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Aol hekel mAA AEEA P ECl ol AU olA Zort, v
o) FAA AR AT AN {27 PR AENT] ABY AT
AR A B2 Sl viste] AFU B 29 AR ASES ThREE Az FAHA B
Sol AEARd BYRUN. Aoz sz YRR 75 FANSRYC) FAA A
}#Hos megoen AR5 BE 5ol 4R, A FARe wet o 2
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AEEA (survival analysis)< o] A]Fof| A

2E #49 tiate] H= Abdo] e wizkx] Aele
Z A7} (survival time)o] t3lo] BAAQA 22L&

e Eofolth. AEEAGAL 2R B2

3
B LA A0 FEATD (comsoring) ALE THIA Hv] ol A7 710 el 4 el
5 Aol BAFA shob AAS] AFAE BEFA 3k A7t 3] dolu] mEelrh olg)
o) FEADARE LAk S Ao] AEEAS) BAoln BEEAL ol E3} WHEL FE DU
28 4T 5 Y% Ausol gk YNBT 2L DIE A7 F89 BHL oA /7
FARANE BEHE AEANY BEFEE FAAG 7120 AP AR ABPY Do) 4E
ol fol® Aol/k U ol AAeke ol 9 A4S @390l G 2aEE A7F
A, ¢

AEA A AEEA A DFrL A= ﬂ?ﬂ Al 7}11E *?SP?‘; *}i’: beol 274, 5 ) A
o v, AEALE AEST 5 JE JFLAEFY dB4 44 2 SARFY FHolgtn & 5 Ut}
fol %%% 01605 AR(L&FAAEH) Aoz BRATA] AQe Wol £uw
7129719 (NRF-2016R1D1A1B03934908) ] 1 .
1 (05006) A&5EA FAT 55 200, AE0) e F3HEA R, B

E-mail: leesy@sejong.ac.kr
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HEA Q] LTS A F2 Kaplan-Meier (1958) 7 At v 242 Q1 7lE&-ulo]o] A Fo 2 o)
2o AEEA dHolA Fols 4 ok F I Y] AEFAE AAse wHeEs 29 4
Aol 718 wWol &85t o] W= vRLAd ARtk AEAT W SANSEF R
Cox (1972)7} Akt ZtaRnPo 2 APEFFE 7O R 3 FARF otk AeAA ALEHL
of, 4¥, AF, Al ASH Wt B2 AFFATHA 29, B¢, FULHE, BMIL, $4%27] 5394 2
= QA 2930 FAAHE, PAEA YR, 2EFES} 22 BF 2dES VNte R 3 o
Hjsto] Wo] 7k vl A A2 Aol tiste] el et AS5ES wolv FARTES Nise o

THRHE =833l
2141710 EolAA] AET e A 7)< g AR )3t DNA microarrays A& (Eisen
5, 1998; Alizadeh %, 2000; Dudoit 5, 2002; Tusher %, 2001; Lee %, 2000; Newton 5, 2000) 7}
3% o]&ZZ SNP (single nucleotide polymorphism), CNV (copy number variant), NGS (next
generation sequencing), methylation, protein chips % (Sebat, 2007; Korn 5, 2008) T}t H ¢t A
E3 71e2 Foto] FAA ARt HEFer FRFH FAFCR FAE B2 FFEAE olH
3 FAA FRE FAsE A= 2 B8 ol viste] dAUA B2 W (FAA AR )
Zr= “x1h9] A (curse of dimensionality)” (Theodoridis®} Konstantinos, 2008)& &ojof 3}
£A2 AZHUT B BASAEC of BAS AAA 2w o) 317 A%ol WA TS (penalty
function)& A% 202 Fol AR K7} 2 $AAETNS AdT 5 e WAL ALasc

]

[e)

ol o TS

1= =
iz 2 HATEZE Lasso, Ridge, Elastic-Neto] glom HAT4-E o] &3 uhHEo
RYos ggEol nANS FAA AHE AL 4 Yk TITo] AU AT, /122 QAL 2
Qo §AUE FAGO2A AEAN U3 ASLL ol AT A gk

1990 def AlFsle] 2003 d=0 85 QAMAIE ZZAE  (www.ornl.gov/sci/techresources/
Human_Genome/index.shtml)ofA] 3 o] 7olo 2 RE 309 7e] DNA FREE dSsh=r 27 &
Gehe HEAL vlGo] Bt AAE FL Aelol 30400 100029 M B0 SFsaA o
Sk Adlel SRR e AR Sk AT} go] ABAHE AT £ Yt AWAR 22
7} 2 S7k8k= FAolt}h sk 7l tist f- A& B X microarrys, SNP, protein chip, RNA-seq %
olg] FET 7|2 HE thE AES0] dojARR o9} o] A& ThE FHY FAREE FHAHCR
Yool A58 ¥ 5 Ut BAY nYe TEHYE A7Eo] A%Hoz AW W Yok ole]
2 2 598 ABolos Amool} Ay FAA ARl ot REo AL
gueiste] A 143k Buck ol% ol B o2} W ARES BT A4 )
92 Hohjtr EAH 80|23} RYEL o83 AANGIRL ZHE 7
17 S AEEAS) S0 wEe olv] 200 W AVE o A8 Ausir B35 Adstan
(Cruz&} Wishart, 2006). ZZoll= & Z&ke] g of i) Ajito] i o =
3}to] artificial neural network (ANN), decision tree (DT), genetic algorithm (GA) 53} 22 7]A| st
Sl 71k 3AH B Ee] AERAA 2A E8HL ittt dere {F3A A
2t Aasld Y 715 o7k 3e A8 S BA8H] Aste] 921 (deep learning) ] 7% ]
EUHE FAE BHE Ao AdHArh

2o
)
fu

|

Me
>
o

i
L Mz
E
9,
°

2 dFolMe AEdAe] 712A A WG ool Hste] AEHor 28t AHe] sF) et
T 2 SR YHEol tiste] A uA} oy WA 2"Hf|A AEZAAA e 712A < ©]
B3 ol thisto] dstAl 2hskaL, 3EeA AEAA AEEA e 2 48edA =
aade] A AR E B A SAAL WSl #sto] AuEa, 5-elA s ZASES &
HE A2 el st F8H € e FAHLE AVt 680 AEoE & =Ee RS o
A} gt



