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이승연1

1세종대학교 수학통계학부
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요 약

관심의 대상이 되는 사건이 발생할 때까지 걸리는 생존시간을 다루는 생존분석의 가장 큰 특성은

생존시간이 완전하게 관측되지 않고 중도절단 된다는 점이다. 이러한 중도절단자료의 특성을 고려하

여 추정, 검정 및 모형적합에 대하여 고전적인 생존분석 방법들이 많이 개발되어져 왔으나, 마이크로

어레이자료를 시작으로 대용량의 유전체 자료가 수집되면서 유전적 정보와 생존시간과의 연관성 연구

가 진행되면서 표본의 수에 비하여 엄청나게 많은 수의 유전정보 변수들을 다루는 새로운 통계적인 방

법들이 생존자료에 확장되었다. 결과적으로 기존의 임상자료로만 구축된 통계예측모형에 유전체 정

보가 추가적으로 고려됨으로써 생존함수에 대한 예측력이 향상되었고, 개인의 유전정보에 따라 더 적

합한 치료방법이나 치료약을 개발해야 한다는 개인맞춤의학의 필요성이 부각되기 시작되었다. 다양

한 첨단 생물학 기술을 통하여 서로 다른 형태의 대용량의 유전체 자료를 통합하는 방법론에 대한 연

구들이 이루어지면서 기계학습 방법이 생존분석에 접목되어 많은 연구방법들이 개발되고 있다. 본 연

구에서는 기존의 임상자료를 기반으로 분석하는 전통적인 생존분석 방법들을 소개하고, 고차원의 유

전체 자료를 분석하기 위한 생존분석 방법들과 통합적인 유전체 자료분석을 위하여 생존분석에 접목

된기계학습방법들에대하여간략하게살펴보고자한다.

주요용어: 기계학습, 벌점함수, 비모수적인방법, 생존시간, 중도절단, 통계예측모형.

1. 서론

생존분석 (survival analysis)은 어떤 시점에서부터 관심의 대상이 되는 사건이 발생할 때까지 걸리는

생존시간 (survival time)에 대하여 통계적인 추론을 다루는 분야이다. 생존분석에서는 완전하게 관측

된 생존시간 외에 중도절단 (censoring)된 자료를 포함하게 되는데 이는 연구 기간 내에 관심의 대상이

되는 사건이 발생하지 않아 실제의 생존시간을 관측하지 못하는 경우가 흔히 일어나기 때문이다. 이와

같이 중도절단자료를 분석해야 하는 것이 생존분석의 특성이며 생존분석의 이론과 방법들은 중도절단자

료를 분석할 수 있도록 개발되어 왔다. 임상시험과 같은 코호트 연구의 중요한 목적은 오랜 기간 동안

추적조사로 관측되는 생존시간의 생존함수를 추정하거나 기존의 치료방법과 새로운 치료방법 간의 생존

율에 유의한 차이가 나는지 여부를 검정하는 것이다. 또한 생존시간과 연관성이 있는 요인들을 인구통

계학적, 임상학적, 환경적인자료들로부터찾아내어통계예측모형을구축하는것이다.

전통적인생존분석에서다루는주제는크게세가지로요약하면생존함수의추정, 그룹간의생존함수

의비교, 생존시간을예측할수있는위험요인들과의연관성검정및통계모형의구축이라고할수있다.
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이 논문은 2016년도 정부(교육과학기술부)의 재원으로 한국연구재단의 지원을 받아 수행된
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대표적인 생존함수 추정량은 Kaplan-Meier (1958)가 제안한 비모수적인 카플란-마이어 추정량으로 대

부분의생존분석결과에서찾아볼수있다. 두그룹간의생존곡선을검정하는방법으로는로그-순위검

정법이 가장 많이 활용되는데 이 방법도 비모수적인 검정법이다. 생존시간에 대한 통계예측모형으로는

Cox (1972)가 제안한 칵스모형으로 위험률함수를 기반으로 한 회귀모형이다. 전통적인 생존분석은 나

이, 성별, 인종, 사회계층적변수와같은인구통계학적요인, 혈압, 콜레스테롤, BMI, 종양크기등과같

은 임상학적 요인과 흡연여부, 미세먼지 오염도, 오존농도와 같은 환경적 요인들을 기반으로 표본 수에

비하여변수의수가비교적적은경우에대하여생존율에대한예측율을높이는통계모형을개발하는연

구방법들에주력하였다.

21세기에 들어서서 생물학의 최첨단 기술의 발달로 유전정보에 대한 DNA microarrays 자료(Eisen

등, 1998; Alizadeh 등, 2000; Dudoit 등, 2002; Tusher 등, 2001; Lee 등, 2000; Newton 등, 2000)가

수집된 이후로 SNP (single nucleotide polymorphism), CNV (copy number variant), NGS (next

generation sequencing), methylation, protein chips 등 (Sebat, 2007; Korn 등, 2008) 다양한 첨단 생

물학 기술을 통하여 유전체 자료가 대용량으로 수집되어 통계적으로 분석될 필요성이 급증하였다. 이러

한 유전자 정보를 분석하는 문제는 결국 표본 수에 비하여 엄청나게 많은 변수의 수 (유전자 정보 수)

를 갖는 “차원의 저주 (curse of dimensionality)” (Theodoridis와 Konstantinos, 2008)를 풀어야 하

는 문제로 직결되었다. 많은 통계학자들이 이 문제의 해결책으로 변수의 회귀계수에 벌점함수(penalty

function)를 제한 조건으로 두어 실제로 효과가 큰 유전자들만을 선택할 수 있는 방법들을 개발하였다.

대표적인 벌점함수로는 Lasso, Ridge, Elastic-Net이 있으며 벌점함수를 이용한 방법들이 기존의 칵스

모형으로확장되어고차원의유전자정보를적합할수있는모형들이개발되었고, 기존의임상학적인요

인에유전정보를추가함으로써생존시간에대한예측력을높이는연구들이개발되었다.

1990년에 시작하여 2003년도에 종료된 인간게놈 프로젝트 (www.ornl.gov/sci/techresources/

Human_Genome/index.shtml)에서 한 명의 개인으로부터 30억 개의 DNA 정보를 해독하는데 27억 달

러라는 천문학적인 비용이 들었는데 현재는 동일한 작업이 30시간에 1000달러의 비용으로 가능하게 되

었다. 개인의 유전정보에 대한 자료는 의사의 진단과 같이 건강상태를 파악할 수 있는 진단마커로 수요

가 더욱 증가하는 추세이다. 한 개인에 대한 유전정보도 microarrys, SNP, protein chip, RNA-seq 등

여러 생물학 기술로부터 다른 정보들이 얻어지므로 이와 같이 서로 다른 형태의 유전정보를 효과적으로

통합하여 예측력을 높일 수 있는 통계적 모형을 구축하려는 연구들이 지속적으로 진행되고 있다. 이러

한 추세는 동일한 질환이라도 치료약이나 치료방법을 개인의 유전자 정보에 따라 맞춤으로 제공하려는

정밀의학의 개발로 가속화 되고있다. 이와 같이 복잡하고 노이즈가 많은 자료들을 통합하여 일정한 패

턴을 찾아내는데 통계적인 확률이론과 모형들을 이용하는 기계학습방법은 축적된 유전체 자료를 분석하

고자 하는 생존분석의 수요와 맞물려 이미 20여 년 전부터 암 질환을 진단하는데 활용되기 시작하였다

(Cruz와 Wishart, 2006). 최근에는 암 질환의 위험여부, 재발여부 및 암 질환의 생존율을 예측하기 위

하여 artificial neural network (ANN), decision tree (DT), genetic algorithm (GA) 등과같은기계학

습방법에 기반한 통계적 방법들이 생존분석에서 크게 활용되고 있다. 앞으로는 유전체 정보뿐 만 아니

라 전산화된 병원 기록 데이터까지 통합한 자료를 분석하기 위하여 딥러닝 (deep learning)의 기법들이

도입되는추세로발전될것으로전망된다.

