754-2008 @ decimal floating-point format[119]%

HAOWTHEZTY, RKEHOAEY A4 X (AR PeRAXD LI ITER L.

P:{n-[loglo(r—l)] ifr=3 (3.6)

n ifr=2

ZIT, nidT—=4ADDT =R THD.

X 31~ 3.6 ITRINDELDIT, BCT OFEIEICH W THWME L EZ KD TITATWAIIZK
TEBT DO ONAFRIT, T2 DOEHrE T —2EnThHD. WHEOHHRITR T
BT DT =2 DAZERTHDD, WLEHBRHGEOT — 2 M2 2AE ) L3R
DA A E VITHKMEB LOHA LT,
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(a) (b) 0

3D 2D root—!

leaf
10 (

110

Zt 1y Voxel data Compressed map ! ‘
P e branch
> =
) node o 11
(c)
Encode 010
kDecode
"""""""""""""""""" (d)
1D 0D
2, Data strings Encode Unique scalar
[ofafafa]1|o] - 0.471690
Decode
(e) r=2 r =256 (f)
(1 bit) (8 bit)

Data strings olt1|1]1|1]0 0 | 72 |215| 36 |164| O Single precision, 32 bit

I I 1Dbit8 bit 23 bit
Code strings “011110” “000072215036164000” Double precision, 64 bit
(N-ary notation) ; , 5 I
f 2 1 1 bit 11 bit 52 bit
Radix transformation " : .
(10-ary notation) 3Q 3.128472 x 10 Arbitrary precision
i 2 | 1 bit o bit B bit
in-max 0.476190 0.00111145

normalization

Fig. 3.1 Conceptual diagram of Dimension Transformer with Bidirectional Coding Theory. (a)
Schematic of the Dimension Transformer (DiT) in the scenario in which 3D voxel data was
converted into the 2D compressed map. We first extracted 1D data strings along one axis of the
voxel data and then converted them to a 0D scalar using Bidirectional Coding Theory (BCT). By
repeating this transformation on the elements of the compressed surface, dimensional compression
was achieved. (b) Code tree. The edge is branch, the white point is node, and the black point is leaf.
The starting point that is the parent of all nodes is called root. The italicized symbol indicates the
code symbol assigned to the branch, and the red bold text indicates the code word. (c) Example of
non-instantaneous code. (d) Example of equal-length code. Equal-length code always satisfy
instantaneity (e) Schematic of the BCT algorithm in data with 1-bit and 8-bit elements. We
considered the code strings as a scalar in N-ary notation, and then convert it to a scalar in 10-ary
notation using radix transformation. (f) Schematic of the state of memory storage in the single,
double, and arbitrary-precision arithmetic. For the arbitrary-precision arithmetic, the memory size

could be adjusted arbitrarily.
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3.1.2  MEREFEAE

3.1.2.1 BEE
ARENZEB T, BCT OHEREZFE 9 5. BCT BMEHRBR O A Al i il Ze ko n 8k & L
THERET D 72 DI B AR IR EE SR S 1 5 PERE IS
1. b LOE SO EN 100%ThDH Z L
2. BIEWZREB A REEWCT L
DR THDH. TIZT, AFlCBVWTIIHEMEERZHNTENRENE,
1. FFEfbd L OVE S0 E O R
2. FHEE, WHFRHE X OT — & E#E R O 7l
Ko THEREFEM 5.
F7o, HRBEROZRWATHIRY 22 R e HiE DIT O FEFEIZIAT T, DIT 2 Wi 51k Xk
OE 5L RS bR T 5 .
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3.1.2.2 EBRFGE

EEREEAE 2 H 2 BCT O EEZBEERICI VM L. EEOT — X EE2FF
—RILT — A BNTx T D BCT D IRGCAEHNE AT 100% DI, 5 HBA KD 2] i
R ICEWIEORESL 2 RFETE 5. BAMIC, 7 — X BnTaLBAEKR SN~ LT —#
FIX; (i=12..M& A, LERKERFIZLS BCTZAWZHEBLIOESAT v

TR THRIeT—=2FY, (i=12,.n)E M1 & L2, (FEOT =2 RIZBIT D AT
AT =5 DB E IR BE A, F VST 5 2 & T, W A AR L. K
FEImA D X5 ICEFE L.

Lif X; =Y,

0if X, # Y, (B7)

Accuracy = {

FL A BT 380 TR BE L EL K 26 7K % Mersenne Twister[120]% FW T, — 843 4ii 0 FE A HE 5K
FLEH 2 AR L7z, RFRRSEBR & LT, WK X ORI BB I X 2 BuUi E B % FE 0 L
oo MRERICEAL T, 7—ZFBLOAD T —MO/FFB X MMESLAT v FI2BiT
% BCT O FEITHIALEREHE CITV, B bIhic Al 7 —12xt3 2 BAEE, 55
EBIMEERERS/NUSEXTO AT VKMICL > C, ERBEHKICE D BCT O
PEREZ A L7, 72, ANT =2 &7 —Z5NTkMT 2 A F VI3 1 bit L7213 8 bit & 48
EL, TNENOE Y NMIZE T 5 YEREREM 2 FhE L 7-.
EEREMEICE S BCT O FETw M ORI IC M) T, BCT OFHE&E, LBERFHF X
OF — H JEME R 2 3l L7z, BCT OFHH B X OUBERE I 23 B IS KT R AT HE 21T &
R FIEEE LIIRRERICEKSSE, BCT OFEATAIGEEIE V. £/, 77— X EMEFE
DFREFMT 22T, HFRERGFOBAND BCT OZLHEZFHE L. FrHEDO
flilcix, SHEEO LR TH LRERFHGEELZ T X URRIEIC L > TRE L7z, QB
DO FEAR 21X, Intel(R) Core(TM) i5-8250U CPU @ 1.60GHz | C o SEALER B[ 2 3+l L 7=

T — X [EAE R O FEAN 21X, IEEE754-2008 @ decimal floating-point format ® E # (2 H-3 & 5
— X EMERO TR EHBMICEH L. £/2, AT —F %27 —ZFNTEMNT 5 ATV IX
BCT O K5 FEFFAM K BR & WARIZ, 1 bit £721% 8 bit IZF 1T B MEREREAM & S hE L 7-.

DiT O PEREREAM (2 11 T, BCT OFFEEREAMR 328k & MIARIC 3.7 TER SN DKL Z W
TDIT DREZFM L7, DITZHAWTREEBRTLA47 V=2 FOBIRIZ, BOEfE
FOMAEEMORBAET HBRICHE L. BENIC, ACEMBRICEEKRA T2 b

(sphere object), FsH A4 7 < = 7 b (ellipsoid object), b —F A A7 ¥ = 7 | (torus
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object), FHAMERIIRITIT =R ICMEE 7 Y 47 2 = 7 F(3D overlapping object), & A
7Y = 7 | (fused object), AL E/2 Y 47 Y = 7 b (complex overlapping object) D Z 6
MBEARE L. £, ANNT—Z 2T 2 AF V1L BCT ORI ER & [FERIC 1

bit F 7213 8 bit (21T D MEREFEAM 2 Sl L 7.
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3.1.23 ERBIOEBE

BCT OREFEFMOAE R ZK 3.2 (127 F. K 322137 —XFOEFE 1 bit, X 3.2b 17
—ZHIDYFED 8bit TAE VKM ENDHE EXIGT 5. Mk, —HRAOQREREL IV
50 BV B /NS R 2 T 72 BCT TSRS kDI D DI LT, R ER E A 2 v
72 BCT TIEEHMERS 2L —RILT — X —EDANT—IIEMBMTE LI LRR
ST, Flo, BEEBIOMBEBEFH/NEREAEZ W2 BCT IC X » THEREBELRCHE
T CEDLRRDT —H Elpax T 1 bit 7T —HOHFE 23 BLVOS2 THDHZ ENRINT.
A 1%, 1EEE754 Z 8NN R OHEAEICB T 2 REEFH DO AV 4 XL 2T —
L CTW5%. IEEE 754 ## @) /NERTE AT, REERD A€ U Y A ZTREOFINTEICE L
W FO, THERNESHIBEUT THIL, BRELADTICEMTE D L0 ) HY)
RAER Lol 8bit T —F DHE, KT —F Blpau /it En2B8L 6 THDHZ &
MRS, 2, BHAEARRORKED AT 4 AME AWV T Lygy, =
logye 2¥| = |5|catsica 5. ==, |xlitlx] = max(k € Zlk < x}& 53 S 5 KM
BTHD. KT —H Elpgx EWE DAY 4 AMOBRMEE — LT D &, KT
S Rl FRA TR T 5 2R TE S,

Lymax = |log,» 2M| = l%J (3.8)

ZIZT, bET—HHOEBREEMNTHAEVIOE Y NMITHD. X381F, 7—FDE Y
FMUZAEDETHEERO AT A XEWMEEL L TRRAT—FREAHENESEL L
WARETH DI L 2R L TRV, EEMEHRTICL D BCT 2 W IE MK D 22 A
B 7R R TT B DRI 2 BT T TV D

BCT O S BL Al GEE O FEAM I (7 F 7o FHE & & LBRRER O FRARIZBE L C, BCT O fig EERERE 5
HEZOMD)THY, T ENETA—F THNIERBLUNICLENET 75 2 & AR
Ehie (K33)., ZhbOfEND, BCT IXEB et BB L OWHKFHE TH D Z &
MR ST, BCT 2T 27 /02 U X LOH The b dh 5 503 25 U i 550 13 5L R0Z # a0 3
HTHD. AR TITEBEHILIE 42 B kAl L OBRAE THEE L 2o i ER HFHAE
®NRO0M?) & 72 - 7=, Karatsuba 7 /b= U X A[121]1% Schénhage-Strassen 7 /b = U X A
[122]12 FIW 5 2 & T, B#@mmIcIizzh2n0mt®8), 0(n-logn-loglogn) % Ti-H &% ik
ETHILENTES.
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BCT O EEL A REME O REAMiIZ 1T 727 — Z iR O FRICBE L T, #HimoFELLITIC
BT T HHOEREHATOAETY Oy MizxeN (bits), T—FRzyeN& LTz
e, 7= 23O AEY A AT

Tp = xy (bits) (3.9)

ERMEND. £70, BCTIZX o TRIEEWM SN AN T — D AE Y H A ATl
IEEE745-2008 decimal floating-point format O & #&3 L O 3.6 12 X 2 BT PO EFKIT X
v, RIFBEEx1ZHNT

32 B (y[logyp2* — 1] + 2)] (bits) ifx=2

Ts = (3.10)

32 [% v+ 2)] (bits) ifx=1
PEHERS. K39BLOK 30 ZHNTT — & [EMERF(x,y) = ;—;&irkit@ot 51 B
Sha.