Review of the statistical methods for survival analysis of genpomic data 1393

2.1. BEARG FeE

AJEAZE (survival time)2 A 3}
oj=m AP AM, Aghe] wby i A, AQARY] 13, REAF 4 3]
AL e A ool 24 BE5EE 4] 2FE 5 AUty BEATAEE A3A (cross-sectional) 2
S A HoA AEEH = AR} okt 2 AP (prospective) 22 F Y] &
ok AN FAY] tide] He Abdo] BT WHU]'Z] A8+ /‘]7\}015
A Apde] gstA] gkow AEAE
soring) o2l gttt o] F9 FEAT = ]7]'01 9]';{43]'7'” o5 Z]‘C ARAT A5
2] (missing data)2l= A3 thzoh. F=Edd /\]Zu“/]'x] AE5H AR ZRE YEATo] =
AEAZE o] Fof] WA Aolgkes ARE FIL 5217] ufFoltt. o9} Zo] HEAZY §egE k= 7
= $5E=Z (right censoring)©]2tal dtal AFSghE ol AE FFE=E (left censoring), 3}

A

3k ABIZES ol AL E TEEAEY (1nterval censoring) ©]2}1 ¥t} (Klein¥} Moeschberger,

X,
i
Ir
jus)

2010). ole@ FEAVAYE JELANN F2 YO FEAVARS] Jur} FAL FEf
N8 4 YRS ARRAPEE ] A gk

AEYS, JREUSY FAPREYS

AR 23 57 F9] = A= (survival function) S FA3H= Zlolth. AEA|7HS
T 2l sbd T & F0] obd A4d gEdsoln 58U E f(t), FEFHARETTE F(O)E 2
St sk AT AIAE T 74 ARt ¢ o] Fol| WS FER BoHn S(t) = P(T > t) =
1-F)2 239t AN SEUEdrigs 2058 S84 HdS 7K AR E
&< (hazard function)E 7|Whe® FEsh= 497t 6 B2d ARETT= YLD T 7 AIZE 17}

3]

A AR hokths 22 dtellA 3 [t t + At] oA A or BT SER Ao v 2
o] @A
P(T<T <t+AHT>1t) f(t)

) = fim, ———x; 0N

8t (cumulative hazard function)+ A|ZF ¢ 74A] F+
[ h(s)ds= BRATE £33 A2, PSR FAAFETS ol

) = L = =HE () = <10g (0, S(0) = expl(~H(0).
PR BEACE SIS AGIN FERDAL AL P el o1 A7 0]
A 01 WA S 3007 A, S O A ¢ A ol A9 WIS 5
A sl A2 5L AT £ Ak webd AdaHA | AF 7}

A A 2 i?‘l—‘f]—’ﬂ BEE 7oz A t o]Fol Abdo] WA s 5 APl ARETTE
o] g3le] &S A3 Hrh AA|Z Kaplan-Meier (1958)2] A& AL A= A=
AR 7 RN FAT 2 A% AEAEe Fo Foken o] AN AN ABFURY FAF
= o838t 91 AoA yehd F53 #AS Skl AL, ARETTS FAAREST T
shs FAsH the Ik 44 4T 5 Utk AESRA A tRe A2 BaF Exe &
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o Ag oA Exsie gt o g nitAAoin mE|7t A oA BHE We A7 gtk
AEEN A Ho] BLE = Exc AFEE, ol 22, AuliE, 2I-FG4EE, 2EI-BAAEH
EZ, Gompertz 23, I E BX 507 o] Bx9 FEULI ¢, JAETS, 2T} 71AZk
3t AHE Kim (2016 Table 2. z

in(T,C)=ka 3t § =

= m

(T <cC HEE AEAE T Atk A= TE g 2
£ A59 ASE AR UG 6 <ta < - < ta (d < n) OE FolAW Z AJA ¢, vt} thE3}
22 FAFS 212+ Ak 5, ds % AR tiolA d5E AR ol F3o] gled d; = 19] |
ok Yie AlA ti— (5, AR 69 vk A7 AR o] RASHA] ki AY SR AT A 2 A
£ Uehl=d ol& Al A 7H7<ﬂ—ra]’—7-’- ot vk AL ¢ F Aol Aol RS AY S
g AAESL Y; oA ALEnt. Al ¢ 7HA] stk 24 KMW t; oA Apdo] YT AR
5L p; B 59 p; o FAFL pi = ¢ olv], A 4 oINS 2AR AEFES 1-p =1 ¢
F3do. 7= L-U}OM FRFE 424_—‘% SEol go| BAozRY 7o o B2E AZALE Aol
W LS SEAYE AR ARE A AT A 5 V; ol vhdste] AR ¢ oA thEat 2ol

S(t) = P(T>t)
= P(T>ti|T>ti_1)P(T>ti_1|T>ti_2)---P(T>t1)

= Pi X pi—1 X =+ X p1.