본 연구에서는 생존분석의 기초적인 개념과 이론에 대하여 개괄적으로 소개하고 시대의 흐름에 따라

발전해 온 생존분석 방법들에 대하여 살펴보고자 한다. 먼저 2절에서 생존분석에서 다루는 기초적인 이

론과 함수에 대하여 간단하게 소개하고, 3절에서 전통적인 생존분석 방법들을 소개하겠다. 4절에서는

고차원의 유전체 자료를 분석하기 위한 통계적인 방법들에 관하여 살펴보고, 5절에서는 기계학습과 관

련된 생존분석 방법들에 대하여 활용되는 예를 중심으로 소개하고 6절에 결론으로 본 논문을 끝맺음 하

고자한다.
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2. 생존분석의 기초적 이론과 함수들

2.1. 생존시간과 중도절단

생존시간 (survival time)은 관심의 대상이 되는 사건 (event)이 발생할 때까지 걸리는 시간으로 정

의되며 사건은 사망, 질환의 발병 또는 재발, 실업자의 구직, 보험지급 등과 같이 의학, 보건학, 공학과

사회학 전 분야에 걸쳐 관측되는 현상이 포함될 수 있다. 생존시간자료는 현황적 (cross-sectional)으로

한 시점에서 관측되는 자료가 아니라 주로 전향적 (prospective)으로 진행되는 코호트 연구에서 관측된

다. 생존시간은 관심의 대상이 되는 사건이 발생할 때까지 걸리는 시간이므로 연구기간이 종료될 때까

지 사건이 발생하지 않으면 생존시간을 완전하게 관측할 수 없게 되는데 이러한 현상을 중도절단 (cen-

soring)이라고 한다. 이 경우 중도절단된 자료는 비록 생존시간이 완전하게 관측되지는 않았지만 결측

치 (missing data)와는 전혀 다르다. 중도절단된 시점까지 관측된 정보로부터 생존시간이 적어도 중도

절단시간 이후에 발생할 것이라는 정보를 주고 있기 때문이다. 이와 같이 생존시간의 하한값을 아는 경

우는 우중도절단 (right censoring)이라고 하고 상한값을 아는 경우를 좌중도절단 (left censoring), 하

한값과 상한값을 아는 경우를 구간중도절단 (interval censoring)이라고 한다 (Klein과 Moeschberger,

2010). 이러한 중도절단현상은 생존분석에서 중요한 특성으로 중도절단자료의 정보가 통계적인 추론에

반영될수있도록생존분석방법들이개발되었다.

2.2. 생존함수, 위험률함수와 누적위험률함수

생존분석에서중요한목적중의하나는생존함수 (survival function)을추정하는것이다. 생존시간을

T 라고하면 T 는음이아닌연속형확률변수이며확률밀도함수를 f(t), 확률누적분포함수를 F (t)로갖

는다고 하자. 생존함수는 생존시간 T 가 시간 t 이후에 발생하는 확률로 정의되며 S(t) = P (T > t) =

1 − F (t)로 표현된다. 생존분석에서는 확률밀도함수보다도 조건부 확률밀도함수의 개념을 가진 위험률

함수 (hazard function)를 기반으로 추론하는 경우가 더 많은데 위험률함수는 생존시간 T 가 시간 t까

지 발생하지 않았다는 조건 하에서 구간 [t, t + ∆t] 에서 순간적으로 발생할 확률로 정의되며 다음과 같

이표현된다.

h(t) = lim
∆t→0

P (T ≤ T < t+∆t|T ≥ t)

∆t
=

f(t)

S(t)
.

누적위험률함수 (cumulative hazard function)는 시간 t 까지 누적된 위험률로 정의되면 H(t) =∫ t

0
h(s)ds로 표현된다. 또한 생존함수, 위험률함수와 누적위험률함수 간에는 서로 다음과 같은 관계식

이성립한다.

h(t) =
f(t)

S(t)
=

−d logS(t)

dt
, H(t) = − logS(t), S(t) = exp(−H(t)).

생존분석에서는 생존시간을 관측하는 과정에서 중도절단되는 자료가 발생하기 때문에 어떤 시점 t까

지 사건이 발생하는 확률을 추정하기 어렵다. 대신에 어떤 시점 t 전에 이미 사건이 발생하였거나 중도

절단된 자료가 주어진 조건 하에서 생존할 확률을 추정할 수는 있다. 따라서 자연스럽게 어떤 시점 t까

지 누적해 온 조건부적인 정보를 기반으로 시점 t 이후에 사건이 발생하는 확률의 개념인 위험률함수를

이용하여 생존함수를 추정하게 된다. 실제로 Kaplan-Meier (1958)의 생존함수 추정량은 관측된 생존

시간의 각 시점에서 추정된 조건부 생존확률의 곱으로 구하는데 이 계산과정에서 위험률함수의 추정량

을 이용한다. 위의 식에서 나타난 동등한 관계식을 통하여 생존함수, 위험률함수와 누적위험률함수 중

하나를 추정하면 다른 함수도 쉽게 추정할 수 있다. 생존분석에서 다루는 생존시간의 모수적 분포는 양
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의 실수 구간에서 분포하며 일반적으로 비대칭적이며 꼬리가 길게 늘어지는 형태를 띠는 경우가 많다.

생존분석에서 많이 활용되는 분포는 지수분포, 와이블 분포, 감마분포, 로그-정규분포, 로그-로지스틱

분포, Gompertz 분포, 파레토 분포 등으로 이 분포의 확률밀도함수, 위험률함수, 생존함수와 기댓값에

대한정보는 Kim (2016, Table 2.3)를참조하라.

3. 전통적인 생존분석방법

생존시간과 중도절단시간을 각각 T 와 C 라고 하자. 관측된 시간을 T̃ = min(T,C)라고 하고 δ =

I(T < C)라고 할 때 관측된 생존자료는 (T̃i, δi) i = 1, · · · , n 로 나타낼 수 있다. 서로 다른 값을 갖

는 관측된 자료를 순서대로 나열하면 t1 < t2 < · · · < td (d ≤ n) 으로 주어지며 각 시점 ti마다 다음과

같은 통계량을 표기할 수 있다. 즉, di 는 시점 ti에서 관측된 사건 수이며 동점이 없으면 di = 1이 된

다. Yi는시점 ti− (즉, 시점 ti의바로직전)까지사건이발생하지않았거나중도절단되지않은개체수

를 나타내는데 이를 위험에 처한 개체수라고 한다. 만약 시점 ti 직전에 사건이 발생하였거나 중도절단

된 개체들은 Yi 에서제외된다. 시점 ti− 까지 생존하였다는 조건 하에서 ti 에서사건이 발생할 조건부

확률을 pi 라고하면 pi 의추정량은 p̂i =
di
Yi
이며, 시점 ti 에서의조건부생존확률은 1− p̂i = 1− di

Yi
로

추정된다. 카플란-마이어 추정량은 조건부 확률의 곱의 공식으로부터 구할 때 관측된 생존시간들 사이

에서 발생하는 중도절단된 자료의 정보를 위험에 처한 개체 수 Yi 에 반영하여 시점 ti에서 다음과 같이

구하였다.

S(ti) = P (T > ti)

= P (T > ti|T > ti−1)P (T > ti−1|T > ti−2) · · ·P (T > t1)

= pi × pi−1 × · · · × p1.