1 1
vl 32 [5 (y[logyp 2* — 1] + 2)] if x =2
fay =4 (3.11)

k %-32[%(y+2)] ifx=1

ARENZF T 2B O HAL, 7 — 2 EMFEDO Fia:=inf (f(x,y))s.t.x,y ENZH
M52 Thd. x=10K, T —FJEMEF(, TR 3.11 LD

1 1
Feoy) =3 32050 +2) (3.12)

ThbH. T, p::E(y+2)]eN<‘: L7=W, yOEFRIKIT

p—1<;(+2)<p & P-11<y<9Pp-2 (3.13)
Thsd. X313 TRINDYyDERKICEBNT, 7T —FEMES(x,y)DK/IMEIZy =9p — 2
DEETH Y,

_ 32p 32
min(f) = 2" — (3.14)

Thd. DI, x=10KT —F EMEEf(x,y)D T FIL
32
alx=1)= Zlinolo min(f) = 5 3.56 (3.15)

Thbd. W Tx =208, 7 —XEMES(x,y)IEX 3.11 LV
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1 1
FGy) = 132 |5 0llogin 2" ~ 11 +2)| (3.16)

Thbd. 22T, m:=[log;p2*—11 € NE& L72K, xDEFRIIX
m—1<log;p2¥—1<me log,(10m 1 +1) < x <log,(10™ + 1) (3.17)

Tbhsb. -, n:=E(ym+2)]€Nk L7=Wf, yOEREIT

1 I9(n—1) -2 9n -2
n—-1l1<-(ym+2)snes ———————<y< (3.18)
9 m m

Thsd. RIVTBLOKZBIEREINDIxBL VYO ERIKICBNT, T —FEMEORK

In-2

/ME X x = log,(10™ + 1) y_—O)H$TZ?> 0,
32n 1 32
min(f) = = " 5
2 Jog,(10™ + 1) —1og210m(1+10m)9—ﬁ
1 32
< min(f) = T > (3.19)
log, 10 + —= log2(1+10m) 9—5
Thd. DI, x=2 2087 — X [EMEEf(x,y)D FHix
(x=2)=li in(f) = 32 ~ 1.07 (3.20)
alx = —m,hrgwmlnf —m~ . .
Thsb. Lo T, N3 I5BLUPA32012KY, T—FIEMES(x,y)D T HRIX
32
a(x,y eN) = m ~ 1.07 (3.21)
Thd. LEXY, 7—=ZEMEO FTRITF 1.07 TH D Z &AM RS, BCT & 4

W R T TIIRTTIEMRIC AT Y A AREMT 2 2 L3RSz, Zhix, K&
LT X DIHHMBROEIREN AT Y A XOWIMTO2NRN D2 a2 RBLTEY, [FHEA
fFOBLEND BCT BWRYE R T AT XAATHD ZEBRRINT. AE Y A XOBEINIL
F= BN ERENTZAD T —OKMERICERT 5. ANEOEER-ERE TIX, 2
71 7 — 1% IEEE754-2008 @ decimal floating-point format THM I LT\ 5. X311 I1ZRT X
912, 1IEEE754-2008 J& 3 4 U 7o AR B0 BE T 08 TR T B oD R BB AW TR L 7z
BAEY A XIIECTRREATV ZH VY THED, U0 EFBIEIC L DR AEY
FOYBTRAEY A XDOERILEFEHZILTWD EHUIND. 26O BCT OFHAE
B, W, F— X EMROFMIC L > T, BCT OEBAREMESHE SN D Z LR S

ni-.
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DiT Z# W/ =R A 7 V=7 b ORTLEMOR R EZMK 3.4~ 3.6 ITRT. ¥ XTOF

7Y MERIZE W T DIT OREEIX 100% T 0, HHRIE KD 20 701 722 koo A2 ik
DIiT O FEFEICAF L7, K 3.4 18T XL 912 DIT X H ik AlEfk 2 £ L S E 547
Ve MERTH-TH, HRERRLS ZRIER 7 BEAT —F % ZRTEM~ » 7TIZE#]
THIEN RSN, £72, DIT iX ellipsoid X° torus 72 E OB MR ERICHEH ATHETH V
(12 3.5), fused objects = complex overlapping object 72 £ D =R THICEHEICEZR D A - 7=
FT7V =l PORILEMTE LI LRSI (K3.6).

UL b, fEROWTEMT VT Y XN THRBEE 7o Tz B 2k oA AR 722 & O fF
HARZREBETX 5, AW ZRRICIEMNEE DIT ORI Z Lz, £ o 78 E Ok D
WICIEME 7 VT Y X LTI, WRILEMT D208 T — % %27 — FZZMOEAFZERICEET D
ZETT ORI E T H[123]. EAZEREMRT -2 oM oOKREBRAER, HRELE
AT EES. ZHIZH LT, KFFETDIT 7 VI Y ZAAF AT =22 (F—23 DA
YTy 7 AFKG2ER]) OIEZEM LIC T — 2 25 L, BIEAE L ERALIZL > TT
— DWW E BT 5. Licno T, ELAHEZITORWVIRITCIEMT VT Y XL EREL
T2 L, THEHRBARPIEA LR DIT ORI LI ERBEBTH D LRSI D . 1
WEK DR WA HIR ST EBIE ORI L2 2 & T, @Mk T —F Z W0 % 5 T
B B MIRAT bk KOs S LT 2 B0 % O M LF 0B Is W TER & 2RI L2 R
DRSNS,
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Fig. 3.2 Accuracy of the decoded data strings using BCT (n=1000, mean = S.D.). The blue line

indicates the accuracy with arbitrary-precision arithmetic, orange with single precision, green with

double precision (a) 1-bit elements (b) 8-bit elements.
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Fig. 3.3 Execution time in encoding and decoding with a 1D random number array of integers

generated from a discrete uniform distribution. The left column indicates the results for data with

1-bit elements, and the right column for 8-bit elements (n=1000, mean + S.D.).
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(a) Original data Compressed map Reconstructed data
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Fig. 3.4 Reversible dimensional transformation without information loss using DiT. The data values
contained in the voxels of the original and reconstructed data were all consistent. The top row
indicates sphere objects(self-shielding), and the bottom indicates 3D overlapped objects(mutual
shielding). The left column indicates the original data, the center indicates the compressed map,
and the right indicates the reconstructed data. (a) data with 1-bit elements. (b) data with 8-bit
elements. Yellow voxels indicate high values, green voxels indicate middle values and blue voxels

indicate low values.
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(a) Original data Compressed map Reconstructed data
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Fig. 3.5 Reconstruction of the self-shielding 3D object with DiT. The data values contained in the
voxels of the original and reconstructed data were all consistent. The top row indicates the ellipsoid
and the bottom indicates torus. The left column indicates the original data, the center indicates the
compressed map, and the right indicates the reconstructed data. (a) data with 1-bit elements. (b)
data with 8-bit elements. Yellow voxels indicate high values, green voxels indicate middle values

and blue voxels indicate low values.
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Fig. 3.6 Reconstruction of mutual shielding 3D object with DiT. The data values contained in the
voxels of the original and reconstructed data were all consistent. The top row indicates fused objects,
and the bottom indicates three-dimensional complexed overlapping objects. The left column
indicates the original data, the center indicates the compressed map, and the right indicates the
reconstructed data. (a) data with 1-bit elements. (b) data with 8-bit elements. Yellow voxels indicate

high values, green voxels indicate middle values and blue voxels indicate low values.
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32 YUY ay PR HREEEEE

321 BEE

AREIZIBWT, SEEMEANA P e Z LN O = RooH B R O R 892810 & FHR rTRE 72 7
AL 7 ) — R ST BE B BRI O ST IZ AT T, v F vy 3y b SR Al E R B
1% (single-shot three-dimensional cellular computational microscopy: STCM) % #E~r 3 5. AHfF
ZEICBWTIE, TETER SN EREFETT VEIIERBEKIMZELE LTI, 1 Ko
WIEAAR ZE BB G > DALY N A R e ZF VN O =R BRER 254 5, RE%E
N— 2D STCM #5425, Z 2T, HEEFTEICE W TET—&KMIC, HARTTEN AR
TEICHE_RTBO TREVWEIRZZAZIIRKERLERELNZZAZ7 L L THLATWVD
[78]. BAKIIC, ZRIET — b =7 —Z T2 2 L3R ETH Y, WEFEN
—ADVUIT N Ay MM A=V THENIZBT AR MRy 7 o TS, £ T,
ABFFEIC IV T, DIT W2 RICERIZ K - THERDO Z 2 7 & AJjkoc & ko h

IRE R EG AR AV ICHERTHE CTHAT — X ORHEEREZ W LS, 1 &
D "R ICBEBEEE L A S EGELTE N A B u Z LN O SR TR TR 2 R B T E AT RE
T I A A=V T FEOWELRL D .

STCM MWD U — 7 7 —|Z 2N TIH_%. 1 D ZRCHMEEE B 2 AN J), DIT OFF
FAEAT v T E AT ZRITTHIIAAR 7 BV TF — X koA Lz —RTENi~ v 72D
ETDHT =Sy NEMET S, MELLET -4y hE AW TAH T Ok g2
EROATLIFMEEAR L EREFEHICLVELNESED. FHEFEALETALEHNT, 1 KO
WOCBEMBIE R b IR TIEME~ >~ T EHEE L, DIT O SAT v 7 &2 H T R EE
i~ > 7 b Z WOk & B 5.
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322 BREBIUERFE

AREIZB T, STCM OMEZ AL T, 7—% &y MEE, Xy bV -7 HEB LW
R GBI DWW TR RS . STCM (%, 3.1 i THEZE L 72 DIiT ¥ K O'EHE XI5 % 2 7 1236
W TTIL 22 S 45 E o AR %~ b U — 2 (conditional generative adversarial network: cGAN)
Th 5 pix2pix ET/A[T9] CEICHEIND. £/, STCM T RERFEOY —r 7
o— LRI BB L HRBRD 2 oD T v Y THR S, HRBRICBVLTE
TV DRl A FE TS .

3221 T—F &y MEZE
SRR O EMRT — X 2 WET 57200 E LT, EELE NN e LRI
SWIEE L SRe MRS RE T AV AER L. SRS RET LT, T4y
FNADT =2 DERMEE T D720, ~ U AR B gk (C2C12 Mifa, BRAF& L
Ny 7)), v ML AR (MCF7 fifd, JCRB BN 7)) BEOE b KGN H K
Hifak (DLDI ff@, JCRB A > 7)) o 3FEEOMBEKEZHEH LT, 1MaT—4F 7
IO RS, C2C12 Mgk~ v AHkOMakkTdH vV, MCF7 Mildds L O DLDI
Ml e RO ZNENE R DM OB Sk Tcd 5. £/, C2C12 Ml &
MCFE7 I 3ER ML O & 4~ L, DLDI i B RMBoRSsEE R+, 20 k)
B O AR R DM DB S MR 2 IR L7 ROl B €T v &7
— 2ty hORELETH LT, KUFZETHET L STCM ORLHELZ#HR LT, T
#M R AE 1X DMEM-high glucose + 10%FBS + 1% Antimycotic-Antibiotic 55 # {8 & F T, 2.2.2.2
HiCidk L FIHCREE T A A F 2 X— X NTOMFREELS L OMRIEEX 0% ICHE &
LTHWE. HWT, 2212 S L2 FIECER L 72 & &RE 24 mg/ml 0 TR = F
— 7 PPEATR IS, MK ZE 6.0 x 10* cells/cm® DJEE TRE T 5 Z L THIREA 1] 25—
FUHRMIEIREER L., RBTAAL L FaX—FT 2 HHEEIELZ L TrES
H, koo e 7 V2 FR Lo kool laks & £ 7 v id C2C12 i, MCF7 #ifid,
DLDI1 M = L ITHERL L, X TOR % E 7 /1128 T DMEM-high glucose + 10%FBS + 1%
Antimycotic-Antibiotic 52 B IKE W TR A A > F a2 X—XZ N T 1 HREHMEFRE L.
WK OR 7 EALT =2 OWGEZHAE LT, 1| HREOMREEK TRIC
calcein-AM Z AW Tl 2 a0t ge U 7o SO YA FIRIE 2.2.2.2 FilZFe# L 72 FIE & FER

Thd. 22228 T 7= X 91T calein-AM ITfifaZ @O HH0FETHY, KERICE
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WM E ORIR ZE#HZT 2 EEME L L THWE., —RaHRBROR 7 BT —4
DEAFIZHET T, 10 x4 1L > X (UPLFLN10X2PH, Olympus Inc.) % ## L7 S L
— P EEMBEMKEE (FV3000 33 L O FV31S-SW v2.3.2.169 software, Olympus Inc.) % i\ 7=
HERBEMEBEBRORGZ, 285 WIC lum TOERET H 2 & THfiEA T A AW S L
oo i v —YF O EIT 488 nm, #ET 4 VX O RIX 520 nm & L7z, F7o, HESEE
WG O L R CALE IS W T, CAHZBEMEGS S RRFICIEG L. 0B R BEmEia s
ST BT O N BRA B AR, N AH ZEBRABE R 1T R osM n SRR B & LT W s i)
BENTT — X1 xy VHE 2 1024 x 1024 pixel, xy Vi 22 M4 fRHEAS 1.243 pm/pixel, z fif
J7 173 288 pixel T - 7=.