~ dj
St) = ‘71:[1(1 Yj).

el At Ao sHER-mtole] (KM) 4% S(t) = [[,,.,(1 - §)7F vl FAAFEZ
(product limit estimator) ©]2tL% 3Tk KM 3R AbAo] A& H A|-o At gho] ZHashs= At
Fgoln] ash e ARWAY S FEAG ol eJoto] FHAT Tt vpAE Bkl F=
229 430l KN ol H ol i) ooz 330l 53 13 oFAs Bedsl #40

Aga o] 2ol A @A Bk KM F4Fo e Re FAARETS 2R A(t) = S
T S Nelson (1972)2 FAHREUSS] FHFE 0] Ag%v;f.}*% #43) u} Nelson-
Aalen R85 AL H(t) = thi ¢ io)31, P& AeFS 5'( t) = exp(—H
FA%e 2AHoR KM 2423 FYelth,

KM FH o tfst 24 432 Greenwood &4 (Greenwood, 1926)0] 9]38le] 7& 4= glom
TR o g FI2FHoR SHsttE o] SO Q) (Breslowel Crowley, 1974). o] £lo=
KM FA#2 A& v243 HYesgdZoln self-consistency S W3t} (Efron, 1967).
2El KM 2432 AZANT FEARAG] AR SRolzke e AAsT Jens of 5
H74 7Hdel AniEE ARl AFHoln ATFd FAFo] & 4 vt (Fishere} Kanarek, 1974;
Scharfstein®} Robins, 2002). &, 1980dthol]l So]A1A] Aalen (1978)] °]ate] BEEA oA t}&
£ FA%FEE AT (counting process) 22 HHASHA HHUA HA Hxzof gt S| vig
A (martingale) ¢l ATV ol B5fo] +-UA ol Lol ALk, Weba] KM 249 424 4
A% A+IRes 94 2= dch. A4 B2 F5Dgol 2ol HlHIAE Flemings} Harrinton
(1990)7} Andersen 5 (1993)S #zx3}7] nlgc)

==

®
%
=
f

n°1'
4
A

N TR

il
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R, GRAGANAE Z12e) ot Aol BAE WwE W) F IF JEFA) FASA Aolzh
£ ARkl wet o] WakBE #EW AT AH FelA T 1

2 ]
=

Fo AEES vashs P neisiol Btk 4 wel B8HE AFWeR 2% AFHel 9
u ohes}

, [ X -Yug) P

XLR = d Y, Yo, d; d;
2lim Vo1 72(1 - )

ANA di, Vi, dii, Yii & Y= AR & (0= 1,2,---,d) oA 242 AHA 5, 8ol Ak A, 2
T 19 AR £, 2F 19 Al A ARAS} 25 29 A2 A AASE ERdTE $19] AloA
i vke} Zo] 23-59 ARBATS 4 AR A FoA ] 7RG S5 e AolE FES
Sto] Al Fe FEl2 AR StollA 2AH o2 ARt 19 9 BEE wEn 20-¢9) A3W
2 F 259 AEEE/HuEE Ao AR Y] A HEd o= AFEA Al duict 3= 3 71T
el Aol & #etr] wigeltt wetA F 2EY AEET) sk AWV aAEHA HH 29
AR Fo] AR df 7t FHo] AR Y] et 259 AAFTA TS AR DAY &
ATE £ FHiol22 H il 7848 Fo AFeAAFHLR dutsleto] A1 17 5 =
Aoke] Bxo ulegl 71EAE vz Fo] AAYE 49 4 A} (Klein Moschberger, 2010, 773). 2
oF T a9 AT vlE A M OA A HulEE ARolle F ASTTY Afol7t AU HE
Aol e zelghs o] 8ot ERIEE AR FEFY Afolo 7]REst Median 7 (Chen
Zhang, 2016)< o|83F= Zlo] ©] FAHo| =}

o5, HAS W JstHopel At Ak} BAst] o), AW, AF 57 2L ATEATE 27
RE, W, ded 42X, AU AR ST 2L A4t 29 2 FA o5 4B, BAYE 5
7 2e BRAA 2AES FA0E AEATI] G W2 (risk factors) 5 Foh}7] $)5}e]
SHe A7Eo] AR UTE 53] AANFATNN AN FI T FFL FE 2ATL Fop
of BAFSO] MERS TN Ak AASAL AolSHoltt B4F 2902 WA A FUALLS
A AASL SYseT] AR THY EANSEASC] F23 ABS sorh. AZEA
A A 2 BEHE HAREL AFERS vl dsle] dZ2d5e ABRPL ARG Aan
% (Cox, 1972) 0.2 tha 3} o] Fof 7t}

h(t|x) = ho(t) exp(xp),

71X x££ px 1 AR p 4] FHHFS JEFN T & o] F¥Zol S5+ 1 xp 3|AAFHE ot
h(tlx) € F¥HZF x 7} FAA IS W] AP ETTolH ho(t)E HF0] x =0 € WY 7AHEELS
(baseline hazard function)® o] oAl EHT BE7} Fo]x|x] oF=c}. o] Ao] o 25
SHA| F W o3k Zo] FoiZth
h(tlx)
log ho (@) = xf.

~Rge AYEYSRY 2w IS QYA oR BAH AL fr A EE
A4E 4 ek A9l HomE Az thE PP g2 2t ANE AFE W A 4
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23E vEYPEY (proportional hazards model) 0|2t % stc}. v &
2 I =Y olghe v e 2 ARE Blw A Fhe FoAE o] 2yl
Z At AR gL FR42 Q) (semi-parametric) 2 olgtal & 4= Qe ol AAFETST
of thate] ojw et Fx = 7SR ¥ Aol e R W 7Hgety] wiEelth. AAR fFed
ol AFETTl A= EHE UEhlE FAASA e FHS Aste] Cox (1975)+ FE7FsEF
4= (partial likelihood function) & A FetET] o] AolA Z|AAFETTE= A3 LA A=t

exp(xif)
H ZZG

R(t;) exp(x13)’

A71A R(t:)& A3 ti X 3ol =2H MAFTSE ¢; o]l Apdo] BASR] AUAY T=
Age R g2 AAES vERdth 28U ALTeE FASY] A ZIAE Y Sl 2
2322 Breslow (1975)4 HB4A FAekg o) gsitt 3k, ZhaR ol it A3Hd-g A7) 9
3te] B A M} o] RS |83 BAFEC] Hol AFH k. dE o, Za-ad A
(Cox&} Snell, 1968), B AlY Zkx} (martingale residual) 9} o]&% Zkx} (deviance residual) 52 ©|
%6]—01 j_a o7 ;as]— < z]l:]—zs]_ﬂur 74;@574]3}:0; xqzsk/\oq@zé% 5} _/,: oh;]_ om};g‘g_g u]jjg‘ R
2 A= i.‘élibé o] & A=A (Lee2} Lee, 2017) 230 7|7He < FH2AS M ARolle &
22y nHA I o] AR e B7F BT ATt ZARFY v AIIES dkslet]
238 ~2 3 (stratified Cox model) o]t} A|7HE4 272 (time-dependent Cox model) 522 &
FA 7= AFATAE0] wol At} (Klein Moeschberger, 2010) 3k, Aalen (1989, 1993)—8— o=
o] Zt~ R ] AFETTE 7R E AES EJRSY AIES IAATE 1H S v RS
A ¢l (additive) 3]ARH-E Attt

g

il
2
H

Aoy

olaL 7}
h(tlxi(t) = Bo(t) + Y xik(t)Bu(t).