Ŝ(ti) =

i∏
j=1

(1− dj
Yj

).

임의의 시점 t에서의 카플란-마이어 (KM) 추정량 Ŝ(t) =
∏

ti≤t(1 − di
Yi
)가 되며 누적한계추정량

(product limit estimator)이라고도한다. KM 추정량은사건이관측된시점에서만값이감소하는계단

함수이며 감소하는 값은 사건발생 수와 중도절단 수에 의하여 정해진다. 그러나 마지막 관측값이 중도

절단된 경우에는 KM 값이 더 이상 변하지 않으므로 관측이 종료된 시점 이후에도 생존함수의 추정이

정확하게 이루어지지 않게 된다. KM 추정량으로부터 누적위험률함수 추정량은 Ĥ(t) = − log Ŝ(t) 로

구해진다. 한편 Nelson (1972)은 누적위험률함수의 추정량을 구하여 생존함수를 추정하였다. Nelson-

Aalen 누적위함률 추정량은 H̃(t) =
∑

t≤ti

di
Yi
이고, 생존함수 추정량을 S̃(t) = exp(−H̃(t))이지만 이

추정량은근사적으로 KM 추정량과동일하다.

KM 추정량에 대한 분산 추정량은 Greenwood 공식 (Greenwood, 1926)에 의하여 구할 수 있으며

가우스과정으로 점근적으로 수렴한다는 것이 증명되어 있다 (Breslow와 Crowley, 1974). 이 외에도

KM 추정량은 생존함수의 비모수적 최대우도추정량이며 self-consistency를 만족한다 (Efron, 1967).

그러나 KM 추정량은 생존시간과 중도절단시간이 서로 독립이라는 가정을 전제하고 있으므로 이 독

립성 가정이 위배되는 경우에는 편향적이고 왜곡된 추정량이 될 수 있다 (Fisher와 Kanarek, 1974;

Scharfstein과 Robins, 2002). 한편, 1980년대에 들어서서 Aalen (1978)에 의하여 생존분석에서 다루

는 추정량들을 계수과정 (counting process)으로 표현하게 되면서 점근적 분포에 대한 증명과정이 마팅

게일 (martingale)의 중심극한정리를 이용하여 수월하게 이루어졌다. 따라서 KM 추정량의 점근적 성

질도 계수과정으로 쉽게 증명되었다. 생존분석에 관한 확률과정이론에 대해서는 Fleming과 Harrinton

(1990)과 Andersen 등 (1993)을참조하기바란다.
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한편, 임상시험에서는 기존의 약과 신약의 효과를 비교할 때 두 그룹의 생존곡선이 유의하게 차이가

나는지를 검정하게 된다. 생존함수는 시간에 따라 값이 변하므로 관측된 시간의 전체 구간에서의 두 그

룹의 생존율을 비교하는 방법을 고려해야 한다. 가장 많이 활용되는 검정법으로 로그-순의 검정법이 있

으며다음과같이주어진다.

χ2
LR =

[
∑d

i=1(d1i − Y1i
di
Yi
) ]2∑d

i=1
Y1iY2i
Yi−1

di
Yi
(1− di

Yi
)
,

여기서 di, Yi, d1i, Y1i 와 Y2i는 시점 ti (i = 1, 2, · · · , d) 에서 각각 사건 수, 위험에 처한 개체수, 그

룹 1의 사건 수, 그룹 1의 위험에 처한 개체수와 그룹 2의 위험에 처한 개체수를 나타낸다. 위의 식에서

보는바와같이로그-순위검정통계량은각사건발생시점에서의기댓값과관측값간의차이합을표준화

하여 제곱한 형태로 귀무가설 하에서 근사적으로 자유도가 1인 χ2의 분포를 따른다. 로그-순위 검정법

은두그룹의생존함수가비례할경우에는검정력이높게되는데이는사건발생시점마다관측값과기댓

값의 차이를 합하기 때문이다. 따라서 두 그룹의 생존함수가 비례하지 않거나 교차하게 되면 로그-순위

검정법의 합이 서로 상쇄가 되어 검정력이 약해진다. 로그-순위 검정통계량은 사건 발생시간의 순위에

점수를 준 형태이므로 점수 대신에 가중함수를 주어 선형순위검정법으로 일반화하여 시간 구간 중 중도

절단의 분포에 따라 가중치를 다르게 주어 검정력을 높일 수 있다 (Klein Moschberger, 2010, 7장). 만

약두그룹의생존함수가비례적인가정에서크게위배되는경우에는두생존함수의차이가최대가되는

시점에서의 차이값을 이용하는 콜모고로프 검정법이나 중앙값의 차이에 기반한 Median 검정법 (Chen

Zhang, 2016)을이용하는것이더검정력이높다.

3.1. 칵스 회귀모형

의학, 보건학 및 역학분야에서는 질환과 관련하여 나이, 성별, 인종 등과 같은 인구통계학적 요인과

비만도, 혈압, 인슐린 수치, 체내 지방량 등과 같은 임상학적 요인 및 흡연과 음주 습관, 환경오염도 등

과 같은 환경학적 요인들을 중심으로 생존시간에 유의한 위험요인 (risk factors)들을 찾아내기 위하여

수많은 연구들이 진행되었다. 특히 임상시험연구에서 생존시간에 유의한 영향을 주는 요인들을 찾아내

어 환자들의 생존율을 향상시키는 신약을 개발하거나 식이습관이나 환경적 요인을 변화시켜 국민건강을

위한 정책들을 수립하는데 생존분석에서 구축된 통계예측모형들이 중요한 역할을 하였다. 생존분석에

서 가장 크게 활용되는 회귀모형은 위험률함수의 비에 대하여 예측요인들의 선형모형을 가정한 칵스모

형 (Cox, 1972)으로다음과같이주어진다.

h(t|x) = h0(t) exp(xβ),

여기서 x는 p× 1 벡터로 p 개의공변량을나타내며 β는이공변량에대응되는 1× p 회귀계수벡터이다.

h(t|x) 는 공변량 x 가 주어져있을 때 위험률함수이며 h0(t)는 공변량이 x = 0 일 때의 기저위험률함수

(baseline hazard function)로 이 모형에서 특정한 분포가 주어지지 않는다. 이 식의 양변에 로그를 취

하게되면다음과같이주어진다.

log
h(t|x)
h0(t)

= xβ.

칵스모형은 위험률함수의 로그비가 예측인자의 선형회귀식으로 표현되며 회귀계수 β는 상대위험률로

해석될 수 있다. 위의 식으로부터 서로 다른 공변량의 값을 갖는 개체들의 위험률의 비가 시간과 상관
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없이 일정하기 때문에 이 모형을 비례위험모형 (proportional hazards model)이라고도 한다. 비례위험

가정은 위험률의 비가 시간과 독립적이라는 매우 강한 조건이지만 비교적 짧은 구간에서는 이 모형이

잘적합된다. 칵스모형은준모수적인 (semi-parametric) 모형이라고할수있는데이는기저위험률함수

에 대하여 어떠한 분포도 가정하지 않고 회귀계수에 대한 모형만 가정하기 때문이다. 실제로 위험요인

이 위험률함수에 미치는 효과를 나타내는 회귀계수에 대한 추정을 위하여 Cox (1975)는 부분가능도함

수 (partial likelihood function)를제안하였는데이식에서기저위험률함수는전혀고려하지않는다.