Tty MEEOFIEEZIR D, HERBEMBGOE A T A AEGE 2 7 IR
AL, ZRTECHEMBEGLERE L (M3.72). 22T, WL XLREBOMOKE 2
JEHT R L - T, HERBEMEIC & 2 REB L ZRoTHIHRIE z @7 i IS HE R LT
7. 22T, HfE 10 um ORIV AF L o MHENE~A 27 v E— X (Fluoresbrite Plain
Microspheres (2.5% Solids-Latex) 10.0 um YG, PolysciencesInc.) # H\\/=F¥ ¥ U 7 L — 3
kB & £ L, MATLAB @ Image Processing ToolBox (Version11.2) Z#fHl\WC~A 7 n b
— AL RBEMBIBRO 2R OR S EZRE Lz, R, SESEMERD 2z MmO R
X1% 40.0 £ 0.0244 um (n=668, mean + SE)YTH ¥, zfli 5\ 4 (FFREELHE L TWNWDZ &
EW SN L (K3.7b). ZORERNS, ZRotE ABME G O il L7z E o =% ooi
fa 7 — % (32x32x128pixels) %, RATFEEET VT Y X L% FWT z 85 012 4 5 £ 6
L, AR Z FERi$ 2 2 & TMRIR SR LI 272 bR 7 L7 —4% (32 x 32 x 32)
4572 (X 3.8a). AIAALEETIX, Minimum 7 ¢ /L% (kernelsize: 5x5x5), Median 7 1 /L
% (kernel size: 5 x 5x5), Gaussian 7 4 /L% (c:1.0), Mean 7 /L3 U X AIZ X 5 "L
X Y Opening morphology 5% (kernel size: 5 x 5 x 5) DNETHEf L=, AL LRI &
NT—8 %, DIT OFFL AT » I8 W T IR ICIEM~ v 7 (32 x 32 pixels) 12254 L
72 (X 3.8b) . [Efi~ v 7 DT — X &AL DITB L OBCT DEHEICL V[0, 1]OFPHTH 5.
ZIT, R EAT—=FNGEM~Y v T ~OWRICE O FE TIITER B A A2 F2 i L,
JEAE~ > I EREEFEES/N AR OT =2 L L TAEVITEM L. 2k, BIREAT
RSN TWAEBEER 7L =20 — 2 V7 N =T PEERBEHRET — X 1T LT
BOT, ERE, ERERBIOEBEFH/ N EAEROT —ZIZOBRIE L TWDHI®H T

HD. 31HTRLULE BCT OREEFMICEL » T, BEEFIH/NEEERTOXATY Lotk
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WMTIE, 7—FE32D1bit 7T —FINEERBERS AN T —ITEMTE 52 LITBRICH
RB LI OERMIOREN TV . AERICB TSR LT —F DR EEBHBIZBNTYH,
HMBRZAECTITHE 100% TRILEMTE 22 LARD L. Hil T, #CHMEES
B R I R R ISR S LT AH S BB A % v 7 BB O R D, A0 = RaeHiiT — & &
[k D F L AR CHR R S LT AL AE ZE BB AS (32 x 32 pixels) A fRHI L7z (1X13.8¢c). HifH
FEPAMBE 1T, Minimum 7 ¢ L% (kernel size: 5 x 5), Median 7 1 /L% (kernel size: 5 x
5), Gaussian 7 4 /% (c:1.0) DA THILIEZ EHE L 7=, AR L7212, Min-max 1EBL
bz FEhid 2 2 & CHAAHZEBEMSEGROT — X @A [0, 1]OHB I AR L, JEfi~y 7 & FH
HoTF— 2L Lz, fWT, [ UZEHEETH O NI ABEMEE G & Eii~ v 7
DT HT—HEy b Lk (K38d). 77—ty b 2k%E, FHBRICHNDZET —
Aty FBLOHREBRICHWDLI T A M T =%ty MImEILe., ZEHT—% €y MIF
W7 —42ty FBLOWGET —Z &y MomEIL, T —F2y hCTEEENZETV
DRE TRy 7 HICRFET — %ty NTaMiL7z. AT —2 &2y b, MiET—% & v
FBLEOT A NT—%Ey MK 8:1:1 OFEOH TN A XD X HICHTHEL, K
BrlczhZh 264 11, 3B X34 LT, F72, BT —% &y N ClRERKES
BT A ERANC, TANT—HFty MBS E Bl LIEREE e L7, FEMI

AF¥EEIZ1X, 3.2.2.3 #i Tib <= A Intersection over Union (IoU) ZfE L 7=.
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3222 Xy NU—J &

STCM D * v U — 7 fEIZ OV TR 5. STCM O % > U — 7% pix2pix T /L%
RITHFE ST, pix2pix BT VT AN LN DO 2 DOFEET NV ENLT 5%y b Y
—JETHY, ENENOFEET NV ELAIZTHE IE L. W T B G & Ak
ko CTAERSNI-mEOEGEZ ERICHE T2 X 51278 S5 (KM 3.8¢). Ap#ridik
MERE K< X oI, EMEHICTVEBREZART L2 X 5ICFEIEL. RKFRICE N TIE
AR I RO AR ZE BB B 2 D T RILERME Y v T~ O 5B EFE T L2 LT, TR
T — A NE ZRET — A AEERHE TS VO HERESZER L TWE. #iEShiz
TWITJEME~ v T DITOE B AT v 7 E AW T R MR AR 7 BT — 2 1T
ShTHAhEnD. #lgoxy bU—27 1% PatchGAN[79], &k#D R v b7 —72 % U-
net[124]IC K> THER SN DEE=2—F Xy NT—JEETH S (M 3.8). AKHFIEIC
BT 5, STCM OBEKEHLTIRADO LS ITELE L.

L =arg mGin mgle‘cGAN(G,D) +2L,1(G) (3.22)

ZIT, GEANEGx» D Gy~ GAR 2 D Ak &, DIZERREBRIR T X
NEAT, EMBEBRICEIANLVEMTL2L5ICFEETLI@BMNGERLTND. F,
Lecan (G, D)1 cGAN OB ¥ %, L (GIZEAMEHISEEE LTo L1 /v A KK
g, MTEAMERE Z R L, $il&FEE LTCoEAMEkoRE & LTERT 5. AF%EIC
BUWTIE, pix2pix BT MICE W THESE X5 EHMEAREA = 1000 T o %8 %2 i L 7.
Leoan(G,DYBEULL(G)EThZRkAD LS cEFHE L.
Legan (G, D) = Eyy llog D(x, )] + Ey [log (1 - D(x, 6 () )| (3.23)
L11(G) = Exyllly — G(Il1] (3.24)
T, ERMIfHEA R L TV D, AR IFHEKEELE A S Hn, BRI E KB
BLEWEMSEL MRy MUY= OREB2RELSE, FEEED L. £, B2
FEICHT T, T2y NADEM~ v It LTS T AMAERE A AT 14 BT
Efi L. Efi~ v 7 OMEME %G (i, =1,2,++,32) & LW, /3o 7 A INF 5 o b
HZG ;"L Lichks, HAETRADOLIICERIND.

Gi,j + bias lf Gi,j =0

G ;"= { . 3.25
L Gi,j lf Gi,j =0 ( )
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Z 2T, biaslIHEMEICNE T 5/MTH Y, REBRIZHWTIL 0.5 ITHRE L. MIERFIC
BOWTEAASTRAHEEZRE Lz, 7A N —X 2B 2H#@mEEICIX, #HEISIE =Kok
WRICK L TR L D ) A A E % Fhi L7z, %W T, Closing morphology i

(kernel size: 19 x 19 x 19), Opening morphology {5 (kernel size: 1 x 1 x 1) 35 X O' Median
7 4 V% (kernelsize:3x3x3) MPEZEHE L7=. HAHIZIT D kernel size 1%, MAET —
2y beHWET VALY —F Ik TRELT.

STCM % v b U —7 OFEIEFIFIZOWTHRRS. A5 TiE, Intel(R) Xeon(R) CPU ES5-
1620 v3 @ 3.50GHz X O} GeForce TITAN X GPU % VT STCM X v bV — 27 O3 % &
fi L7=. STCM % > b U —2 (% PyTorch 7 L' — AU — 7 [125|IC & » THEE S, EHEHE

FICL 252 E M L7z, BEMEROREICIE Adam 7L T Y X A[126]% L, =&
Y 7 H250 BRIy FH A X2 TOFEEZEM L. FEFEIX, 125 =8y 7 H%ICER
MR T DL OICHRE L. Ny FHh A XL, I ="y FECBTEAT 5T
— Xty NO/NWNFET =2 THL. I="yFELIL, T -2y b2 —FETHE
BFH0TERL, T —2y "o T XAl aniz/hnEs—42ty b H
WTHEL, ThEaRETHZ L TIHT — 2ty MEKRZREBENICEET2FEETH
VD, FEETLVORBENM ET 22 ERmMbN TS, £/2, STCM OMRELZ M LI ® 5
7212, T — & L3k (data augmentation: DA)%& FEfE L 7=, AMFIEIZH WV TIE, ZRoTHIfER
7R NT —H B L O ZEBEMEG A xyz O EAF I Spixel TOBEBSETr/ry
LieT — 2% T —XIBMT 24774 DA EFEMLI., =L, 7—X% VU —7IC
EORY RN AR T 2720, AT —2 Yy MDA F 7T A4 DA & Ffi L.
F 774 DA EEOT —% 8y ORI, T2ty b, BRiET—%tY B
FOT AT =2ty hTEREN 21881, 34 B L34 ThoTo. Fio, 12 D
BT —FEEAREE, ETTREBINEEIEL4 T4 DA FEM L. [HlEAE
1390 £, 180 B, 270 & L7z,

F72, STCM * > MU —7 O R Z R T 272912, 1| O ZRGEBT — %16
SRIEA TV VEWET DX AT ICEB W CHE S CH AR ERE (state of the art:
SOTA) DET A HEIEL, M—DF =%ty &2 MW A L 7. BEIRHIZ, SOTA
E7 L& LT Pix2Vox E7 /L[75]18 L O Pix2Vox++E T L [761 W=, TN HDET LT
Frora—4% - Fa—FEFT NV ThHb3DUmnet Xy FUY—7BEHAINTWD. #iF DL

TTHFRICEBE T, FENRBEOREENMEVNE XA 7L, FERBEOREERS VA XA
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TO 2 FEBEOT =X T 7 F BB EINTND. AEBRIZE WV TIX Pix2Vox-A B LW
Pix2Vox++-A 7 —F 7 7 Fx 2z VW THFEHLFEMLTZ. 72, SICM Ry U —7 O%H
ER— SR COFEBREEMMT 572010, TRy 7250 B8L 0NNy FH A X2 TOEEE
T Ll ZOMDANAN—=/NT 2 —H X, FEATHIE[T5], [TOUT W THELE 4L TV 72 fE

WA E LTz,
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Fig. 3.7 Raw data and calibration test. (a) Representative raw fluorescence staining image of cells
captured using confocal laser microscopy. Cell shape in the raw data was elongated in the z-axis
direction. (b) Results of the calibration test using fluorescence microbeads with a diameter of 10
pm. Length of the beads in the z-axis direction was 40.0 £ 0.0244 pum (n=668, mean £ S.E).
Considering that the confocal microscopy images were scanned in the z-axis direction with a spatial
resolution of 1 pm/pixel, it was indicated that the reconstructed images were elongated about 4

times.
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Fig. 3.8 Dataset construction and single-shot three-dimensional cellular computational microscopy
(STCM) architecture. (a) Representative raw data and preprocessed data. (b) Representative data
on the dimensional transformation of three-dimensional fluorescence microscope data by DiT. The
top-left image indicates the original fluorescence data, and the middle-right image indicates the

compressed data. The bottom-left image indicates the reconstructed data from the compressed data.
54