Aaleno] A3t 919] BPL 22w Gl wlste] mYo| thek 7Hgo] oFste] YA APz A B
9 4 QAT FAL FERONA A T AAAS :
AAolck. Aol AIQ 744 BAASE A9 9
274350 AR FEL T 5 Ak o

A=}
AL 7H4E& A2 d<e3lst 28-S Lind Ying

ERANAE 7129 IARY} o] ASRASE SHUFE S A2
o]. A

o
o o‘-)]
4B
xR
1) —H‘E

o e
)

X,

2{_4{

>

N
U = s

¢

> Hr
Me
)
=
oo
2
o
g,
T
|2

O
o\
-9
td
ogh
fllo
al
[
r>~
ool
Sok M

= o
o} ﬂEEi zz@;g e Aol sl o A el

logT = p+xB+ce.
Aol uo} ot A7 FFo) Gt A9 BEAHe} HELSE YEn <& 2 AL e
£ SEHSFE o] 2a13e x| B4l B2 E Mg At 2 &85 s By ExE AE
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B0l AU ACLL, GIRLL, UL, 22ATEL, 2ALY £33

x) = Soltexp(~xf)) 02 Solt)= FAFe] x = 09 W] AAYEFSE Lhepde.
o] #A MW exp(—x0)E BEES 7H538s 84 (accelaration factor)2hal &=t o] 7|AE
BN AE FUYA WG Fojel ASBE BAE A 571 Aok AE Fof o
| FHFY 3he zte HAIY ol AlHAY AEEE VARSI THEEe Y g 5E
7ol A HAH AEET FAATE A0 AAAT. WeA o BYL 715452 D (aceelerated
failure time model) oJgtalk gttt whek B gro]l grolw Al toll Ao BEEL 7HE3Le o] wl
0 e ARelNe] AAAEET SAGA H7] dige] ARHez AEAte] SrHE B}
Sict. o WA 2% LRGN HAASS F5A} welsh B AnE 2 Beh wed A
FIALYG A I AATE} LAFe] Aer,E FASE WHES Erder PET 22 E o835t
7Fs =8 (likelihood function)E 311 ©] 7FeEerE HUststs F7sEF4 % (maximum
likelihood estimator)& FH3tct. & Eo], AFEEE Wt YEXS] 2I4Y FARFHAAY
PP E g T} o] Folalth.

n

LB = H(hi(t\x, S(t|xi) = Hexp xlﬁ “ exp(— exp(xif)t; ),

A7IA 67t TEATAEE YUY Jte e AR ESTY ST o7 xdETh. vt
X 2 1

T2Aekn) o] ZAeke] BALS 7ab7] Sl TR Eakte] 212 Heto] 3 W uEal Azo] g
(score function)} F W ©]E 3t P H 3P (information matrix)S F3Hd o3} o] Foj Xtk
_ o)
Uk(B) = IR
= szk(& —t;exp(xif8)), k=1,2,---,p,
1) = (20
& B) = 95100,
= inkxﬂti exp(xiB), k,1=1,2,--- p.
i=1
3}e) 049 7} S/ R ls] o) S ) 3150 AR H42 Newton-
Raphson 7|H& A&ttt st Hd7ls =543 FAA52 JRdd2HE a7t
24 FARYNNE Bad Bxrpyo] A3eA] o R7E st o] 4" 22 A5l tiste]
I ARALE dl=t] o] ALole ERIAAE o] &AL A 5EZL gJo|ERF AL DA AW 2}

N

N,
=
o

Z2AEV} $3F

(
=

A7) 3 ohge] AR AR SRH WA FAPEA BEAT WA
Aol ThSF A7 FASA ol FoiA 7] Adeedrt. Teh R o) Wste] RAFHE tehie
SYusel 27 QWA B wEel 7129 BAE PHost RE SHARE FAl nejshe =
L AT 5 YOBE SAHoE AR ABE P AFsel FAG FANE Rohe AP
He Asshglch o A2PEe tEAAH (multiple testing) FAIE ok ol 7Y ol
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T e A9E /&S 225 Bonferroni WS A&3itt. 28y FARESY £71 F
Bonferroni Hohﬁ < U BeAor A 15 /8 2 Hol #o3 FAAE Fohdl=
2] oFSktt. oo tist ik o= bAE (false discovery rate; FDR)o|2Hs A 22 HEj9
< Benjamini¥} Hochberg (1995) 7} Al 3t th. FDRE A 1% 2 /& 22T 3% Bonferroni
o g BHaAQ Ve O]-Q'E‘I'EE o FAA AEE o Wl A% 4 A Aot

ARt o g FAA 2RSS AE FHH A @ AR A #Es8t7] w2l sk A
|7 2ol okt Al AdE ts3FIRy S ufsfof vk 22y o] ¢ Astat ot
FHTE D4 Wol 7|2 TR A AT thoto] AlFzdor ¥y
FE SAAA FHEc] 7129 Ax BIPor A MY o] AN o
WA E S8 A B AR AE 2ol oA Ao E A} Sk

ol fo M N
b o Y ok
o i -

fy o o 41 O @k oo

-

rlr

ft

jinch

&
o>
{0

>

_}I_‘

=]