PL(β) =

n∏
i=1

exp(xiβ)∑
l∈R(ti)

exp(xlβ)
,

여기서 R(ti)은 시점 ti 에서의 위험에 노출된 개체집합으로 ti 이전에 사건이 발생하지 않았거나 중도

절단되지 않은 개체들을 나타낸다. 그러나 생존함수를 추정하기 위해서는 기저위험함수의 추정량이 필

요하므로 Breslow (1975)의비모수적추정량을이용한다. 한편, 칵스모형에대한적합성을진단하기위

하여 회귀진단에서와 같이 잔차를 이용한 통계량들이 많이 제안되어있다. 예를 들어, 칵스-스넬 잔차

(Cox와 Snell, 1968), 마팅게일 잔차 (martingale residual)와 이탈도 잔차 (deviance residual) 등을 이

용하여 그림으로 적합성을 진단하거나 검정통계량으로 적합성검정을 할 수 있다. 일반적으로 비교적 짧

은 구간에서는 칵스모형이 잘 적합되지만 (Lee와 Lee, 2017) 오랜 기간동안 추적조사하는 경우에는 칵

스모형의 비례위험가정이 성립하지 않는 경우가 종종 발생하여 칵스모형의 비례위험가정을 일반화하여

층화칵스모형 (stratified Cox model)이나 시간종속 칵스모형 (time-dependent Cox model) 등으로 확

장시키는 연구결과들이 많이 있다 (Klein과 Moeschberger, 2010). 한편, Aalen (1989, 1993)은 다음과

같이 칵스모형과 달리 위험률함수를 기반으로 시간종속 독립변수와 시간종속 회귀계수를 고려한 비모수

적이고가법적인 (additive) 회귀모형을제안하였다.

h(t|xi(t)) = β0(t) +

p∑
k=1

xik(t)βk(t).

Aalen이 제안한 위의 모형은 칵스모형에 비하여 모형에 대한 가정이 약하여 일반적인 경우로 크게 활

용될 수 있지만 통계적 추론과정에서 시간의 함수인 회귀계수에 대한 직접접인 추정과정이 어렵고 불안

정적이다. 대신에 시점 t까지 회귀계수를 누적하여 누적된 위험함수값을 추정하고 이 추정량의 분산을

추정하여 통계적인 추론을 할 수 있다. 이러한 복잡한 추론과정을 극복하기 위하여 시간에 종속된 회귀

계수의가정을상수로단순화한모형을 Lin과 Ying (1994)이제안하였다.

3.2. 모수적 선형회귀모형

생존분석에서도 기존의 회귀모형과 같이 예측요인들을 독립변수로 하고 생존시간을 종속변수로 간주

하는 선형회귀모형을 적합할 수 있다. 이 경우 생존시간이 음수가 아닌 실수 공간의 범위에서 관측되므

로 로그를 취하여 로그생존시간을 종속변수로 간주하여 실수 전구간에서의 선형모형을 적합시킨다. 또

한 생존시간은 정규분포와 같이 대칭분포를 이루는 경우가 거의 없고 대부분 비대칭적이며 치우친 분포

를 띠고 있으므로 로그변환을 하는 것이 추론하기에 더 적합하다. 따라서 종종 이 모형을 로그선형회귀

모형이라고하며다음과같이주어진다.

log T = µ+ xβ + σϵ.

위에서 µ와 σ는 각각 공변량이 없는 경우의 평균벡터와 척도모수를 나타내며 ϵ은 오차항을 나타내

는 확률변수로 이 오차항의 분포에 모수적인 분포를 가정하게 된다. 주로 활용되는 모수적 분포는 생존
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분석에 적합한 지수분포, 와이블분포, 감마분포, 로그-정규분포, 로지스틱 분포 등이 있다. 로그선형회

귀모형에서 S(t|x) = S0(t exp(−xβ))으로 S0(t)는 공변량이 x = 0일 때의 기저생존함수를 나타낸다.

이 관계에서 exp(−xβ)를 생존율을 가속화하는 요인 (accelaration factor)라고 하는데 이는 기저생존

함수에서의 시간을 공변량의 변화값을 곱하여 가속화하는 효과를 가지게 되기 때문이다. 예를 들어 어

떤 공변량의 값을 갖는 개체의 어느 시점에서의 생존율은 기저생존함수에서 가속화요인의 배만큼 곱한

이후의 시점에서의 생존율과 동일하다는 것으로 해석된다. 따라서 이 모형을 가속수명모형(accelerated

failure time model) 이라고도 한다. 만약, β 값이 양수이면 시점 t에서의 생존율은 가속화요인의 배

만큼 감소된 시점에서의 기저생존율과 동일하게 되기 때문에 결과적으로 생존시간이 증가되는 효과가

있다. 앞 절에서 소개한 칵스모형에서의 회귀계수와 부호가 반대가 되는 결과를 갖게 된다. 모수적 선

형회귀모형에서 회귀계수와 오차항의 척도모수를 추정하는 방법은 모수적으로 가정한 분포를 이용하여

가능도함수 (likelihood function)를 구하고 이 가능도함수를 최대화하는 최대가능도추정량 (maximum

likelihood estimator)을 취한다. 예를 들어, 지수분포를 따르는 생존자료의 로그선형 회귀모형에서의

가능도함수는다음과같이주어진다.

L(β) =

n∏
i=1

(hi(t|xi))
δiS(t|xi) =

n∏
i=1

exp(xiβ)
δi exp(− exp(xiβ)ti),

여기서 δi가중도절단여부를나타내며가능도함수는위험률함수와생존함수의곱으로표현된다. 최대가

능도추정량과 이 추정량의 분산을 구하기 위해서 가능도함수에 로그를 취하여 한 번 미분한 스코어함수

(score function)와두번미분한정보행렬 (information matrix)을구하면다음과같이주어진다.

Uk(β) =
∂l(β)

∂βk

=

n∑
i=1

xik(δi − ti exp(xiβ)), k = 1, 2, · · · , p,

I(βk, βl) = −(
∂2l(β)

∂βk∂βl
)

=

n∑
i=1

xikxilti exp(xiβ), k, l = 1, 2, · · · , p.

위의 스코어함수의 해가최대가능도추정량이며이해를 구하기 위하여수치해석방법의 하나인 Newton-

Raphson 기법을사용한다. 또한최대가능도추정량의분산추정량은정보행렬로부터구해진다.

모수적 회귀모형에서도 모수적 분포가정이 적합한지 여부를 진단하고 이상점과 같은 자료에 대하여

회귀진단을하는데이경우에는표준화잔차를이용하거나지수분포나와이블분포에서는칵스-스넬잔차

나마팅게일잔차를이용한다.

4. 유전체 자료분석을 위한 생존분석방법

인간게놈 프로젝트가 수행된 후 대용량의 유전체 자료가 수집되면서 유전정보가 생존시간에 미치는

영향에 대한 연구가 활발하게 이루어지기 시작하였다. 그러나 표본 수에 비하여 유전정보를 나타내는

독립변수의 수가 엄청나게 많기 때문에 기존의 통계적 방법으로는 모든 유전정보를 동시에 고려하는 모

형을 적합할 수 없으므로 우선적으로 유전체 자료를 하나씩 적합하여 유의한 유전자를 찾아내는 접근방

법을 시도하였다. 이 접근방법은 다중검정법 (multiple testing) 문제를 야기하게 되어 가장 용이하게
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적용할 수 있는 집단별 오류율을 조절하는 Bonferroni 방법을 적용하였다. 그러나 유전정보의 수가 증

가할수록 Bonferroni 방법은 너무 보수적으로 제 1종 오류를 조절하게 되어 유의한 유전자를 찾아내는

것이 쉽지 않았다. 이에 대한 대안책으로 위발견율 (false discovery rate; FDR)이라는 새로운 형태의

오류율을 Benjamini과 Hochberg (1995)가제안하였다. FDR로제 1종오류를조절할경우 Bonferroni

방법보다덜보수적인기준을이용하므로유의한유전자정보를더많이식별할수있게된다.