The reconstructed data was consistent with the original data, and the information in the original
data was completely embedded in the compressed map. (¢) Extraction position of phase-contrast
microscopy image from the raw florescent image. Red dots indicate the center coordinates of the
three-dimensional cell shape, which is the basis for the extraction. Blue area indicates the extraction
area of the phase-contrast microscopy image. (d) Representative paired dataset which consisted of
the phase-contrast microscopy image and compressed map. The data size was 32% resolution. (e)
Overview of the STCM architecture. x and y denote the phase-contrast microscopy image and the
ground truth data of the compressed map. G(x) denote the generated compressed map from the input
x. The discriminator determines the authenticity of input-output data pairs, and the generator learns
the input-to-output mappings. (f) Network of the generator and discriminator. The generator and
discriminator consisted of U-Net and PatchGAN, respectively. Conv and upconv denote the

convolution layer and up-convolution layer, respectively.
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3.2.2.3 5

STCM DOPEREFEAM & L C, T 7 /A OHERIKEE B X OGHRAEMMEAE & &AM L2, 5
FAAMEME T MM & R M TS S, ERIEMEMEITR AT A X BB LA E Y
i &, FERIEMEME I R CRM S D . EREMEEDMEVIZ EE T VITE AT UM
R, FFEEEESMERVZEET VIRERRFEZWREL 75, AMFEICE W TIE, %
MM X OV MEME MR W RN 2 R T ET LV EZ2RERET AV EERT D,

ARWFFENT I T D HEMRS BE O FEAf Tk, SN 2D 77— % L g I 3D 7 —4
DB & EfRT — 2 & g U CE RIIZEEAN L 7.

2D 7 —Z OFE BRSE G TIX, KRIBWFREE & RATHI IR 2 v C g s M & B Al
L7, BARRIZ, REROFERE & LT BMBERE (CCC) %, R L L TE—27 S/N
Lt (PSNR) 3 L OVEEIAEE S LI FRHE (mSSIM) Z A L7-. CCC I3[ 35 fil <o [ 35 1l 25 A
DIFENZ BT 5 2 & CTREAYRBELME 2R3 . PSNR (T [R — {7 & O 8 F#EH D 7% %
W% Z & TR T 72 ) 3 5 O K8 &, mSSIM 1XiE B 3 5 1l Al 5 A O FA LM % KOt
T5HZE TR EDEHUMEZRY. ZAb6DHEEFIRKANOL S ICERLE.

2p0,0.
CCC =— Zp o yz - (3.26)
Oy +0y +(ux —uy)
Oxy
= 3.27
P =oito (3.27)
MAX?
PSNR =10 -1 — 2
S 0 0g1°<MSE> (3.28)
1 m-1n-1
mn Lo . [x(i,j) — (@, )] (3.29)
i=0 j=0
1 M
mSSIM = MZ SSIM,; (3.30)
i=0
2 +¢,)(20,, + C
SSIM = (2uty + 1) (204 + C) (3.31)

(ux? + 1% + G ) (02 + 0,2 + C3)
TIT, xkyEENERERBEG L EREGEFT. (kb 1), (00 0y), 0plEEHE R ROT
(ZR T DWFMONY), FEFEEL LS BERT. MAXIZBIBRT -2 OMY 5 5 &K
B EE AR L, RIFFLTIT255ICHE L. mEnIBEBOIFELE H S THh 5. SSIM ITiE 11

@ IE#{t Gaussian kernel N CaHH S 41, mSSIM (X SSIM O FE¥EZFHE INDH. C &Gl
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FAREARAZES BT DOICRET 2ERT, RIFEICISVTIECG =(0.01-255)?%, C, =
(0.03-255)2 L REL7Z. T b OFHEDOMEITRE VI EEGEEMENESN L ZRL TV
5.

3D 7 — 4 OE &M ME R TIE, KRBWERE L RFEELZ T =R R 7 LT
— X OREERPIMEZ G L7z, BRI, RIEBUFEIE & U L RIRRZE, FRHRRERR 22,
PRI AR L O =R ERBREIRE O R EZZ M Lie, = kouBRBRERIIRATE
HINDL=ZRTBEOERTHEIETH 5.

s2
6V -V
T IT, VITMRAER, SITMRRnfETHY, BREKEKTHNIT 1, BHELER LR
1 XV KR&EL< 5. RPTWIEIE L LT IoU, Accuracy, Precision, Recall 35 & U' F-measure %
R L7Z. ToU X =RICHM X X 7 OFE Z2 5l 25 720 O IR E O FFIE & L TIA
<HEHENTEV[127], [128], AHFIEICH W CIXBATH 2 EEHELEORE S L CRA &

Three dimensional cell morphology index = (3.32)

L 7=. Accuracy, Precision, Recall 3 & O F-measure (X3 FTHI 72 R 7 © v FHRITERE D fEAE &
LCEALZ. Accuracy 137 — 4 &K TAH 7 V=7 MEAMB L OERERE L TELL T
HENTZRZ B ALOES %57T. Precision [T A 7 V= 7 MMEBICED 5 IEMA 7Y =
7 NEOE|I S &2 L, Recall [ZIEMA 7 V=7 FEBICHED DEKA T V=7 FEHEO
#|A % /~K9. F-measure | Precision & Recall DFfFIFEH & LCHESH, £ 7Y =7 b3
ELSAERINTZNE I EFHMIT 5. UL EO RV & /T EE RO L 5 1ITE

HLT1-.

centroid error = \/(Cf - c,t)z + (cf - c§)2 +(cf - c§)2 (3.33)
. lv9 —v7|
relative volume error = — (3.34)
. lls9 — sl
relative surface error = — (3.35)
absolute error of three dimensional morphology index = ||m9 —m"|| (3.36)
IoU = i (3.37)
" TTPYFP+FN '
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| ~ TP + TN (338)
CCUracY = Tp Y FP+ FN + TN '

TP

Precision = TP T FP (3.39)
Recall = P (3.40)
S = TP YN '

v _ 2(Precision X Recall) (3.41)
MeAsUre = precision + Recall .

22T, (cocy c)IZELOx,y, 2B A, viZWIKOIKEE, siZwikoRER, mizX332 T
EFRIND R EREZ RT. £, glTERT —%, rixdEMT — % 2-7 . KiF%
TlE, EM7T—2047 Y7 MEBICBWTAR SN ERITEREN R0t TV
=7 NOBEETNENEGIETPES KOMARIEFNE EE L. 7o, EMT — % O S Eik
AR SN ELFER SN DS F T V=27 NOREZNENEGEFPE X OV H 2
PETN L ER L. L MRRZE, MRHARRRZE, MxRmE#SAEL LT =k oB RO
R RE I 23/ S W &, ToU, Accuracy, Precision, Recall 38 X O F-score [FE 23 K & \»
EERIEHECME SR L 2R T, Precision 3 £ OY Recall X b L— KA 7 22 B£RIC
R ME ORI & FRFICEE =7 LV OMLE 27l § 25 Z £ 28 TE 5. Precision (ZH AT
Recall 23 WIE ERSFHY, (RWVIZEEMA 2R 7 B L TFHEZITOET L THDL Z LENRE
nad. 22T, HEECMEORFTEE L L TR L S DOMHEIEIX SOTA 7L LD
WL LTASKERHA SN TV D29, ARIFEICEB VTS SOTA £ 7 /W2 RS 2l 4 &
fi 9 % b RSB & FE i L 7z

BT, BT VOFEBEMEMEDOREM & LT, STCM 3 X O SOTA £ T LD/ T X X 4,
AEVEHES XOFEEEHEZHE L. BEMIZ, =2—F 4%y P =27 BROHKS
TAZEEREL, Ry TFHA X 2 ZBTFLAEVFEHELZRE L. £72, Intel(R)
Xeon(R) CPU E5-1620 v3 @ 3.50GHz ¥ & OY GeForce TITAN X GPU % W 7= FEZEREE IC B W
T, A—OF =4ty MBIy FH A X 2BILOTE Y 7 8250 TOHEFRRH %G
HLT.
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323 MRBILUBE

FEBRIZB T DA LS ISR 2 RABRONRENRMER Z Z L TN 3.9a L
3.9b IR Y. —fkAYZR cGAN 7 /L OFEEIRIZ B T D H KO ZEE) L [FERIC, ik
FREMBIERIT BT D HEABEEITET L STCM BN +HIcFE It 2Rr LTS, X
3.9¢ (T mean IoU ORERH 2R 2R T, &b @V mean loU 2R LKy 712B1T5
FEHETNVERANC, 7ART =%y MIxtd 2 STCM OPEREZ FRAfi L 7. X 3.9d 35 &
QX 3.9e (2R T L D12, STCM 1 R ILEMi~ v 7 & ZRIEARZ B AT =2 0T hizkn
TH, ERICEWT =X ZERTEDLZ ERRINT.

STCM D PEREFHAG & LT, &7 /VOHERIKEE I K OFHREEMEME 2 38l L 72. STCM D #
WG A BEM 3 2721, #P L7 2D 77— X B LV 3D 7 — ¥ O WE % & ®AIZFFM L
7=. STCM OH#EMI L7z 2D 7 — Z O E &R & EFHG I M7 T, PSNR, mSSIM & KT CCC
Z W TR 3 X OVR AT Y 72 BG B EUME 2 5 L 7. — X AYIZ, PSNR (349 30 dB[129],
mSSIM (35 0.98[130]% 2 % & Jmy BT B 73 18 38 i D FH L ME A3 v < Jmy BT A 7 4 16 oD JE (DL P %
BMWEINTWS. £ 31 ITRT EHIC, AREBZIZE LV PSNR & mSSIM (mean PSNR:
62.6 dB, mean mSSIM: 0.990) Z /R L7=. F7=, CCC ITH 0.95[131]1% 48 % 5 & KIGHY 72 Ei {4
BRMEREmWE SN TWD DY, AAEE TiL CCC (mean CCC : 5.86 x 1072) MRV Z & 23
AEfTe (£ 3.1). STCM OH#ERI L7z 3D 7 — & O E ®ASVEFEm I A1) T, Wl R
B K OFHHARERR 22 & W TR Za i @ BB U ME 2 51 AfE L 72, 3% 3.2 1S3 & 9 b
FARZAEDO P IEIT 1.48 pm, FXFARFERRZE O W I IT 0.494, FH 53R AERR 22 O L X
0.323, ZRTHIEEREFRE O E751T 0.0393 TH - 7=, MO VEHELITHR 20 um T
D Lhb, STCMITmWHKE THLOERELHETE 22 s hic. £, KH,
KRAHEB IO =ZRooMREEBEEICEL T, mWKETREBRZHEETE L2 RSN
72. #i\ T, IoU, Accuracy, Precision, Recall, F-measure % F\CJaj AT 7¢ # 1 $5 LU &
AN L 72, FRBEEUE 2 3R 9 % ToU ICB L C, STCM IXBLIED SOTA £ 7 /W IZ b~ T
LE WK E A2 R Lz (%£3.3). 72, Accuracy, Recall 3 & U F-measure (2B L T4 [RIEEIC
STCM Ml b mWEE A~ L7z, — 5 C, Precision (B L TD &, Pix2Vox++E 7 /LD i b
WK EZ R L7z, STCM E7 VO REEMMEZ TG T 572012, ZEHEMEOREEL L
TETNDRNTAZEHBIOCAE VAN E, RFEABHEMEOREE S L CRERRZNE L

7. WTHOEEICHE W TS STCM 1L SOTA EF VICH R THEIC/ L, FEHEMEND
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BWETALTHDLI ENRENT (F34)., ZROLOFEND, STCM 1 1 F DAL AH 5
WMEG S R REZBESFHHTELI2BERET VL THDL Z LR RENTE.