N r}u:

oj o} AAFEE FofollA BAEY] FAARS} Aol ARG st 27 AFAIAE YA
o7 FYe kS vk FAE9 PEATe] npe]I 2o olo) o5 BE X AR Kl wet 793t
A et Zelgith. RS9 SRR o]z QAF YA T EYst TEo| YA AEAZH
o] foleH ttathe FAAFTF TEEHUAN F12 A8 E nHste FAE RS WA 8o
252t} (Golub &, 1999; Alizadeh 5, 2000; Garber 5, 2001; Beer %, 2002). %7]¢] ufo]=
zolge] Az £ Al EFSFAAT A +HF = AgEe A 5 Aol o]231, SNP FolA
AW A= SNP = W 7| Jd=t} o] 9o RNA-seq, protein arrays, whole genome
sequencing A5 5+ Al LA HW RGN TR ASARY] Apdo] AETFAHA 7t
drt. o] FollA Ao} AT AR {Fo3 G2 vXE FAAE 27 st FARP
st ¥ F2 FRT AHUA B2 3AA G thet BE TS (penalty function) & 1fste] F3
s W olth. o2 gh o] BA ZAE o]} Zo] ARETFHORE g2 FHA FoA HAAE AHAT AR
" AR = F9] Arkeke 3 (sparsity) ol thEF 7H o]t} (Hastie 5, 2011). A< HH
34 Lasso, Ridge, Elastic-Net o] 9lom, o] oAt ZARYS A0z HAslels Wi o
shol A )

4.1.1. Lasso-Cox, adaptive Lasso-Cox, fused Lasso

Tibshirani (1997)& AE£EA9] ZtAR Y| [1-norm A|FRA Jlof|A &2 ZaREIESTE
Z 4 3}31+= Lasso (least absolute shirinkage and selection operator) B33} FH S Al F3FA ).

Brasso = argmin| — Z&'(Xiﬁ - log(z exp(x;0))) + )\Z 1Bkl ]
=1 = =1

919 HolAl A = 09 A9 Akrdel Y ALRYN T 2AYT FA A o oo AL
5% 594 (sparsity) Z7A0] A8hE o] TR HAAY ghol AESA 0] G2 AT, Wb
A9 ol et gk 2 o] 2R E B9} QOB Z o]8 RS RS (tunning parameter) 22l $Hr.
A A= dutstE wxlEld A (generahzed cross-validation) S7% (Wahba, 1980)< 4 3}sl=
ko2 3t} Lassow IAHUXIEEHE 33Uk o] 71 o] urEdhe 2 SholA ZAL 49 Fo3t A
B L e AT eI SAALS o] 00 S AeHAs S el 4 nf 94 o
=Tt

Lasso7} 2 95 2719 Aol S BFAL Sl B AN kel 92 2710 el
02 7IEAE 3= HE Aoksigdsdl o] WS Adaptive Lasso-Cox W o]2kal dtt} (Zhangt
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Lu, 2007). Adaptive Lasso-Cox -2 EATFE AX 0 B2 FEU 74 22y Beoll o
E Y 7RIS Fo 49 370 i ARE 2FE3IE o] B 2 Grolle B2 , A
Brole 2 e Fo BV 2 WAFede A2 EHE =1 A7 A2 Hpdde 2 HEE FoEH
folue WrE o B AEHER szt

THeE xR A EAA] A9 Jide] Y ARolE 4 e Auighd dist #HE I
Lasso "< 7 ‘j%]—cq ALEH A F ALY Apole] Arfgiel st HAE FUHH o2 qeiste] 3uky
ol 4L ¢ g4do=7 %}%‘GF— Fused Lasso HPH-& Tibshirani 5 (2005)°] A3t} Fused
Lasso o AT M 2oy 1Bkl + A2 D20y [Br — Br—1|2 Fo Atk o] W2 oS AR FHA]
g A9 Jdol gle A= heat mapg ©]&3 ZHEA AFZHE FAA A2 <AS
A 8T = ot T AT FAAL 2A A e FAAE SEiA 48 S5 Qi

E,

:I:4’

rl

4.1.2. Ridge-Cox

Ridge 3|9 2382 Hoerl¥} Kennard (1988)¢] A|otst Zlo 2 53 AR GA Aol &=
SHHUTER st WshE A4 (muti-collinearity) *7(1]% s dstr] ARt el
FTI3ANEL RS FAFY] Bake IA FTIA FEZY] AFEE WA 517] wiol 3
o] AF3e AFZAS Fo] FAH 71 Eo IRAA FHFE AFe3rh Ridgeo] HH
l>-norme| ™ th&3} 2ol ol Xt

n P

Bridge = argmin| — Z&i(xiﬁ — 10g(Z exp(x;f))) + AZB;CQ ]

i=1 j=1

Ridge W8S W45 29 A2AE T3] uhgo] DAL F04 ARES BAskr] AHHAD
WA EEE BN BE W Eo] 00] o ASE AARE Lassost Do) WA o] 7554 ¢
ok webA |7t ol Be Aol Lasso WHOoR HaA AL £ MeE AP S ity 1
21} adaptive Lasso-Cox oA ol T+ 7HXE F4317] 93] Ridge W=z 3 89 gk
o] & ARgshe 82 4 Ut

4.1.3. Elastic-Net, elastic Net-Cox
Elastic-Net (EN) w2 Lassooll41¢] 3]9hd 3} Ridgeo] A3 FRS Fsto o] 7 e
BRE AFAZ T Polh Qe SR YN Tholo] Zoush Hastio (2009)0] BN Wi 4
< A8l = Simon 5 (2011)¢] EN S Ztamg oz 3sle] EN-Cox WS A t3kith.
EN-Cox 19l 48] A9F2 712 33 o] Fol A1tk

n n p P
B = argmin] — " 8B — log(> " exp(s8))) + M S 8l + (1 - @) 30 B3
= j=1 k=1 k=1
EN-Cox *}'§9] ¥ &&= Lassod] l1-norm} Ridge?] lo-norm< ZFsto] F 3y S 71| A
= o] Lasso2} @] 29 fHT o B2 ¥as A9 ¢ glon Heg ke ARA4s 188 5 9
t}. EN-Cox WA= AAITE FH317] A8 cyclic coordinate descent €A e 5 o
AR AREANA AN 7128 daEE Alste] d B (54.9 vs. 679.5 (X)) 7HEA Eol= 23
£ Ho] 2t} (Simon 5, 2011).