한편, 일반적으로유전체자료들은서로독립적이지않고연관성있게작동하기때문에하나씩적합된

단순회귀모형이 아니라 동시에 적합된 다중회귀모형을 고려해야 한다. 그러나 이 경우 적합하고자 하

는 독립변수의 수가 표본 수보다 훨씬 많아 기존의 회귀모형에서 회귀계수에 대하여 제약조건으로 벌점

(penalty)를 주는 통계적인 방법들이 기존의 칵스 모형으로 확장되어 개발되었다. 이 절에서는 다양한

벌점함수를활용한칵스모형과칵스부스트모형에대해서살펴보고자한다.

4.1. 벌점화 칵스모형

의학이나 임상학 분야에서 환자들의 유전정보와 질환과의 연관성에 대한 초기 연구결과는 임상학적

으로 동일한 진단을 받은 환자들의 생존시간이 마이크로어레이에 의해 밝혀진 유전정보에 따라 유의하

게 달라진다는 것이었다. 환자들의 유전자의 차이로 인해 임상학적으로 동일한 그룹이었지만 생존시간

이 유의하게 다르다는 분석결과가 발표되면서 유전체 자료를 고려하는 통계적 모형을 개발할 필요성이

증폭되었다 (Golub 등, 1999; Alizadeh 등, 2000; Garber 등, 2001; Beer 등, 2002). 초기의 마이크

로어레이 자료는 수천 개에 불과하였지만 현재 수집되는 자료는 거의 수만 개에 이르고, SNP 칩에서

한꺼번에 수집되는 SNP 수는 백만 개를 넘는다. 이 외에도 RNA-seq, protein arrays, whole genome

sequencing 자료들을 동시에 고려하게 되면 회귀모형에서 다루는 예측인자의 차원이 천문학적인 수가

된다. 이 중에서 질환이나 생존시간에 실제로 유의한 영향을 미치는 유전자를 찾기 위하여 회귀모형에

적합하려면 표본 수보다 엄청나게 많은 회귀계수에 대한 벌점함수 (penalty function)를 고려하여 추정

하는 방법이다. 이러한 이론적 근거는 이와 같이 천문학적으로 많은 유전자 중에서 실제로 질환과 연관

된유전자의수는극히적다라는희박성 (sparsity) 에대한가정이다 (Hastie 등, 2011). 대표적인벌점

함수는 Lasso, Ridge, Elastic-Net 이 있으며, 이 절에서는 칵스모형을 중심으로 벌점화하는 방법에 대

하여살펴보겠다.

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

Tibshirani (1997)는 생존분석의 칵스모형에 l1-norm 제약조건 하에서 음의 로그부분가능도함수를

최소화하는 Lasso (least absolute shirinkage and selection operator) 벌점화추정량을제안하였다.

β̂Lasso = argmin[ −
n∑

i=1

δi(xiβ − log(

n∑
j=1

exp(xjβ))) + λ

p∑
k=1

|βk| ].

위의 식에서 λ = 0인 경우는 제약조건이 없는 칵스모형에서 구한 추정량과 동일하며 λ → ∞로 커질
수록 희박성 (sparsity) 조건이 강화되어 대부분의 회귀계수의 값이 정확하게 0의 값을 취한다. 따라서

λ의값에따라희박성조건이조절되는효과가있으므로이를조율모수 (tunning parameter)라고한다.

최적의 λ는 일반화된 교차타당성 (generalized cross-validation) 통계량 (Wahba, 1980)을 최소화하는

값으로 구한다. Lasso는 고차원자료로부터 희박성의 가정이 만족하는 조건 하에서 적은 수의 유의한 정

보를갖는변수를선택하는방법이며회귀계수의값이 0가아닌최대변수의수는표본의수 n를넘지않

는다.

Lasso가 모든 β를 크기에 상관없이 동일하게 간주하고 있는 점을 개선하기 위하여 β의 크기에 따라

다른 가중치를 주는 방법을 제안하였는데 이 방법을 Adaptive Lasso-Cox 방법이라고 한다 (Zhang과
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Lu, 2007). Adaptive Lasso-Cox 방법은 벌점함수를 λ
∑p

k=1 |βk|τk로 주는데 여기서 각각의 βk에 다

른 τk의 가중치를 주어 β의 크기에 대한 정보를 조절한다. 다시 말하면 큰 βk에는 작은 τk 값을, 작은

βk에는 큰 τk를 주어 효과가 큰 변수에는 작은 벌점을 주고 효과가 작은 변수에는 큰 벌점을 줌으로써

유의미한변수를더잘선택하도록해준다.

만약, 고차원의 예측인자간에 순서의 개념이 있는 경우에는 각 변수의 절대값에 대한 벌점을 주는

Lasso 방법을 개선하여 연속적인 두 변수의 차이의 절대값에 대한 벌점도 추가적으로 고려하여 희박성

의 조건을 더 효율적으로 활용하는 Fused Lasso 방법을 Tibshirani 등 (2005)이 제안하였다. Fused

Lasso 의 벌점함수는 λ1

∑p
k=1 |βk| + λ2

∑p
k=2 |βk − βk−1|로 주어진다. 이 방법은 예측인자인 유전체

자료에 순서의 개념이 없는 경우에도 heat map을 이용한 군집분석 결과로부터 유전체 자료에 순서를

매겨응용할수있다. 또는특정한유전자와근거리에있는유전자들에한해서적용할수도있다.

4.1.2. Ridge-Cox

Ridge 회귀모형은 Hoerl과 Kennard (1988)이 제안한 것으로 다중선형회귀모형에서 상관성이 높은

독립변수들로 인하여 발생하는 다중공선성 (muti-collinearity) 문제를 해결하기 위한 방법이었다. 다

중공선성은 회귀모수의 추정량의 분산을 크게 증가시켜 추정량의 신뢰도를 낮게 하기 때문에 회귀계수

의 제곱값에 제한조건을 주어 분산의 증가를 줄여 안정적인 추정량을 제공하였다. Ridge의 벌점함수는

l2-norm이며다음과같이주어진다.

β̂Ridge = argmin[ −
n∑

i=1

δi(xiβ − log(

n∑
j=1

exp(xjβ))) + λ

p∑
k=1

βk
2 ].

Ridge 방법은변수들간의상관성을고려하기때문에고차원의유전체자료들을분석하는데적합하지만

변수선택하는과정에서모든변수들이 0이아닌계수를가지므로 Lasso와달리변수선택이가능하지않

다. 따라서 변수가 매우 많은 경우에는 Lasso 방법으로 비교적 적은 수의 변수를 선택하도록 한다. 그

러나 adaptive Lasso-Cox 방법에서 β에 주는 가중치를 추정하기 위하여 Ridge 방법으로 구한 β의 값

의역수를사용하는데활용될수있다.

4.1.3. Elastic-Net, elastic Net-Cox

Elastic-Net (EN) 방법은 Lasso에서의 희박성과 Ridge의 상관성의 장점을 취하여 이 두 방법의 벌

점함수를 가중치로 주는 방법이다. 일반적인 회귀모형에 대하여 Zou와 Hastie (2005)이 EN 방법을 처

음 제안하였는데 Simon 등 (2011)이 EN 방법을 칵스모형으로 확장하여 EN-Cox 방법을 제안하였다.

EN-Cox 방법에서의제약조건은다음과같이주어진다.

β̂ = argmin[ −
n∑

i=1

δi(xiβ − log(

n∑
j=1

exp(xjβ))) + λ(α

p∑
k=1

|βk|+ (1− α)

p∑
k=1

βk
2) ].