STCM D EFEIZHKE LI BR & L CEERAA > M, FHRERO VAT 2R ICE
Wy ToH D DITIZE 2T, ZRILT —F00 = RILT — X ~OFEES AT % ZIRILT —
I ZRIET —Z~DTIZ AT ICHERT OHER LCRICH LS. HEHT 2 IkoT
BEWOT LT, MBETREEARTAZEERBIIES L2 ERDRALFEICHFS
LiceBZbND. FERIZ, BT A ZEOBA T B M OKRIE 2B BN - 72 &
AR S A7z ZRJCEBR O S IZBI LT, PSNR & mSSIM 138 AT Y 7 B KU 2 31 L T
D DK LT, CCC T RIH 72 G Fa LI & 2 IZREMi L T\ D, L7223 > T, PSNR &
mSSIM 73 1m < CCC MEWy & 5 FE RIS, WG O KER5 25D 2 15 S 3s 2w < HEE
TETW DDA BGELMER WA, EREAEENETRERL Y b/t Ty
=7 MEIROHERITE RBEIEOHERNIC R THEBENEL N2 E R LTS, STCM 23
SOTA EFT NWICHANTHRbEW IoU BEZ /R L2 Z &%, STCM BiERDET VT T
BWKHE TR REAHECE LI A/RLTWS. 2T, Precision 23 W E 7 /L%
FEMAIZ, Recall BEWE T VIR STFIICA T V=7 b EAERT L. T D72, Precision B
L Recall (BT 2 AR RIT, STCM (ZIRSTHICA T P =7 F&AERT %5 —J7T, SOTA
ET VD Pix2Vox++E T /VIFHEBIICA T V=7 AR LI EERLTWD. £,
Accuracy 3 X O F-measure (2B 5 AfERIL, STCM BNEEELS ATV =7 FEAk L
ZEERLTND.

LLl, REBRICE ST, 1 MONMHEBRMSEGE» O HEBELIE N Re F o ZRTHl
FaFE IR & @ W RS EE CREIATRE 72 STCM D EFEIZEh L7, JHGELME AN A R e ZF LN TR %
ENDHMIBEL TNy gy FTA A=V 0 7T HBMREEEZ R T THSE L AR
FlX, BEMEE TR A IS U TR AR 0 A LR e SRR VR ERRE IR O R R I E kT
5. Fio, HHRLFOBERM R RBIZIESON B 2R R oo B #EE AT, =Rt
FERHEM & 2 7 & WG B GR AR S A7 CHEELERERRRBFEET VEMET L &
WHa == 7T r—F%, FEFEITORBCTEET 2 LRSS D. AIF%R
IZBWTIX, STCM 24 A LT T AL A=V T EMAEDLEDL LTI 7Y —UK
TR EE IR 2 LT D 2 LN TE D,
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Fig. 3.9 Learning results of mapping from the single phase-contrast microscopy image to the 3D

cell shape using by STCM. (a) (b) Representative loss transition in the generator and discriminator,

respectively. It was indicated that the learning was progressing with oscillating loss values. (¢)

Representative mean IoU transition in the validation dataset (n=34, mean + C.1.). It was indicated

that the IoU tended to shift for convergence after approximately 50 epochs. (d). Representative

phase-contrast microscopy image, the generated compressed map and the ground truth data, which
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were in the top, middle and bottom row, respectively. The images were extracted in the top 10 of
CCC. (e). Representative images of the generated voxel data which was reconstructed from the
compressed map and the ground truth data, which were in the top and bottom row, respectively. The
green region indicates the reconstructed object. Each data corresponds to the data order in Fig. 4d

and was included also within the top 10 of IoU.
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Table 3.1 Performance of the generated 2D compressed map with PSNR, mSSIM, and CCC. These

metrics were calculated by comparing them with 2D ground truth data.

PSNR (dB) mSSIM (-) CCC ()
mean 62.6 0.990 5.86 x 102
s.c. 0.397 9.04 x 10 2.79 x 10

Table 3.2 Performance of the reconstructed 3D cell voxel data with centroid error, relative volume
error, relative surface error and absolute error of three-dimensional morphology index. These

metrics were calculated by comparing them with 3D ground truth data.

Centroid Relative Relative Absolute error of three-
error (um)  volume error (-) surface error (-) dimensional morphology index (-)
median 1.48 0.494 0.323 0.0393
s.e. 0.133 0.470 0.185 0.00551

Table 3.3 Comparison of the 3D cell shape reconstruction on the established dataset using IoU,
Accuracy, Precision, Recall, and F-measure. These metrics are calculated as the mean value in the

test data. The best number for each metric is highlighted in bold.

Pix2Vox Pix2Vox++ Ours
IoU 0.56839 0.57759 0.59093
Accuracy 0.95937 0.96040 0.97679
Precision 0.82141 0.82465 0.60384
Recall 0.69038 0.71076 0.99021
F-measure 0.70696 0.71147 0.71151
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Table 3.4 The number of parameters, memory footprint and inference time on the established dataset.
The memory footprint was calculated with a batch size of 2. The inference time was measured in
each epoch with a batch size of 2. The resolution of the input and output size were 322 and 323,

respectively. The best number for each metric is highlighted in bold.

Pix2Vox Pix2Vox++ Ours

Parameters (M) 114 96.3 4.86

Memory (MB) 985 797 20.2
Inference time

Average (s) 322 366 166

Total (h) 22.4 25.5 11.6
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FH4E LTEHTIBRBRIEMABICNTEIAT ) —<
A e £ [ D il 2 B A

4.1 HEE

REIZBWT, EB@T 2 MO EMHETIC T2 2 7 7 —~ Ml M o G2 % i B4
5. —E9IS, MBI B D 5 B s T O R B BTSN ERIEI 5 L TRy s b iR A —
A DOWER Ay — )V CTEET 5 Z ENMBITWA[132], [133]2%, T4, W< D00kl
(B W TR A 7 — v @ JE ]I I B A R S B F R B2 L8 2 L8 S &
HZEBPALMNERSTERL[134]. 22T, RERIZBWTIL, HREHA— & TRHRBIAIC
10 b 2 A EREREIT A T ) —~ MR O ZE BN B L IF T & ARG & 32T,
i s A R 2 S L 72 BRAEYIS, AR DB oM REMBIMS ZRILA T /) —~F
THCEBTDHAT ) —~MlREAOERIEICG 2 H5EBEEZHA L. 22T, A7/ —
<ML OER Y o 2 2BV T,

1. MifEsE
2. il e 4 i
3. i E
4. e =

DASORFBIEHT D, ML, TRV RAFEIEIXRZ B — Y R Ko THIFEE
SO B AZ AN A E UM 23 R RT3 ) 72 BERE AR I o TR BE A 45 3. MR B VM IR o> A BE I
HR T DA D calcein-AM/PI “H YA Ko TRl § 5 2 L3 TE 2. MIRAE & 1%, il
3N X o THIIES NI 2K EZ 5 L, calcein-AM/PI —EE YL a|2 X - THH S L7
a2 R+ 22 L CHMiT 52 LN TE D, £, MlEE S ITMREKROYETY &
Ik o T2 E B ¢ 5 REBE2HE L, MEH OB L > TRMET 2 2 &2
TE5. MIZMEEIT ECM /T 527 =7 &2 0 L3RR o MEET 2 IREL 1S
L, a9 =0 iAo BcFREMTZ2E RS2 L THMT52 L8 TES.
T, AFRICBNTIEERNZENORFITR L TELT 4 DO &Rl 2 FE06 L 7z.
1. calcein-AM/PI — & 4L 4|2 X 2 FE M e 22 3 AMh
2. calcein-AM/PI — FE YL 412 X 2 Al e B i =2 G A
3. rhodamine-phalloidin/DAPI —E# Y @IZ L% F 7 7 F U MAEHKO U 5 U v 7 3

4. RT-qPCR IZ K % 22 7 — 7 L 3 iR 35 D 8 A 1 38 B AEAf
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4.2 BB R OERFE

AKRFEBRTIE, BB OMREMBEN ZRITAT ) —~vEFETNVIIBTDHAT /) —
~MHEEROREEICEX2EBERE L. ZRILA T /) —~<FT VXM HEEIC
BI6F10 Al 2 & FE L 72212 L0 1M a7 =5 U PV CHEET H 2 & T, SRR KE
WEZHREER LEEEBET L THL. RERTHVWD ZRIEA T / —~ET VI, 22225
\CFRE L7 FIEICHE > TERLL 7. 7272 L, PDMS R AR R T —/L FOEZT 1.5mm
L L, MRBEFEEEZ 1.6 X 107 cells/em* (IZFHEE L7z, ABHHEL LT, 7.7 X 10°Pa O£
e H P A 2 RERIEINGS O 2 e bR 3= 2 4 e [ )8 81 o0 [ R ) FE AR R R (T=4 #E) &,
4 RFEDINES X OY 4 e RIBRAT 9 2 8 IRy R JE B oo [ R B9 FE A FITORE (T=8 B¥) 8 & OVEHe il
WA FEIN L 72 vy control B2 HE L7-.

F 72 5 JA B O R B EAERITE S A T ) —~ MR ORI B 2 D B dHil T 5
72T, K& 0, 8, 16, 24 FefHfREKRFSICH W T A T /) —<flifldd A EEAE CCD 1 A F
(DP73, Olympus Inc.) Z#5# L 727 Z2BEMEBE (CKX41, Olympus Inc.) (2 X > TH A A
77 AR LT, R O E B RHEZ 0 T, ARSI DML S A H RS & Imagel
ZAWTZEGHETIC L > THIEL, RATER SN DMEREMEP 2K H L7z, Image) (T X
H R FEAT TIE, NAZZBEIEIE O/ A R B £ 3 L OV (2 1811 C Subtract ground AL
#, Minimum 7 ¢ /L4, Invert LLFEI L O Otsu 7 /L = U X A L % bz % L= (X

4.1a).

pt=\/%_\/% (4.1)

TIT, alIBRELNCIH T DM S A EAE, aoldiEE 0 R RRB R AIZ IS 1T 2 M S5 A
Bard. SRANCH T D EREBRE A ik/h ZRIEIC K > THIERER L, B EHROM X
Ko CHEEEEAWE L. £z, BEYREMROME A BE LR EREIC L > THHE L 72,

1 R g 6 1 3 0% Al el BE d6 K OV il M 0L B 2 % R B 0 o B REATG L 1) 1 T, 5 AR 24 By
AR IF A2 38 1 % caleein-AM/PI —H a4 4 3 Hii L, Image) % MW CTA MR &
OVFEAR R £ % 5F A L 72 . calcein-AM (3 ARl i D B B 2 ok €212, PLIESEMI G oD Al R k% % IR
AT HOE BT 5. calcein-AM/PI HEHOE YL AT 2.2.2.2 FilZFLHE L 72 FINEICIH - THEfE
L7c. By S 7= Ml iZ CCD 1 A 7 (DP73, Olympus Inc.) 35 £ OVE % % & (U-LHS0HG,
Olympus Inc.) Z ## U 7= 20O EE (CKX41, Olympus Inc.) % W Tl L7z, A Mk

IL calcein-AM B EE 2 (2% L C, Image] @ ITCN 7 74 2 HWTHIE L (K
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4.1b). ITCN 7 Z 7 A > T, #HBEHBETICRE T 2MEEO MR A ZHHL, REINT
AR OO B F5 L OVHE R ] D fe /N BRBE O S N2 38 1T 2 MR K R O i B &2 5192 2 & Tl
Ba2WET 5. FEAREIE PL e Ot BMEE BRI LT, Image] Z W72 Otsu 7 /L= Y X A
2 &2 ZfEbEB L O watershed 7V T Y RAIC L DT AT —varveEEidT b LT
HE L7z (K 4.1c). MRIEDE AR & L CIHMMREL, MREEOEEMEREE LT
Mt g &2 R k> THEH L.