A F7HA AmE PSS AA| AR EA o Agdte] v wd AE Zous}t Hastie (2005)= (Table
41)2 Agsisiet. o] 2= AP (Stamey T, 1989) A=2] Ag oA A-AFAFm kol
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LS (Ha&AH%), Ridge, Lasso, Elastic-Net

] 8] JEMSEL HYARPOR AT A% O
A W4EL vehd golth

S A Eto] 7 ue) NBEY FRAF LA

Table 4.1 Prostate cancer data: comparing different methods

Method Test mean-squares error Variable selected
OLS 0.586(0.184) All
Ridge 0.566(0.188) All
Lasso 0.499(0.161) (1,2,4,5,8)
Elastic Net 0.381(0.105) (1,2,5,6,8)

A7} O Bl BHE HelEth T o F el v e 519l 9
A ALstEN ) Z AT HFolAt AFE HolFT gtk 53 EN g 01]%2‘}7} e

el 5] AN OLSel Wi Ridge $YE BS] WH2 2T AHSAL Ridge SAAA
2 H] 3]

5 =

3714 el Wisto] Ul Holxl: AL & 4 Ak

oy

aaHY A s
HolA &85 G H E=3
Freund 2} Schapire (1995)7} A 9FF AdaBoost (adaptive boost) €8] 52 SAA 43 28-S
Z5= FA oA gradient descent LB ES >83to] A Ho| L 7PHA S 2¥3} (stagewise and
additive modelling)¥H o2 o]23}= 2t} (Friedman 5, 2000). 2 o] 71¥A¢ AdL o}
‘l“-/] ASEYS AGKHOE A AH AS2EEH SHEH o7 AJAgdte] HTH0RE theo 9 ST
S APAFe = ok Yotk e MEI LIt m=1,--- M 4wl m DANA A7EXE s
= m—1 AN F3 A ESmFolnk =ty I A A m—2,m —3,--- 9 A= FHH o]
t}. B2 sl dESRYRTE thee] dERY S AFste] 7 UH d&&o] ] $dH =
Azl 719kl Brieman (1998)l €3} functional gradient descent ¥ E]|F2 2 3|45 9}1‘/]- o]
%o Friedman 5 (200()) off ot HAgL eI upios A= A o]FY vESHS 2R
A, A58 S IARYT JEEHY AR AS5HE ol WHOR 8T F
2Bl gz EHfﬂ- ZHAIEE o] A Nd A Buhlmann-ﬂ— Hothorn (2007)& =3z}
A ]7]'*} A#ge] = FHA 4 aee 1A §AA A8ES 74l
A 2ol 949 ABAAEo] 2 Wpaos Easiolor 2o o2 94
2 AoJH o ZX]4 (prognostic index)E FHAAF AHo}E= WL g RS9
o2 ALY I A REEA| 43}54‘:3 3fal o] HEe] =4
g k2] grotof gttt et AF7HA] AHE HPTTE 0] &5}
AALEC thste] MEZ Az ANA ALIAZIA] a1 T THA]
A 8AES Al a1t ALAES T uf BE Higol ¥
Ao 2 usof & ALET 1387 G2 HFES FEst] 4T
312317 93] Binder2} Schmacher (2008)+ Z

(COX boost) B2 A otatgdth o] H]—tg_g Z
Aule} offset-based gradient boosting &
Ao xFslof & HEES offset 02 ZH 0?"4 o]
S A AR ETE A8t FHHE updatedsh=

rlr m{m
r{m
L
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T ol
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o] Mo g o&go] duh} FAE =R vws}7] 9)Ete] Diffuse large B-cell lymphoma 22}
AAARE AL o) A 208 WAL AL 128 FA/1 FAUL 28 Hol
7399709} vhol2zolelo] ARt BEFol YTk E o F 2209 BAES YAARERE AL
IPI (international prognostic index) F<=o] EH‘GP AEE 7FA 2 e}t IPI A7 220 2] EHx}o)
Ak dolzonz 2090 SAARE olgdlel Bedl 4714 e mRe Agasich 1) IPL A4
W TS 2an g 2) vol2zoldlo] AR AU ZAARAE 3 3) IPI% vho| 22 ol ol B
SAlol st P19 X3 RE FHog g By 4) P19} npo]a 2ol ojAtgE Al 1L
PASHIA PLe] Wl E Do 2ef 2Y. Sl V1) Z9E AT T KoplonNioir 3

A (Binder®} Schmacher, 2008)3} z}2+9] S E oA FAHE AEFAL] dSxE vt Ay
IPIs} tholazojelo] 42§ 77} RS BYUTRE FAI0] Teshe BYe] %047} Aglom
55 1P 448 $4o2 A7t RYurie 25008 2Pt 239 o227t 49

L.
.

¢

=

dEdon gaprst 449 A4ush 1Y) §03 ABE FA) el $EAIA
Aoshe pEe ATHgon AHoz 2Pt A BRI S AR FHPYL
o

=z
s
o

4R AAES TP AT 19 nfol 2z oldlo] Atze] Ete] =17)

A Ele B97F 2SI = skaL, Rt 2 ulo l 013%] o] Ak FAll st HH 4 HAd
o] gaolle FFE Ervhe AL &+ ATk A Xhmﬂ et A ol A
TR e 44 AYAREe] ETE FA 01] 2 e ol BRSTH A YA 9
I;]—, A]zﬂzi o7