EN-Cox 방법의벌점함수는 Lasso의 l1-norm과 Ridge의 l2-norm을조합하여두방법의장점을가지게

되어 Lasso와 달리 표본의 수보다 더 많은 변수도 선택할 수 있으며 변수들 간의 상관성도 고려할 수 있

다. EN-Cox 방법에서는 회귀계수를 추정하기 위하여 cyclic coordinate descent 알고리듬을 개발하여

실제자료분석에서계산시간을기존의알고리듬비하여열배 (54.9 vs. 679.5 (초))가깝게줄이는결과

를보여주었다 (Simon 등, 2011).

지금까지 살펴본 방법들을 실제 자료분석에 적용하여 비교한 결과를 Zou와 Hastie (2005)는 (Table

4.1)로 정리하였다. 이 결과는 전립선암 (Stamey 등, 1989) 환자들의 자료에서 전립선항원촉매 반응에
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대하여 8개의 예측변수들을 회귀모형으로 적합할 경우 OLS (최소제곱법), Ridge, Lasso, Elastic-Net

방법을적용하여각방법의시험군의평균제곱오차와선택된변수들을나타낸것이다.

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)

위의 표의 결과에서 OLS에 비하여 Ridge 방법은 8개의 변수를 모두 선택하지만 Ridge 방법에서 예

측오차가 약간 줄어든 결과를 보여준다. 그러나 이 두 방법에 비하여 Lasso와 EN 방법은 8개의 변수

중 5개를 선택하면서 예측오차도 작아지는 결과를 보여주고 있다. 특히 EN 방법은 예측오차가 다른

3가지방법에비하여매우작아지는것을알수있다.

4.2. 칵스 부스트

고차원 자료를 분석하여 통계적 모형을 구축할 때 활용되는 부스팅 (boosting) 기법은 기계학습방

법에서 활용되는 앙상블 방법으로 다수의 예측모형을 생성한 후 가중치를 사용하여 합치는 기법이다.

Freund와 Schapire (1995)가제안한 AdaBoost (adaptive boost) 알고리듬은통계적추정과모형을구

축하는 과정에서 gradient descent 알고리듬을 응용하여 단계적이고 가법적인 모형화 (stagewise and

additive modelling)방법으로 이론화되었다 (Friedman 등, 2000). 부스팅 방법의 기본적인 개념은 다

수의 예측모형을 연속적으로 재가중치된 자료로부터 반복적으로 생성하여 최종적으로 다수의 예측모형

을선형결합으로취하는방법이다. 만약반복회수가 m = 1, · · · ,M 일때 m 단계에서재가중치된자료

는 m − 1 단계에서 구한 예측모형에만 의존하며 그 전 단계의 m − 2,m − 3, · · · 의 결과에는 독립적이
다. 부스팅은 하나의 예측모형보다는 다수의 예측모형을 결합하여 평균을 내면 예측율이 더 향상된다는

원리에 기반하며 Brieman (1998)에 의하여 functional gradient descent 알고리듬으로 해석되었다. 이

후에 Friedman 등 (2000) 에 의하여 부스팅은 함수추정방법으로 재해석되면서 이진형 반응변수의 분류

문제, 연속형 반응변수의 회귀모형과 생존분석의 칵스모형의 예측력을 높이는 방법으로 활용되었다. 부

스팅의알고리듬에대한자세한이론적개념과설명은 Buhlmann과 Hothorn (2007)을참조하라.

생존분석에서 생존시간과 연관성이 있는 유전자 정보를 고려하는 고차원의 유전체 자료들을 기반으

로 통계예측모형을 구축할 때 기존의 임상적인 위험인자들이 필수적으로 포함되어야 한다. 이러한 임상

적인 위험인자들을 기반으로 정의된 예후지수 (prognostic index)는 유전자 정보와는 별도로 환자들의

생존시간에 유의한 영향을 주는 것으로 변수선택과정에서 반드시 포함되도록 하고 이 변수들의 추정량

이 어떠한 제약조건에 의해서도 영향을 받지 않아야 한다. 그러나 지금까지 살펴본 벌점함수를 이용하

는 방법들은 예후지수와 관련된 위험인자들에 대하여 별도로 제약조건에서 제외시키지 않고 있다. 다시

말하면 수많은 유전자 요인들과 임상적인 요인들을 동시에 고려하여 변수선택을 할 때 모든 변수에 벌

점함수를 동시에 주기 때문에 필수적으로 고려해야 할 변수들과 그렇지 않은 변수들을 분리하여 추정할

수 없었다. 이러한 문제점을 해결하기 위하여 Binder와 Schmacher (2008)는 칵스모형에 대하여 부스

팅 기법을 확장한 칵스 부스트 (Cox boost) 방법을 제안하였다. 이 방법은 칵스모형에 부스팅 기법을

활용할 때 부스팅을 하는 단계마다 offset-based gradient boosting 알고리듬을 적용하여 그 다음 단계

의 모형을 적합하는 것이다. 필수적으로 포함해야 할 변수들을 offset으로 간주하여 이 변수들에 대해서

는벌점화하지않고그외변수들에대해서만벌점함수를적용하여추정량을 update하는것이다.
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이 방법으로 예측력이 얼마나 향상되는지 비교하기 위하여 Diffuse large B-cell lymphoma 환자의

실제자료를 분석하였다. 이 자료는 240명의 환자로 구성되어 있으며 추적기간의 중앙값은 2.8 년이며

7399개의 마이크로어레이 자료가 관측되어 있다. 또한 이 중 220명의 환자들은 임상자료로부터 계산된

IPI (international prognostic index) 점수에 대한 정보를 가지고 있었다. IPI 점수가 220명의 환자에

게만 얻어졌으므로 220명의 환자자료를 이용하여 다음의 4가지 다른 모형을 적합하였다: 1) IPI 점수

만 고려한 칵스모형 2) 마이크로어레이 자료만 적합한 칵스부스트 모형 3) IPI와 마이크로어레이자료를

동시에 고려하면서 IPI의 포함여부를 옵션으로 고려한 모형 4) IPI와 마이크로어레이자료를 동시에 고

려하면서 IPI의 포함여부를 필수적으로 고려한 모형. 위의 4가지 모형을 적합한 후 Kaplan-Meier 곡

선 (Binder와 Schmacher, 2008)과 각각의 예측모형에서 추정된 생존곡선의 예측오차를 비교한 결과,

IPI와 마이크로어레이 자료를 각각 포함하는 모형보다는 동시에 고려하는 모형의 예측오차가 적었으며

특히 IPI 점수를옵션으로간주하는모형보다는필수적으로포함하는모형의예측오차가적었다.

결론적으로칵스부스트는임상적인자료와고차원의유전체자료를동시에고려하면서융통성있게벌

점화하는 방법을 제공하였으며 실제적으로 추정하는 과정에서 벌점화하지 않는 임상자료의 추정방법을

효율적으로 하기 위하여 offset-based 부스팅 기법을 제안하였다. 또한 실제자료분석 결과를 통하여 임

상적 인자들을 포함하는 경우과 그렇지 않은 경우에 마이크로어레이 자료의 효과의 크기 순서가 바뀌

게되는경우가발생하기도하고, 반대로마이크로어레이자료를동시에고려하게되면임상적인위험인

자의 효과에도 영향을 준다는 것을 알 수 있었다. 이는 유전체 자료에 대한 생존분석방법에서 기존 연

구결과로부터 나온 임상적 위험인자들의 효과도 동시에 고려해 주는 것이 필요하다는 것을 암시하고 있

다. 실제적으로 칵스부스트를 수행하는 소프트웨어는 (https://cran.rproject.org/web/packages/

CoxBoost/)를참조하라.