D

dead cell rate = —— 4.2

ead cell rate = - D (4.2)

cell number increase rate = whereC = A+ D (4.3)
Ccontrol

Z T, AITAEMBEEL, DI TH D, £72, Coonerorld control BEIZ IS 1T D IR EL T
»5.

5] K P T 40 ) 0 208 A e sl A2 12 - 2 % R oD T B REAR 1 , AR 24 WEREIRRAE I AN
Z¥F % rhodamine-phalloidin/DAPI —E Yt 2 E i L, Image] Z HWWTF 7 7 F il
fg o U ET Y 7 &M L7z, DAPL IZMiRIE A EiRE O BRGa AR ch Y EE ) v
TN B HIEE O H Y K < IV B U5 [135], [136]. rhodamine-phalloidin % Y 4t
A 2.2.2.2 filZR# L7z FIEICH - THEM L72#%IZ, 300nM @ DAPLER (b & 535
nm, W E 585nm) EZIRM UREBEH AL > % 2 X—& T 5 5MiFE L. DAPLIRIR%Z
frk L7112, PBS + 1% antimycotic/antibiotic Z H 72 5 /3l O Pei LBl 2 3 [ 0k L
o HOEYA S NI calcein-AM/PT EE YL A A iR L 72 BB L [A) U Ok B SR
MW TRG L., F 77 F U MlREHROVET Y C7ICElT 2 EEMELSL LT, B
MiadHlz O F 7 7 F Uitk azRAUT L > TR L.

L
F actin filament length per cell = N (4.4)

ZIT, LBEXONIENENHRBE G T ORT 7 F Ui REB KO TH L. BT
7 F kR 1%, rhodamine-phalloidin = % BAMEE 4 12 % L T Image] % AV 7 Bandpass 7
4 VA, Otsu 7L 3 U XA LIT KD {3 K O Skeletonize ALPEZ 242 2 & THIE L 7=
(X 4.1d). Skeletonize LFLTIX, A7 V=7 hDOEZ BIVIEMN 1 pixel (2725 F THYIK
LENT 40P —EEA4T 5 W72, Skeletonize & A7 " fEAL M {4 o [l Ml O & 5 TRk

WO T 7 F MR ICHE Y T 5. MR DAPL @ L BEMEE I % L C, Imagel %
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W7z Mean 73U R A2 LD b LY watershed 7TV ALK DB AT
—YarEERTLHIETHELE.

[ % A FE A6 B 08 I IR LS 5 2 2 52 48 0 E BRI ) C, KEAE 24 IR 0% 38 IRf A
\Z$1F % RT-qPCR BB TR BURN 2 Ffi L7, RERICB W TERE FRBUEN T2
RBETIEL, MIREICED D v 7 T RERKICE W T FIRICALET 5 ECM 4 fiff#

BAR T & L7z, RT-qPCR & TR BB AR 17> D FBL L 72 mRNA O FH %156 Bl & % & &9 12
ETLHHTETHY, total RNA filit, ¢cDNA Wi#izS, U7V HZ A LPCRD3 DDAT v/
IZX > THERR S 5. total RNA filit 27 o 7 Cik, *FG v 763X TO RNA %l
9 %. ¢cDNA WHZ G A7 » 7Tl L7 RNA % cDNA ICH#RG 3 5. U T VZ A A
PCR TId ¢cDNA IZF EN 5 MR BT A MHE S, HEELFNT 252 L THRERTO
MR EHEBEEZWET HZ LN TE S, RT-qPCR IZ L H M BHBEBOREITIE, SHRiElEF
LT AF—VE U THEEFBLOZY =7y MERETFO2HEHENBNLETHL. NTAF
—bE U BETIIBERAREORER L L THEEL, ¥—7 vy MERTORARET Y
AFX—E UV BEFORREICL > THIMICEHEND., RERICEWTIE, ~"UAF
— B V5T & LT Gapdh BIGF, ¥ —4 v F#EFE LT Mmpl4 B85 O A& 5 51
w2 WE L. GAPDH IR OBEELKFTHY, b I Mo NT ZAF—F

BIZTO—2>TH DH[137]. MMP14 L ECM = 0T 2 EERPHERZTHY, A7 /) —~
M DR AR HET D 2 N B 2L T 2K+ Tdh 5[138]. RT-qPCR O FHA K~ 5
e 24 BERBRERICRBIT A AT /) —~FET /LMD total RNA Z i3 % . total RNA i
A7 v 7T, NucleoSpin RNA % v b (740955.50, TakaraBioInc.) # M\ 7=. Hi\ T,
total RNA i & 35 LY cDNA A BiE#R (PrimeScript Master Mix (Perfect Real Time),
RRO36A, Takara Bio Inc.)%Z iR & L7z ¢cDNA K& HWT, —~ /¥ A 27— (Thermal
Cycler Dice Real Time System Lite, TP700, Takara Bio Inc.) |Z & = T total RNA % cDNA |Z
WHRE L7z, cDNA WHZE X7 » 2B Wi, 37 E 154, 85 5 B JE CIRESIfHE L
7=. Biophotometer (6131, Eppendorf) % F\>C cDNA ¥ & % & L 721412, &R (RNase-
free water, 9012, Takara Bio Inc.) Z MW\ CTHHEIRE 10 ng/ml O cDNA ER 2 FR L 7-.
TESL L 72 cDNA &%, # YEFE 5% 5% (TB Green Premix Ex Taq II (Tli RNaseH Plus) , RR820A,
Takara Bio Inc.), 77 A ~ — (TakaraBio Inc.) ¥ X O\ R A IEA L T, Takara Bio Inc.tt:
DIRET DIEICTEE LT QPCRIFREER LT, 77T A ~— ORI FNI R 4.1 [T 7.

ZLT, UT/V¥A L PCR #E (Thermal Cycler Dice Real Time System Lite, TP700, Takara
68



Bio Inc.) Z T qPCR {FiE%Z VU 7 V¥ A4 5 PCR T2 2 & T, MRE(E O EE
Ehg L7z, VT LHALPCR AT v 7 TILISE ST, 60 30 DA 7% 60 [Bl# 1
W LU7Z. M BEEORHICITAACEE AW, AACHE LI, BEisTHEIEIC X > THED
WITRE 2R LICBE DR A 7 VA CAE L LIciEic, K45 B LUK 4.6 TERIND
ACZER L, MR E2 2R T2 HETHD.

AAC, = (ACt)sample - (ACt)control (4-5)

ACt = (Ct)target - (Ct)house keeping (4-6)

Z 2T, samplelZ BB G ORERE, controllz 2> b — LVEREHEAZ /R L TV 5. target
L% —757 > NBIET, house keepinglI NV AX—VE U VMBI TFERLTWS. £, KHE
BRIZFB UV TIL, RT-qPCR IZ X 285 T RBLEH O BB L #H IR T 57292, Technical
replicate 33 & U" Biological replicate % 3 [MIZEfi L7=. F£7=, U 7 /¥ A A PCR 1% T flfiE il
AN EFERMT D TTIAY—FA~—PREL TN EEfERLZ. 61
BAT v T HBMLTA L IRXZ—2a BB EL TRV EE2HERT H7-OIT, total
RNA # & £ 712 cDNA AIEIR DO A CTHR SN D 2 e — L EIRZER L cDNA #iix
BAT v T hEMTHETHXHT 472 b — VIREEFER L. cDNA &Rz 17
T4 7 arbue—VIERICEEH R T QPCR Wik MW T U 7% A4 L PCR 52 & T,
AV IF—varyORENERTES. EzIE, AT o7 ar ha— ERE R
7V T7NE A LPCRICE > TEIEFHEAERINTESHE, WTDLDAT vy FTars
IR =T arPRELLEHBITE S, RERICBIT D, xR TT7 473 br— VB KR%
W2 72 A4 5 PCR T, Bl FHESHEREINT, a2 Ix—va VEEAELT
W7 W2 L A ERR LT

ERT — X T DM FRHMRE T, FEKHEEL 5% L 1%I28% &€ L Dunnett
MREIZ &L DL HEME L EM L7,
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(a) Raw image Subtract background Minimum filterting Invert Binarize
L .
(b) Raw image Invert Detect dark peaks
- -
(c) Biaized image Segmentation

Fig. 4.1 Image analysis using Imagel. (a) Quantification of cell-occupied area to evaluate cell
progression. (b) Quantification of the number of viable cells using the ITCN plugin in Imagel. (¢)
Quantification of the number of nuclei using binarization and segmentation. (d) Quantification of

total F-actin length using binarization and skeletonization.
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Table 4.1 RT-qPCR primer sequences.

Gene Bank
Gene Product
Accession Sequence(5°-3°) Tm (°C)
Name Size (bp)
Number
Forward:
TGTGTCCGTCGTGGATCTGA 63.9
Gapdh NM_001289726.1 3939
Reverse: 63.9
TTGCTGTTGAAGTCGCAGGAG
Forward:
CCTCAAGTGGCAGCATAATGAGA 63.7
Mmp-14 NM_008608.4 83
Reverse: 64.3
TGGCCTCGAATGTGGCATAC
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43 BRBIVOEE

B A2 0 ds K O 24 B[RRI 2 36 1 2 A sl BHIE O BB R (L FH Z2 BRI B 15 2 (X 4.2a
CRT . AWVEERAYEE R 0 REEARGE RE AR, BV S B AR 24 BERTRRGB R RIS 1T D
fe 5 A A R, REER 0,8,16,24 RERRREIF RIS T DR EEE O E BRIR A X 4.2b (2
AT BEITHIE LRI, SRR T D R EREE &/ ZRIEIC X o THRIERE L
EURER THSH. TR TORYFEMRICIS O TRERET 0.98 Z#8 2, &V 4 Tl

EMREHECTEEZILE2RLTWD., HEEEIT 42 SIC XD EHICE > THUREBROME
Y95 (control & : 2.10 um/h, T=4 £ : 1.70 um/h, T=8 &% : 2.47 um/h). FEH, T=4
BEOHEJE FE 13X control BEICHE T T L, T=8 BED /B 1T control BEIZ L~ THANI L
o FMARCRO A R A 2 BERETEIINGS K O% 2 BEREIBR A 9- 2 4 B R JE HA o> [ 2R A4 0 s ) 38 1
AT ) — < MIRBERR O e R A P S 2 RSN, — T, KRR E Y &
4 RFfRTEIINGS KO 4 W B3 2 8 Ip [ 8 W o [T R B JEMERIEE, A T /7 —~ ML O
EREEZEES LI LN RINT ATHTRERLEZL DI, X7/ —< e O
7wk 220k, MAsE, MarEhE, MadiE R K OIREO 4 SORTFAERT 5.
ZIZT, KERICBWTIIR R 2 EHOMRXWEMAIEA TN ZNORFIZHLTERD
W KRB ISR W TERMICHEM L 7=,

HE R B8 F6 X OVHE B B8 5B L2 et 3 2 S B o E EAREA IS ) ) 7, 5 AR 24 e[RRI AT
i 5 & REHED calcein-AM/PI " H W Yt {8 % X 4.3a IZ7”87. Merge RIZHBWT, i
BN A, REEEEIERZ AT, BHGRENTIC L > THlE L 72/ ss XU
AR BN 2 X 4.3b 3 L O 4.3c (23T, SEMARICE L T, T=4 BB L T=8 #f &
|2 control FEIZ L~ THIMN T MM A FRD a7z A3, T=4 BEIZ W\ The b HINT 5 1) 23
WO DI, MR INEIZEI LT, T=4 # & control FEMIZ 3\ TR BIE M H E 72
ZIBOONR o —T, T=8 HOMBBEIEMZEIL control FEIZHNTHEIZHML
7.