CoxBoost/) & ZZ 32}

-lo

o =
— n R
RE A2 o) H54f offcbused ¥ e AU L ALY B8 5 2
A o2 7 q
=

A=) <
i T =
33t T/‘r%kﬁi o ARER ‘:H% FO —T—@% Atz 2= Aotk 7]
FA<l ‘11 dlolE £ 7 ¢ 741*—-?—‘517} g5 Foto] ¢S Hes
Eo17] F3iA B BAAA o8 FEEHQ A
LSBT £ITHE A7 F4E ARHIA A48
1) 487h= g e 8
g Bolol 58T AuE Fastel B4
(classification) A& thFE=d| 9%
31%5}74‘/} Ate] A% 9 X5y
7F &3] @St 7|2 SRS YO E ERYS TET ¢
g83te] EREAS 3] AsiAE AAxHA 7 < A
AR 7 B2 ST 7ATEEEHL o] oj4o] ddFE HEE Akt A
3= 7oz &85 o] gt} (Cruz?t Wishart, 2006). ©] oA 7|AstGHaHo] A
H FAZFA YHE oA AEUF (survival tree), 2A-FAIH Y (artificial neural network), support
vector machine¥} 4748 (ensemble)o] tdte] AHEBozH 3t 7dlozHE o8 P2 ASFHE
FRAANASES 3t LEAE A5 B8-S EA8) ket 712A4E& Hohe A71E AlF
a7t e

ST W A T ]
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L)
I A 2
_1}, e O A%
e A R e
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5.1. A& UF
Tree-based W2 EFZAYPIY AS3= 7€ o&fistr|o A@AH )1 iAo §o]3te] o7
Hoko| A SEHA gt} SE&FAEFIAE CART (classification and regression tree) W

Breiman 5 (1984)c] oJ5f A2kA oo 2A F&H N A& 7Yt FEIALARE tre 4L
EAAAE AEUT (survival tree) W o] 7iits o] B2 dAel S0l S Ao WHor &
|53 A} (Yoo, 2018). dwkA ol AZAHUF (decision-tree) {3y A& v o] xpo] g2 73}
< 71€el tEve A, 2FWre] F ER71Fe] 4 W] ol osiA dAE = vhde] AL
Lol A= A2 thE w (node) 7He] o] AA (heterogeniety)& EolF AU 54T vir] Yo 54
4 (homogeniety) & %0175 ¥F71ES LA Aotk v o] BAME Zahe <ATS
£ Hagl a17] 95t A MEg A HE AAEAA W Clampi 5 (1986)2] E=wollAl+
v} 7ol o AAE AR 21w AREALL BRAFOE AQHAG. I YolE A2 FE
] ko] o]dAAE SEShe SARCE JFeRHIE ARSHAY A A2 dEe Adetla 34
SRS Ao 1o AFUES LA HA4 A7) B RIS Fske 2t
%23t} LeBlanc®} Crowley (1993)2] =5of o] EA|ol T3l o] 2372 Axe}l duz|go] & A=
of slow slgke) AR AANERAE Folo] AEUR PUE 48T 23} BATE 4 2502
BRste] 25 319 RS @-utolo] FAo] FofsiA e A HolF 3t (LeBlanct Crowley,
1993). ols} 2ol TR PUE 83N BAE AT ARl el AT Lol YAANE A
ARASE sl F A H2 DBl TEE 2 5 AUk AEHFE St sxEi
(https://cran.rproject.org/web/packages/rpart/) S FZ3}e}.

[e5

Ir

A DS A7 3= Eokoll e AFAEY (artificial neural network; ANN) ¥-2 1980 W tjF &
o Aghe AW AVIE ] $83A 2017 Aotk ABAFY PAL FARNN 22 0
| 947k opd BB Ao) T 4B e S ML BRY Y-S ATl ol g oY 2

(hidden yerS)oﬂfq VA E SAH LR FHSe] AATE AbEsith. AFAAY HS
A e 24 F9 Mg, 2ATE =SS He &5 85 (activation function), AT Gzl 2
AT (overfitting) S T3] A% FRAE 5 B WSES Ao} ek, ofn] QAo BE
AT ATFE 0] ANN whe] oJa)4 £A=|oiHen tlol2zoldlol 45 S /Mo F4 (benign)3t
o4 (malignancy) & ERFH= A%E A2sjo] o Al A AEIRE ol Sohe WHow B
SJop BB Bk GZH, Ayer T (2010) ATAAE 18,269%9] 4% BAZTRE Lo
48,7442 mammographic imaging A5.9} ¢1FEA Al Q¢ W JAatera el Q918 7[HlEe 2 1000
el &4 F wE 2t 3% =2 (feed forwarding) 1FAFES T HAFES 7
}7] $18}o] early stopping 7|2 2839 th. ©] ANNS 10-fold-cross-validation 3F A1} 23 9] o
=8 g H718ke A& $2 32l AUC (area under the receiver operating characterlstlc curve)®] 7k

rﬂ

BA
£ 09652 AU} o] A= AdYArel 2 HEl AL AUC=0.939 Bt} ¢ =& #Xx]o]3len ANNS
HE o £2 235 4& 5 Avke= AL Yujdit}d. T3 o] AUCSY] cahbratlon plot= Aui 2

n} A7} vie A Tk o] felE GARoplA 2mEly AMelN dojAt SRS BAYE
A 21253 AdAFEHA Qo152 ¢ HGtY AFAAY ZHA L3 EH = &Y =30 EAA s A
Batol oF A% o RE oSehe BAZAEC) 2ok e w Atk T} ABARRE JE AR
=2E 247t hex el ‘Black Box'sh 2o ojma B4 0 2iE oA sk A

o] o]frh= Tl 0113]' ANFAALE F3ol= ~2ZEYo]+= (https://cran.rproject.org/web/
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packages/neuralnet/) S 3232}