5. 기계학습을 활용한 생존분석방법

정보화시대를 거쳐 엄청나게 빠른 속도로 대용량의 자료들이 누적되면서 사회 각 분야에는 빅데이터

를 분석할 수 있는 방법들에 대한 연구들이 활발하게 이루어지고 있다. 빅데이터의 특징은 비정형적이

고 복잡하며 다양한 형태의 자료들로 대용량으로 수집된 자료라는 것이다. 기계학습방법은 이와 같이

복잡하고 비선형적인 빅데이터로부터 컴퓨터가 학습을 통하여 일정한 패턴을 유추하고 체계적으로 분

류하여 예측오차를 줄이기 위해서 많은 통계적인 이론과 확률론적인 원리를 활용하는 인공지능 기법이

다. 예를 들면, 우편국에서 손글씨로 적힌 주소를 컴퓨터에서 자동인식하거나 이미지분석을 통하여 개

체를식별하거나, 개인의신용카드사용내역을통하여리스크분석을하는등수많은자료들로부터컴퓨

터가 반복적인 학습을 통하여 유용한 정보를 추출하여 통계적 추론을 하는 것이다. 기계학습방법은 주

로 분류분석 (classification) 문제를 다루는데 매우 유용하게 활용되고 있다, 생존분석에서도 암질환을

진단하거나 환자의 예후 및 치료방법의 결정과 생존여부를 예측하는 경우에 분류분석을 해야하는 경우

가 흔히 발생한다. 기존의 생존분석 방법으로 예측모형을 구축할 수도 있으나 대용량의 유전체 정보를

활용하여 분류분석을 하기 위해서는 자연스럽게 기계학습방법을 접목하여 활용할 수 있다. 이미 중도

절단자료가 많은 생존분석에서도 기계학습방법은 이미 이십여 년전부터 암질환 진단과 재발여부를 예측

하는 기법으로 활용되어 왔다 (Cruz와 Wishart, 2006). 이 절에서는 기계학습방법이 생존분석에 활용

된 통계적인 방법들 중에서 생존나무 (survival tree), 인공신경망 (artificial neural network), support

vector machine과 앙상블 (ensemble)에 대하여 살펴봄으로써 한 개인으로부터 여러 형태로 관측되는

유전체자료들을 융합하여 생존시간을 예측하는 모형을 발전해 나가는데 기초지식을 접하는 계기를 제공

하고자한다.
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5.1. 생존나무

Tree-based 방법은 분류작업이나 예측하는 기준을 이해하기에 직관적이고 해석이 용이하여 여러

분야에서 응용되어져 왔다. 응용통계분야에서도 CART (classification and regression tree) 방법

Breiman 등 (1984)에 의해 제안된 이후에 크게 활용되고 있는 기법이다. 중도절단자료를 다루는 생존

분석에서도 생존나무 (survival tree) 방법이 개발되어 많은 임상의들이 환자들을 진단하는 방법으로 활

용되고 있다 (Yoo, 2018). 일반적인 결정나무 (decision-tree)방법과 생존나무 방법의 차이점은 분류하

는 기준이 다르다는 것인데, 결정나무의 경우 분류기준이 각 변수의 값에 의해서 결정되는 반면에 생존

나무에서는 서로 다른 마디 (node) 간의 이질성 (heterogeniety)을 높여주거나 동일한 마디 내의 동질

성 (homogeniety)을 높여주는 분류기준을 사용한다는 것이다. 마디 내의 동질성을 측도하는 손실함수

를 최소화 하기 위하여 거리의 개념을 사용하는 방법도 제안하였지만 Ciampi 등 (1986)의 논문에서는

마디 간의 이질성을 검정하는 로그-순위 검정통계량을 분류기준으로 제안하였다. 그 외에도 서로 다른

마디 간의 이질성을 측도하는 통계량으로 가능도비를 적용하거나 가중선형검정법을 제안하였다. 한편

생존나무를 구축하는데 있어서 최종나무를 결정하기 위해서 가지치기 방법과 나무크기를 정하는 문제가

중요하다. LeBlanc와 Crowley (1993)의논문에이문제에대한이론적인결과와알고리듬이잘설명되

어 있으며 폐암의 임상적인 실제자료분석을 통하여 생존나무 방법을 적용한 결과 환자군을 4 그룹으로

분류하여 그룹 간의 카플란-마이어 곡선이 유의하게 달라지는 것을 보여주었다 (LeBlanc와 Crowley,

1993). 이와 같이 생존나무 방법을 이용하여 환자들의 예후나 치료법에 따라 생존율이 달라지는 것을

직관적으로 이해할 수 있게 되고 진단하는데 도움을 줄 수 있다. 생존나무를 수행하는 소프트웨어는

(https://cran.rproject.org/web/packages/rpart/)를참조하라.

5.2. 인공신경망

암 질환을 연구하는 분야에서는 인공신경망 (artificial neural network; ANN) 방법은 1980 년대부터

암 질환을 식별하고 진단하는 데 유용하게 쓰여진 기법이다. 인공신경망 방법은 통계학에서 주로 다루

는선형적인함수가아닌비선형적이고상호작용을고려하는복잡한함수를사용하여여러개의은닉층

(hidden layers)에서 가중치를 순차적으로 추정하여 결과변수를 산출한다. 인공신경망 방법을 수행하기

위해서는 은닉 층의 개수, 결과변수를 산출해 내는 활동함수 (activation function), 훈련군 알고리듬 및

과적합 (over-fitting)을 피하기 위한 종료시점 등 많은 변수들을 정해야 한다. 이미 임상분야에서 많은

연구결과들이 ANN 방법에 의해서 분석되어졌는데 마이크로어레이자료를 기반으로 양성 (benign)과

악성 (malignancy)을 분류하는 것부터 시작하여 암 질환의 재발과 생존여부를 예측하는 방법으로 광범

위하게 활용되어져 왔다. 예로써, Ayer 등 (2010) 연구에서는 18, 269명의 유방암 환자들로부터 얻어진

48, 744의 mammographic imaging 자료와 인구통계학적인 요인 및 임상학적인 요인을 기반으로 1000

개의 은닉 층 마디를 갖는 3층 피드포워딩 (feed forwarding) 인공신경망을 구축하였으며 과적합을 피

하기위하여 early stopping 기법을적용하였다. 이 ANN을 10-fold-cross-validation 한결과모형의예

측력을평가하는지표중의하나인 AUC (area under the receiver operating characteristic curve)의값

을 0.965로얻었다. 이결과는진단임상의로부터얻은 AUC=0.939 보다더높은수치이었으며 ANN으

로부터 더 좋은 결과를 얻을 수 있다는 것을 의미한다. 또한 이 AUC의 calibration plot도 살펴본 결

과 정확도가 매우 높게 나왔다. 이 외에도 임상분야에서 스크리닝 검사에서 얻어지는 수많은 분자생물

학적 자료들과 임상학적 요인들을 입력하여 인공신경망 기법에서 요구되는 은닉 층과 통계적 함수를 설

정하여 암 질환 여부를 예측하는 분석결과들이 쏟아져 나오고 있다. 그러나 인공신경망은 입력된 자료

로부터 결과변수가 나오는 과정이 ‘Black Box’와 같이 어떠한 관계식으로부터 나오는지 해석하는 것

이 어렵다는 단점이 있다. 인공신경망을 수행하는 소프트웨어는 (https://cran.rproject.org/web/
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packages/neuralnet/)를참조하라.