AR E ST 2 B O E BRI M 72, 858 24 R R IT 5 4 5UBHE
@ rhodamine-phalloidin/DAPI B @t g % 4 4.4a [Z/R” 3. Merge fICHBWT, R
SRR F T 7 F AR R, SO BR A M 2R, BT IC X o THRIE L 72 AL
M7= O F 77 F R %X 4.4b (27T, fR, T=4 #% control FFIZIE R THE
KUE 1% CHE ITHA L, T=8 BEiE control BEICH~NTHEKAEE 5% THEICHD L. £

7z, T=4 BEIE T=8 BEICLL~THA T 2 25380 5T,
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F R S5k B MO E BN T 72, R 24 RERTRGEEE ISR D & R
® MMP14 &5 - Bl & O X E &fE R 2 X 4.4c 27T, R, T=4 #1X control FEIZ A~
T T M358 Bl —J7 T, T=8 Bt control BEIZ Lt X TEIMNT B M 233D Hh
7=

R FE OO HY AT R T 2R T S, M o BT REE A E S D — R,
ML ET 2BICEF T 7 F o MBKRE2 YT Y v 7 LAIRMNEEST S HIEIICET 7 F
VHEHEDS R T 2 72 [139]-[142], F 7 7 F ke O T A 1350 BR o B RE & AH RS L [143]-
[145], F7 7 F U0 IME T iE 2 ERFBELIRTSE D, £/, a7 -7 %%
fE4 25 MMP14 ORI EIT A T/ —~<Hija iR ERE & AHBI 9 2 72 D [138], [146]-[151], FEH
BEOWEIMTEREE LM LS ERAZORNTERIELERTEIEDL. RERERE 2N
LOMAELERET DL, 4 KA OB RAEMABIIMIREDFEIR, F 77 F D
LA & 2 i bE A2 B O T 38 £ O MMP14 B E DK FIZ L 2 MR MEEOK Tz k-
THESREE 2 I S/ 2 RSN, — T, 8 el A B M XL L, H
A O F L OY MMP14 F8BL & O HINIZ K 2 Ml B2 RE O B NIT X o C il 2 (2 it &
¥ EnRE Tz,

VLB, REBRIZE - T, BXREEMRRLOBEIRE L TA T/ —~ Mg o & H
BEREALT 2 Z LR RE Tz AT, BMEERIE TICB T2 A7 7 —~< Mla%kEH
DEEFELVERSEMT L LIZEND.
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(a) (b)
control T=4 T=8 70
o TOT o y = 2.10x, R? = 0.992
E I y = 1.70x, R? = 0.980 }
..... - 2 —

85l y=247x R?=0.996 .-
c . “I I
8 1
@40 s
o = L
5 30 ."‘,,"-I,-‘
n .
@ 20 | i @ control
810 ey & =
a .333:" W T8

0 1 L L 1 1 J

0 5 10 15 20 25
Time (h)

Fig. 4.2 Progression of B16F10 cells in a 2D melanoma model under mechanical intermittent
compression. (a) Representative phase-contrast microscopy image. The white dotted lines indicate
the cell-adhered area at 0 h of culture, and the yellow dotted lines indicate the cell-adhered area at
24 h of culture. (b) Quantification of progression distance. The green circles indicate the
progression distance in the control group, the blue triangles indicate the T = 4 group, and red
rectangles indicate the T = 8 group. The green, blue, and red dashed lines indicate a regression line
to the progression distance in the control, T = 4, and T = 8 groups, respectively (n > 12, data

represents the mean + S.E).
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(@) (b)

Calcein AM Merge

control

Pl

500 um

T=4

=8

T
Cell numver

increase rate (-)
—
(@]

Dead cell rate (-)

0.08
0.06
0.04
0.02
0
2.0

RN
()]

o
o

control T=4 T=8

——

control T=4 T=8

Fig. 4.3 Cell viability and cell proliferation assay. (a) Representative fluorescent images stained by

calcein AM/PI at 24 h culture duration. In the merged images, the green fluorescence indicates live

cells, and the red fluorescence indicates dead cells. (b) Quantification of dead cell rate (n = 3, mean

+ S.D.). (c¢) Quantification of cell number increase rate (n = 3, mean + S.D.). Dunnett’s test was

used to compare groups. Asterisk indicates a significant difference compared to the control group

(p < 0.05).
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(a) (b)_ ]
F-actin DAPI Merge IS *
- 52 40 [] #%x
E(\g) 30 '
%3
=g 20
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'?P 8 10
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. control T=4 T=8
© 220
29
'*E*g 1.5 l
So | l
g210 [ T[]
N
8405
@S
200 pm s 0

control T=4 T=8

Fig. 4.4 Quantification of cell migration and invasion capacity. (a) Representative fluorescence
images stained by rhodamine-phalloidin/DAPI at 24 h of culture. In the merged images, the red
fluorescence indicates F-actin filaments, and the blue fluorescence indicates nuclei. (b)
Quantification of F-actin filament length per cell (n > 3, mean + S.D.). (c) Relative quantity of
Mmp-14 (n = 3, mean = S.D.). Dunnett’s test was used to compare groups. Asterisks indicate a

significant difference compared to the control group (*: p < 0.05, ***: p <0.001).
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BSE FTEIT2EBBOEMEHBICXNTEIAT ) —~
B — i Ha oD )i~ &

50 ZRITAT ) —<ET NIRRT DEMHEEM

51.1 BE

AT, TRIEAT /) —~FFAERANT, B8T 5EMOERRICE T2 4T
—~H Mo ZRGTHRISEME AT 5. — KIS, AT — < MR E Y 2 S
BT C TR 2 vl B iR 3 2 KRB M2 R 2 e mbn T 5[152]. K
BHIIZ, MERKEX (mesenchymal) B X T A — R ALK (amoeboid) & FEIZI D 2 D
DFRBI 2 SRS U CHREICE S 5 KRB OEBBBIGE N 5y, 5o i
& > T MAT (mesenchymal to amoeboid transition) 35 & " AMT (amoeboid to mesenchymal
transition) & FFIEAL D . MEERMR LT, FIRGORRLRIRBR & FFIE AL 2 M B o 3
IR R E Z BT 2RO KRB TH Y, MgV ET U 7B XV ECM 4
fRBE IR D W K> T o< 0 L EMITEEET H[152], [153]. FEIRBE R ARRBE T,
FILT 7 F U OBEAEMES OBV IR UIZ X > THIUKEE B O ST AR TR A3 RE 22 [ 712 i 8
SNDZETHEMRIND[154], [155]. 7 A= "R & X, 7 U7 &MER D MOk
A 72 BRIR B Z BT 2R ORBMTH O, FrEHFMOT V7 BIZ L 5 YR 7 &
DB L > THERELS T U X AR FRIICTEET H[156], [157]. 7 L 71%, MaE# &M
B fig i A L R & 9 D M N F K E O R ETBEE N X > TRIRaE A B IZ IR+ 2 2 &
TR S AL H[158]. 7 A —ANFRERITMERKX LA THAIWCEET 52 R LN
THY[30], KRB ATPEMEIIESEREOER Y 0 A CEEE KIFT[159]. £ T, AE
BB WL, BRI A — & TR b 5 MREMBIMA A 7 ) —~ B
DRG] EMEIZ L KT T SR A LT, MR REBRE e L7z, BEic, £
2 AW oM R ERMERIENS AT 7 —~H—Hfilao ZRoo Mo micG x 2w 8%
AL,
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512 REBIOERGE

AREBRTIX, “RILAT ) —~FTVEHNT, B2 EHORBKOEMRFEEN A Z
—~vHE—MEO R RISERIC G2 DR BEZHAE L. ZRILAT ) —~ET VT,
BI6F10 Ml A K52 M 112 3.0 x 103 cells/cm? O % CHERE L 72141, RS 18 o
T—=T U NTEET DI & TYARM R B EHE 2 A8t L7285 8% €7V Td 5. BI6F10
faix 2.2.2.2 SilZredk L2 BIAICHE > THEFFES R B L OB 2R 7% Ic B & Lz, 1

E

Ba =707 032212 @8 L FIRICE > TERL72. &BHIEE LT, 7.7 x 107
Pa O FEA R 2 2 R I EIN 46 2 OF 2 e P BR A 9 2 4 BR8] i) 391 oD FHD K ) T2 s 0 S8 A (T=4 )
&, A4 RERIEDINGS KO0 4 W IBRGr 32 8 IR [ ) 11 o0 [H] K A FE A RIEE (T=8 BF) B X OE
i A% & FIIN L 72 W control BEAE HE L 7-.

] R B JEAE R S IR RE IS 5 2 5 B O E B AFEMIC VT C, 5538 24 FEIRGE M
IZ81F % calcein-AM Y % Tl L, BHGARHTIC K o THROCBEMBME 2 O b L 72
MR RE 2 BEAI U 7=, —fRA9IZ, AR B8 O FFAf 12 13 rhodamine-phalloidin 72 & o ffl i 4%
EEEET AWM AN EICEA SN DL, AT —~IZB W THEMN R T A — SRR
ML OTRIC L > TIRENSIE SN D720, MIEKZE#T 2860617 A — %
RO R MIC 272, 22T, RERICBW L, MG % kR eimsd 5
calcein-AM % WV 7o Y EIZ K o T, BIEERKERB L 0T 2 — /R0 Mo 68 % 31
i 2. calcein-AM #{EYL A% 2.2.2.2 HilZFEH L2 FIEICIH » TEM L7z, #obfash
7o MifE X CCD 7 A (DP73, OlympusInc.) 35 £ OV# K% E (U-LHS0HG, Olympus Inc.)
ZPEE Lo OB BEMSE (CKX41, Olympus Inc.) % AW CHigtg L7-. B AENTIC X 2 8 h
HCIiE, Image] Z W72 Otsu 703U XA KD fELIC L » THIIRIBEZ fIH L 7=,
MR RE TR D L HICER SN D ZIRu M EREFRAE  (two-dimensional cell morphology
index: 2D-CMI) % MV TREA L 72.

2

Two dimensional cell morphology index = P (5.1)

ZIT, LMo EEE, AIRMEEECH L. SRR EEEIT 1 ISEWIEEER
W<, TXDREWVIZLEHEMERBRTHL Z L 2TRT.

1 R B FE A T A M B TR BB 3 A W2 B 2 2 s B 0 B B RIRHE I M 7 C©, BEHT U RAET L
(Gaussian mixture model: GMM) % W= HiJAJERE/ N T X 2 D 7 T 2 2 fifiht 2 FEff L 7=.

7 7 AZBT MRS AR LSBT 28T, MIERES A 2R L 7.
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1 R B A B 2N I T RE 0 AT I e e 2 KT 56, aUBHIE 2 & oM la Bof] & 1341k L
NATERE A 3 LT 5. GMM & i SATICK L TRbEEGED S WIRE N U A5
MEHET LA UK EET LV THDL. IRET Y A0 TSI AR XIIH L TH
BoOAT ApMemGRa LicamThy, BRETT A 0Mp)IkAXD L HITERSH
5.

k k

p(x) = ZniN(xlui,Zi) st.0<m<1A Zni =1 (5.2)

= =1
ZZT, kKIZA ARG, (m,pu, TNEkFEB OT 7 A G5MIE T DIRERE, FH~7
MBI OSEBESHAITINTH S, RFTRICEB T DIRE T U AN O EHEEIZIZ EM 7
NAY X LhaxHniz., 22T, GMM TIEAEY TV OR D B TENTAT T X500 D
Vo TNDTTAZTHY, DUVAZHAOKIZ I ZAZKLEAMTHL. TOD, EE
DY TAZBICBWTRAET VA MEaHEL, REN TV ADMOT —F 3MITx+ 2

BEEZ 7 TAZBHTEICITHNT 22 LT, T—F0MICx L TRER 7 7 A2 HEHEET
HZEMMTED., WAEEDORMICIZN 53 DX I ICERIND XA X &MY (Bayesian

information criterion: BIC) ##tH L, &ER 7 7 A HKIZIX 540X HICEFRLT-.