5.3. Support Vector Machine

Support vector machine (SVM) *H-2 o33 wh-SRige] thete] & 2F 7+ A (margin)<
YA L BEFES H A= 2 224} (separating hyper-plane) & b= ERUHOZ o]
Z3d B 71712 A8 EE support vector (SV)Elal W sit). EEAE ghe A A SV}
o] AgE A 7]= tl vldF A Bole dAtzol 1A AL (kernel function)E o]
sto] Aol AEAor Fejd ¢ =S sto] nldFHola LAAA A Akl A= GA &
7 5 oA Stk SVM 3 ALY REgRigo] A3 J7RYP e AN FEEUAE
OEE= AEEA YFA+= Shivaswamy 5 (2007)°)] X202 A|ot=o] Pl @ Fof ot upRl
WAt ent 7Fs Aol thske] arejshA] ettt o] Khani} Zubek (2008)¢] o]2 3k Alghd S 7H4
3= SVRe (support vector regression for censored data)E A <Fslith. o] w2 vt A=A
TS ol8sto] AT A5 Ao AT Bl 2R eAE tEA 229
o7 REFES Haselrt. dAdolAe] AAALR O theto] ZrAR Y} vwdt 23} SVReo
AN AEFAA7F H A Udes AE HoF3la o] Her #R7E 1AHTH AAET] AP EY
7HE =7 uet F 82 AolE FiEete R olthe S Ho| F3oh SVMe 3351
AdNAM = 22EH o] (https://cran.rproject.org/web/packages/e1071/)E H= 32}

)
P

as

F[“

roro
OE, oE', by
rf 2 > X rlo

5.4. 4R
PAE (ensemble) PHS Thre] RRAZ Aol Z2te] BRA] AT nese] AEAE
Zol M2E Bhie] RRAT WL WHITh of BUL e BRANDG O] BFAT O o
©o] %ol & Sov] HEAE AASA 2 AHY A3 o] R LRAE HAT 2 ek AR
T&59 GAFE thE A HHH o E bagging, random forest, boostingo] o Tl HHHS
238 oz = HFS H3 A (averaging) H TS EARE 3= ¥ (major voting)©] ST}

Bagging survival tree (Hothorn 5, 2004) ®}H2 B#2EA;AFE (boostrap sampling) S WH-Z]
o= Aol Z2e BROBYH AZURE FANe], M2 AM Y ARG AEU-0}
olo] 24 of M2 AAI Zzte] RA HRoIA S} AEURY whrlo] Skt wE
EEE YT REORRY 2R ARAOE tgol AEURY AN £21 viSe] Sele
RRES A2 AN FAT ANST PAR RO of RE REES Fokol 247 AT
o] FAFE ATt FolAle 2AE ¥t Bagging survival treeE $817] AL (https:
//cran.rproject.org/web/packages/ipred/) S FZ 32}

Random survival forest B2 bagging¥} vXVIR 2 R T ES B 07 XA slo] Z}
2o Eromiy AERs T4 BT AsH HolH FASAT bagging I} TFE A A
FURE 74T 0 A0 WSE F RS Aesio] AgATHE Aotk oleld w2 2AE o
EF ES WESH FHH A 67%] wEo] el FEI HAA Hol bagging HAA U2
A= 7] Aol vl morxAl Ak weEbA bagging WOl UEhe A e dade
Zol7] fiste] 7z sEnitt e ieES AEste] AR A4S o] dFEs FAHA S8t
< Zlojtk. o] wj MgAEe] &, nir] ok e 27] 53 22 Ae 2Eshs Aol wiste
Ishwaran 5 (2011)2] =& AAI3HA] AF= o] 9t} Random survival forestE& 3317] Y=
(https://cran.rproject.org/web/packages/randomSurvivalForest/) & ZZ 312}
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Boosting2 ¥4 =23} bagging?} random survivsl forest@} Zro] tho] ANE ¥lEHo=
2bzshet] baggingd 2ol 59408 RS AAsk= 2] ohlzt $A44 (sequential) 02 A
AA U FATAE o] &3te] FE9| Aol A7FEXE FHA 2HE updating 3= W ot
Hothorn 5 (2006)9] =Rol A 2= AT A=Ago] thste] 214G EGo) hgt 2310 Al
gradient descent &1 g5 AL3slo] ExF o2 TES A7IESIEA dSES Eo71= 2ol ol
3t 7|=3kal ‘ilitﬂ boostingS 3}A] k%S -2} random survival forests B3} B2 3}F T ©
u] B Zq"ﬂ’ﬂ AF AR A2ET o3t WS &8 Aot F4A ARE thF+ A5, "
ol B YA At 5353H7] wiol

o

2
i)
)
i)
c
a
>

A7) AEEA 712H9 At g ole
2sto] AR A2 7] Aiste] e AR o8 5
ol e YEEA S thte] 2ekshA s H gkt giw
2ol s B=E x}g% ke g sk 7120 BAA s
& A0 /1Y 2 Sl AEReE 233 Aot sra0E x}EETEa QoA

2 whdste] wRS Al PR o sHEehutolo] 2HYL PAYT A O T 3y
lwa] Aste] <99l Aol st 2169 AFEATL ARt AEANT A
£ AYAAEE b)) Astel Ax AR I AdsAsIed, o 2P AIAE B3IE

Z ZEAYEH 859 AHSo] v E £
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Abstract

Survival analysis focuses on the statistical inference for the time to event of in-
terest, which cannot be often completely observed due to censoring. Considering the
characteristics of these censored data, traditional survival analysis methods have been
developed for estimation, testing, and model development to predict survival time for
patients based on clinical data. However, large-scale data from high-throughput ge-
nomic technologies, especially microarrays, have been collected, which poses the chal-
lenging statistical issues in combining those with the survival time. Many statistical
methods have been developed by additionally considering the high-dimensional genomic
information in the statistical prediction model constructed only by the existing clinical
data. Recently, there have been many studies on the methodology of integrating differ-
ent types of genomic data through various advanced biologic techniques, which results
in making an early prediction for the disease and developing personalized medicine. As
well, there has been considerable interest in applying machine learning techniques to
analyse these complex and huge amount of genomic data associated with the censored
data. In this paper, we review the basic concepts in survival analysis, traditional sta-
tistical methods based on clinical data, more appropriate statistical methods dealing

with genomic data, and machine learning methods extended to the survival analysis.

Keywords: Censoring, machine learning, nonparametric methods, penalty function, sta-

tistical predictive model, survival time.

1 Corresponding author: Professor, Department of Mathematics and Statistics, Sejong University, Seoul,

05006, Korea. E-mail : leesy@sejong.ac.kr