5.3. Support Vector Machine

Support vector machine (SVM) 방법은 이진형 반응변수에 대하여 두 그룹 간의 경계 (margin)을

최대화시키며오분류율을최소화하는초평면분리자 (separating hyper-plane)를찾는분류방법으로이

초평면 분리자에 가까운 자료들을 support vector (SV)라고 명명한다. 분리자를 찾는 과정에서 SV와

의 거리를 최대화시키는 데비선형적인경우에는 원자료에고차원의 커널함수 (kernel function)를 이용

하여 고차원에서 선형적으로 분리될 수 있도록 하여 비선형적이고 고차원적인 자료에 대해서도 쉽게 분

류할 수 있게 한다. SVM 방법은 연속형 반응변수에 적합한 회귀모형으로 확장되었고 중도절단자료를

다루는 생존분석에 대해서는 Shivaswamy 등 (2007)에 처음으로 제안되어 벌점의 오류에 대한 마진은

개선하였으나 가중치에 대하여 고려하지 않았다. 이후 Khan과 Zubek (2008)이 이러한 제한점을 개선

하는 SVRc (support vector regression for censored data)를 제안하였다. 이 방법은 비대칭적인 손실

함수를 이용하여 생존시간이 관측된 경우와 중도절단된 경우에 벌점의 가중치를 다르게 조절하는 방법

으로 오분류율을 최소화하였다. 임상에서의 실제자료에 대하여 칵스모형과 비교한 결과 SVRc의 방법

에서 예측결과가 더 높게 나오는 것을 보여주었고 이 방법으로 분류된 고위험군과 저위험군의 위험률비

가 더 높게 나와 두 위험군의 차이를 극대화하는 분류방법이라는 것을 보여 주었다. SVM을 수행하기

위해서는소프트웨어 (https://cran.rproject.org/web/packages/e1071/)를참조하라.

5.4. 앙상블

앙상블 (ensemble) 방법은 다수의 분류자를 생성하여 각각의 분류자의 정확도를 고려하여 가중치를

주어 새로운 하나의 분류자를 만드는 방법이다. 이 방법은 하나의 분류자보다 다수의 분류자가 더 예측

력이높아질수있으며가중치를적절하게조절하면예측력이낮은분류자를보완할수있다는개념에서

도출되었다. 앙상블의 대표적인 방법으로 bagging, random forest, boosting이 있으며 다수의 방법을

조합하는방법으로는평균을취하거나 (averaging) 최다득표자를취하는방법 (major voting)이있다.

Bagging survival tree (Hothorn 등, 2004) 방법은 부스트랩표본 (boostrap sampling)을 반복적

으로 생성하여 각각의 표본으로부터 생존나무를 구성하여, 새로운 개체에 대한 생존함수의 카플란-마

이어 추정량을 이 새로운 개체가 각각의 부스트랩 표본에서 만들어진 생존나무의 마디에 속하는 모든

표본을 합한 표본으로부터 추정한다. 결과적으로 다수의 생존나무의 결과에서 도출된 마디들이 속하는

표본들은 새로운 개체와 유사한 개체들로 구성된 표본으로 이 모든 표본들을 합하여 추정된 생존함수

의 추정량은 신뢰도가 높아지는 결과를 얻는다. Bagging survival tree를 수행하기 위해서는 (https:

//cran.rproject.org/web/packages/ipred/)를참조하라.

Random survival forest 방법은 bagging과 마찬가지로 부스트랩 표본을 반복적으로 생성하여 각

각의 표본으로부터 생존나무를 구성하여 평균을 취하는 점에서 동일하지만 bagging 과 다른 점은 생

존나무를 구성할 때 전체 변수들 중 일부를 선택하여 사용한다는 것이다. 이러한 논리의 근거는 부스

트랩 표본을 반복하게 되면 거의 67%의 표본이 원래의 표본과 겹치게 되어 bagging 과정에서 나온

결과들 간의 상관성이 매우 높아지게 된다. 따라서 bagging 방법에서 나타나는 결과들 간의 상관성을

줄이기 위하여 각 표본마다 다른 변수들을 선택하여 생존나무를 구성하며 이 결과들을 합쳐서 추론하

는 것이다. 이 때 변수선택의 기준, 마디 수와 나무의 크기 등과 같은 것을 조절하는 과정에 대하여

Ishwaran 등 (2011)의 논문에 자세하게 연구되어 있다. Random survival forest를 수행하기 위해서는

(https://cran.rproject.org/web/packages/randomSurvivalForest/)를참조하라.
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Boosting은 앞에서 논의한 bagging과 random survivsl forest와 같이 다수의 결과를 반복적으로

산출하는데 bagging과 같이 독립적으로 표본을 생성하는 것이 아니라 축차적 (sequential)으로 전 단

계에서 나온 추정과정을 이용하여 표본의 개체에 재가중치를 하면서 모형을 updating 하는 방법이다.

Hothorn 등 (2006)의 논문에서는 중도절단된 생존자료에 대하여 로그선형모형에 대한 스코어 잔차에

gradient descent 알고리듬을 적용하여 축차적으로 표본을 재가중하면서 예측율을 높여가는 방법에 대

하여 기술하고 있으며 boosting을 하지 않았을 경우와 random survival forests 방법과 비교하였다. 이

미 앞 절에서 언급한 칵스부스트도 이러한 방법을 활용한 것이다. 유전체 자료를 다루는 경우, 변수의

수가 많아질수록 앙상블의 방법이 예측오차의 분산을 줄이는 효과는 있지만 계산량이 급증하기 때문에

보다효율적인알고리듬을개발하는것도중요한이슈가되고있다.

6. 결론

지금까지생존분석의기초적인개념과확률이론에대하여소개하면서전통적인생존분석방법부터시

작하여 유전체 자료를 분석하기 위하여 개발된 벌점함수를 이용한 통계적 방법론 및 기계학습과 접목되

어 개발된 생존분석 방법들에 대하여 간단하게 살펴보았다. 생존분석은 중도절단된 자료를 포함하기 때

문에완전하게관측된자료를기반으로하는기존의통계적방법들을그대로적용해서분석할수가없다

는 것이 가장 큰 특징이다. 생존함수를 추정하기 위하여 중도절단된 자료로부터 얻어지는 부분적인 정

보를 반영하여 비모수적인 방법으로 카플란-마이어 추정량을 구하였고 서로 다른 두 그룹의 생존함수를

비교하기 위하여 순위의 개념에 기반하여 로그-순위 검정통계량을 제안하였다. 생존시간과 연관성이 있

는 위험인자들을 찾아내기 위하여 칵스 회귀모형을 제안하였는데, 이 모형에서 위험인자들의 효과를 추

정하거나 유의성을 검정하는 통계적인 추론 과정에서 중도절단된 자료들의 정보들이 반영되도록 통계적

방법들이 개발되었다. 특히 본 논문에서는 생존시간과 관련된 유전체 자료분석방법에 초점을 맞추어 벌

점화를 이용하여 수많은 유전정보로부터 생존시간에 유의한 연관성이 있는 유전정보를 찾아내고 기계학

습방법을 생존분석방법에 활용하여 예측력을 높이는 기법들에 대하여 개략적으로 살펴보았다. 개인의

유전체 자료가 점점 더 다양한 첨단생물학 기술로부터 동시에 얻어지고 비용이 급격하게 절감되면서 개

인맞춤의학 (personalized medicine)에 유전체 자료분석을 위한 생존통계예측모형은 매우 중요한 기초

기반 기술이 될 것이다. 따라서 본 논문에서 소개하였던 기초적인 개념과 방법들을 기반으로 생존분석

에서 다루는 연구방법들을 이해하는데 큰 도움이 되었기를 바라고, 빅데이터로 수집되는 유전체 자료를

분석하기위한생존분석방법이더많이개발되기를기대하면서본논문을맺고자한다.
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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.
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