BIC,, = 2 In(L) — My, - In(n) (5.3)
K = argmax(BICy) s.t.0 < k <10 (5.4)
T, BICGIIH U AGAE k BT D BIC, LIZEERE, M I H U AGMHEKIE T 5

MNLER O, nidV o I A EET. RKFERICEB WO TIE, GMM IIZ L5 7 T A X ifhr =L
AW Y 7 h =T REHWTEmRL7-.
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513 MRBIVEZE

FER2BHRICBIT DA77 / —~</Mlaod ikt 2 X 5.1a 12, TALhOREHEIC
BT D R ICH BT REHEAE D 43 A & X 5.1b 1ZRT. T=4 BEO ML B8 53 4 1 control #f &
RTHBMORE 204 % R Liz— T, T=8 FEIZ I TIL control #f & L THE D/
Sz L. TRXTOREERICI T 2 koMl BB O /54 % X 5.1c, GMM
ERWTHEE LIZIBAE T T A5 HDOH 7 A AHIcxt+ % BIC # X 5.1d 12777, [X5.1d
LV, TEHMIK LTI TALHK =30 KERIBATVAGHTHD Z ENRE
W, TR LTy TAXBITI>THDH I EBRRINT-.

7T AZE3 THBRINDIREN T ARMITBNT, TNENDI TAZITEEND
WO I & 1 5. 1e (2R, Cluster] I8 £ 5 MBEIZ IR ICGES KO T LT
BRI, TA—RNRRFHEATH D EHELZ I D, Cluster2 (T 415 Al fa B
EAHEER TH D, FERRBESLARRBE DB RD bNToTow, MERKATH D L HELE
ST 5. Gabbireddy Hid, ZRICHIRNZERICHACIAD SNTZA T ) —~< AR T A —
AR MER R A FRFICRBLEE D Z L2 HAE L TWAH160]48, Z O & ARE
BROMEITAEBELTWD. —J T, Cluster3 IZF DML, MROFLEHS B HE
BOFREREETRT 2EMRTBREZFLTEY, ZALIEMROT A — SR M
FARAN LT R LR TH S, Holle HITHMABD T A — R L HEEREAD A A »
F U TBRIINA TV RERTIERLS, ERNICERAZEIT 52BN 2BERICHD Z &
A L CWA[161]. F£72, Huang & IXE N HE My H RN Z AW 0BTk > T7
A= NREREHIERBRRDONA TV » RREEEERT 24 7V v RRBU 55
W& > THRILT DAl fett 2 /"2 L[162], Bergert HITHALNAMBBIZBIT DA 7V v K
B OFEEEZHRE L TWVWDH[163]. ZHOHDOMAEREROEREZZE TS L, Cluster3 |2
B LML A —N"REXEMERERXONA T v RRBBTHLEEZIOLND.

FHRBHICBWTERNEND 7 7 A ZIZFEN L MO S 2 5.1f 12777, control
FEIZIB VT, Cluterl 38 KO Cluster2 ([ZJ& T 2 MR TI &R ZNZHK 50%TH 5 2 L HR
INTe. ZREMBEEFTICENTT A — SRR MERRADNEHETHIE LI L
9% Gabbireddy > D E[160]E A L TW5DH. — T, T4 BEIZEB W TIE control £ & b~
T Cluster]l 3 J O Cluster2 O FEHFER A L, Clusterd O FEEFMER DI L7z, 4 By [H]JE
0 o [ R JE A ZE RIS MAT & 7212 AMT Z {2 Long 7Y » RREMOEHRICFE L

7-rl e R &N, F72, T=8 BEIZB W TIiL, control Bf & L~ T Clusterl O HllR%2° B
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L Cluster2 O #HRAE 3 A3 D8 M 23R S 472, 8 Mg ] & BT oD [ O A JHE e 28 T2 o 80V e
RN D T A = BRI BITT 5 MAT ZRESHE, 7 A= REX ORI % (L
SHEZAREEN R S T

Lk, 4 e[ JE 8 o [ R Y ERE TR RITRIE A 7 U v RRE O R 2 L S &, 8 K
JEHR O ] R BYFEAEZE TE AL AMT OREZ N L TT7 A —"REXRORB L REI T2 Z
LRI LT, KRFEBRICTE T, MR RO E BN AF LT R oT i 725/ ha e
OMPENT D2 Lam L, ZET 2BMAERATMICSE LTS 70y RREO R
BNELTHZ 20D THLMNI L., 22T, ~A 7Y v REBANTITEFEDN R
SNIBD IR TH Y, RIEMEF AN = X L0MNEEY FROERITIRIEAHAT
HDZENZ. BBOERRIKICK T 210 7 ) v REBAOIRE Z Y0 TR LI ARE
BROPERIL, AT —~MRONEEZRSBEFT L2 LICERN LT TR, Mty
FRMEE I LTI R A2 R T 5.
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(e)

Cluster1 Cluster2 Cluster3

control T=4 T=8

T=4

control

Cluster1 37 46

It 52 43 48 30

1.2 3 4 5> 4 6 8 10 Cluster3 4 20 6 10
2D—CMI (—) 2D-CMI (-) 2D-CMI (-) Number of cluster (-)

Fig. 5.1 Phenotypic plasticity of melanoma cells in two-dimensional cell culture model under the
intermittent mechanical compression. (a) Representative fluorescent images stained by calcein AM
at 24 h culture duration. (b) Histogram of the two-dimensional cell morphology index (2D-CMI) in
control (n=52 cells), T=4 (n=51 cells), T=8 (n=63 cells) group. (c) Histogram of the two-
dimensional 2D-CMI in whole data (n=166 cells). (d) Relationship between BIC and the number of
Gaussian distributions. (e) Representative fluorescent images belonging to each cluster. Red
triangles indicate characteristic protrusions. (f) Heatmap of the percentage of cell number in each

cluster.

82



52 ZRITAT ) —<EFNICEIT D SEMHIEH

52.1 BEE
AR TIX, ZRILAT /) —~FTNEANWT, LET 28BN EMREAICRT 527 7
—~H MO SRR EEERAT S, 22T, SREETNAT ) —~ET VI
HEBICH-MaCRETEROPHIEMZEL T\ 5. 5.1 8 TiX, MR HEHRIH O
HIZKFELTAT ) —~vHE—fMao R 2 MlaBeomnZibs o2 & a2RLT.
LIALBRs, ZRILAT ) —< 7 /VIZEIT 2 MR Es 28 505 Tl koo iy 72/ fa T2 e 15
WMULPFHIT 2 2 &N TERY. ARNERE CHIRERBIZINZANTHLZ b, AT/
— ~ B — il g o0 A B S B VE A R ISR D 72 =R ICHY 72 M AT e & R Al S
VERD L. Tl xiX, ZRaICIIBEPEZR LM TH > TYH, IRICH 722
fEfr IR UM LM N8N rH L. £ T, HIETHELLI 7y S
WOt F R BEMEIE (STCM) BEX O A AT T AL A=V v T EMBEDET
TV 7 ) — R T BRSO ERE 2 VT, Milass Bl e Ei 5. Bk, ®is
B OB ROEMRITEN 2RI AT ) —~<FTIVICEBT D AT/ —~< B/ RE
DA EZDEBEERE L. T07 U —NR MG EBEMEE T, 1 oMMz
PAMBE G O ST HIAZ IR %2 STCMIC K-> CTHIL, 44 AT 7 ARBIT L > T L
7o BE R FIE 12 STCM % e A0 15w 95 .
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522 REBIOCERGE

ARIEEBRTIE, R 2AMOBMKMEMAEN ZRICA T ) =~ ET VBT DHAT ) —
~H MR OINEMIC G AR EEHNE L., —RIEAT ) —<EFET VT IR aT =7
Z A BI6F10 Ml Rt BB S B EET LV TH L. REBRTH WD Z KT A
7 =<7 L, 32 HICEE LI FIRICHE > TREEE 24mg/ml IZHRE LIRS
— 7 PRI AT LT, 6.0 x 10* cells/em’® DR FE T B16F10 flifid 2 ¥ L 7 Vb S ¥ 5
L CHEEE L7, RUBHEEIE S.1HT & RIBRLS, 7.7 x 102 Pa O JEAMEHINL & 2 BERIEIINE X O 2
e M BR324 B[] 8 W 0 [T R B JE MG RITEORE (T=4 BE) &, 4 REREIEDVINGS KO 4 R [ B far
% 8 W] JE 1) o [E] R B A RIEORE (T=8 B¥) I8 X OVEAMERITL A FIIN L 72 V> control #f 2z
BELT.

[T R A JE e o 8 203 A e T BB - 2 2 s 3 o e s Rl [0 C, T~ v 7 U — DU IR ST
fal SR BMEEIE 2 W CHA LSBT 2 =Rl Bk &2 & L7z, STCM 12 & 2 #ilia i
WORE TIE, A2 D b M ik 2 & Te 1E 5 TR (32 x 32 pixels) A 8]0 H
L, ACAHZBRIREE R 00 7 — & fiH 2 [0, 1] 0 #iPHIC £ 5 5 Min-max E#L A FEHE L 7=,
EHIERWIMIL 24 K & U, EERBHARE A D 2 R 2 & IS ZBME SR 2 Hnw T
A LT T 2B LI, MIRERERIIREKDO LS ICERIN D ZRICMIZRERAE (three-
dimensional cell morphology index: 3D-CMI) % f > CEEAf L 7.
s
6vm -V
2T, VIFMIRARRE, SITMMRERRETH L. SRTHIEIERRIEIE 1 IZIT WV IE SERA
WIS, 1 RV REWVIZEHEMELRERTH D Z LA d . MIRAERE L OV E &I

Three dimensional cell morphology index = (5.5)

MATLAB @ Image Processing ToolBox (Version 11.2) % i\ CHll7E L7=.

] 2R #9406 0 2% B FE B A3 A U2 - 2. % BB o0 B ETRAIIC 00 T, 5.1 #i & AR
GMM % F W CHIB B A ISk T IR G A U AR OHEE 1T o7, T U A 5T
SIEHITHOLNIEHERICESEIICRELLE. ZRENORFZANICB W CTHIE S du 7o flfia
BEARICR L CRBEAEDEWVREN Y ASMEHEL, 7 7 AXICTET 2 M4
ARBEZ LICRINT 5 2 & TERAICB T 5 MR RE A A BN L 72, A REZIHC BT
LENTEND Y T AL OMIBEEISZr (i=123)E L, BHIAE I 2 MREE SO
Ay i R W TR L.
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Arf =71} —1¢ (5.6)

GINT, ZTRZNOREBHICI T 525 Ari% control BETHEEILL, KRAD L5 ICER
SN BHMA BB LT

AT = (A7F) oy gee — (B7F) (5.7)

control

2T, (A1) gy e RO TERT AR E I 2 72 BT B0 1 % ALy b e, () o VR

ZFEIN L 720 control BEIZI T 2 EAL A TH D . AArEIE control BEIZ &3 2 5UEHEE O il
R A DA R,
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523 RRBIVEE

ThEND T 7 A ZIZET HNRRAAHEBEMEG IS L STCM I L » THHEE S

SOt 2K 5.2 1R T. W 52 BRSNS K Y T AZITE T H5RER M
fafdk & 51 EioBLEEET D L, Clusterl (T7 A — %K, Cluster2 13 MR R,
Cluster3 1INA 7V v FREMTH L EHLEIND. K 52 TEII/R SIS uncertainty
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