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13서울대학교 통계학과 · 23서울대학교 생물정보학협동과정
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요 약

췌장암은 사망위험이 높은 대표적인 질환이며, 임상변수만으로 예후에 대한 예측이 어려워 유전적

인 특성을 고려한 연구가 필요하다. 이를 위해 임상연구와 함께 유전적 연구를 바탕으로 한 예측 모형

을 개발하려는 시도들이 진행되고 있다. 그런데, 최근에 관심 받고 있는 차세대 유전체 분석인 RNA

시퀀싱 발현 자료의 경우, 변수의 개수가 수만 개에 이르는 고차원 자료로써 변수의 수가 표본 수보다

훨씬 더 큰 문제가 있다. 본 연구에서는 이러한 고차원 RNA 시퀀싱 자료를 임상자료와 함께 통합하

여 예후 예측을 위한 통계모형을 개발하기 위하여 (1) 유전자 필터링, (2) 후보 유전자 마커 선택, (3)

벌점화 Cox 모형을 이용한 최종 마커 선택의 단계별로 모형을 개발하였다. 본 연구에서 소개할 모형

개발 방법은 RNA 시퀀싱 자료에 기반한 타 암종에 대한 예후 예측 모형의 개발을 위한 가이드라인으

로널리활용될것으로기대한다.

주요용어: 예후예측, Cox regression, Lasso penalty, Elastic net 모형.

1. 서론

암과같은복합성질병에대한환자의유전적인배경연구는지속해서이루어져왔다. 유전마커를이

용한 진단이나 예측을 위한 전통적인 시도들에는 세포에서 전사체의 발현 정도를 측정한 마이크로 어레

이기법을통해진단이나예후에연관성 (association)을가지는특이적인 differentially expressed gene

(DEG)를 찾는 연구들이 있었다 (Takikita 등, 2009; Dillhoff 등, 2008). 생물학적 실험 기법이 발전함

에 따라 차세대 RNA 시퀀싱 기술을 통한 다차원 전사체 자료는 마이크로 어레이 자료에서 발생하는 외

부잡음 (background noise)가 없고 유전자 탐침을 이용한 것보다 더 많은 유전자 마커를 포함하고 있다

는 점에서 관심을 받고 있다. 그러나 정수자료로 이루어진 RNA 시퀀싱 자료의 특성상 기존 마이크로

어레이자료를이용할때와는다른새로운예측모형이필요하다.

암의 예후에 관한 예측 연구와 생존 분석은 꾸준히 이루어져 왔다 (Kim 등, 2016; Lee 등, 2017). 여

러 암종 중에서 췌장암은 예후가 좋지 않은 대표적인 암종으로 알려져 있다. 진단을 받는 시점에서 수

술적으로 제거 가능한 환자들이 20% 미만이며, 수술 후 5년 생존율 또한 25% 미만으로 현저하게 낮다

(Ryu 등, 2015). 이에 따라 환자들의 예후를 예측하기 위한 임상적인 연구가 꾸준히 이루어져 왔으나
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이 연구는 정부(보건복지부)의 재원으로 한국보건산업진흥원(KHIDI)을 통해 보건의료기술연구개발사업
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3 교신저자: (08826) 서울시 관악구 관악로 1 서울대학교 통계학과, 교수.
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임상적인 요인만으로는 예후에 대해 정확한 예측을 하기는 쉽지 않다. 따라서 임상적인 요인과 더불어

췌장암의예후에관여하는특이적인유전자를찾는것이중요한문제가되었다. 또한, 의료중재를통한

실제 임상에 적용하기 위해서는 단순히 예측력이 높은 모형뿐만 아니라, 예측과 관련된 인자를 잘 구분

해야할필요가있다.

RNA 시퀀싱 발현 자료의 경우 고차원 자료로서 많은 변수 대비 상대적으로 표본 수가 작은 문제가

있으므로 전통적인 통계 분석 방법을 적용하기 어렵다. 그러므로 본 연구에서는 고차원 자료 특성에 맞

추어 예후에 중요한 역할을 하는 유전자를 찾는 과정과 이를 바탕으로 만든 유전자 예측 모형을 설계하

고 모형을 평가하는 절차를 진행하였다. 이러한 절차에 기반하여 고차원 전사체 자료를 이용하여 분석

하고자 할 때 고려해야 하는 요인 중에서 예측 모형에 유의미하게 영향을 줄 수 있는 인자들을 찾고, 전

사체 자료를 이용한 예후 예측 성능을 높일 수 있는 분석 접근 방법을 제시하는 것이 본 연구의 목적이

다.

본 연구에서는 췌장암 환자, 특히 예후가 좋지 않은 췌장관 세포암 (Pancreatic ductal adenocarci-

noma, PDAC) 환자들에대해 RNA 시퀀싱발현자료와임상정보를통합하여예후를예측하는모형을

개발하는구체적인절차를제안하였다. 이절차를기반으로타암종에대한예후예측모형의개발을위

한가이드라인을제시하고자한다.

2. 자료 및 분석 방법

2.1. 연구 자료

본연구에서활용한자료는 The cancer genome Atlas (TCGA)의 genomic data commons (GDC)포

털로부터 받은 RNA 시퀀싱 자료이다. (https://portal.gdc.cancer.gov). NIH의 TCGA는 GDC

포털을 통해 mRNA의 발현량, 임상 정보 외에도 조직학 슬라이드 이미지 분자 정보, CpG 메틸레이션

정보, DNA copy number, miRNA 발현량 등의 데이터를 제공한다. 특별히 RNA 시퀀싱 발현량 자료

의 경우, 연구 대상의 표본에서 대량의 유전자 발현 상황을 탐색 하는데에 효율적이기 때문에 예후에 영

향을미치는유전자를탐색하기위한정보로써사용하였다.

PDAC 160명의 표본은 HTseq RNA 시퀀싱 발현 자료와 환자들의 임상 정보로 이루어져 있다. 이

때, 관측 기간이 3개월 이하의 자료를 제외하고, mRNA 발현 값이 존재하는 112명에 대해서 분석을 진

행하였다. RNA시퀀싱발현자료의경우발현정보를 fragments per kilobase million (FPKM)방법으

로정규화시킨값을이용하였다 (Mortazavi, 2008). 유전자정보의경우앙상블 ID 정보로주어지기때

문에 초기 60483개의 유전자 앙상블 ID 중에서 HUGO gene nomenclature committee (HGNC) 에서

지정하는유전자로일치하는 56480개의유전자를분석에활용할변수로선택하였다 (Wain 등, 2002).

생존 시간의 경우 췌장암 환자가 진단받은 시점을 기준으로 사망할 때까지의 기간을 의미한다. 임상

자료는 결측값의 비율이 8% 이내인 변수를 사용하였고, TCGA에서 제공하는 변수 중에서 예후에 영향

을 미치는 것으로 판단되는 변수를 일차적으로 의학적 자문을 통하여 선별하였다. Table 2.1은 임상변

수에 대한 요약된 정보가 정리되어 있다. 선별된 변수를 가지고 예후 예측 모형을 설계할 때 유전체 분

석과 동시에 고려할 생존시간에 영향을 주는 임상변수가 있는지를 확인하기 위해 전진 선택법 (forward

selection), 후진 소거 (backward elimination), 단계식 변수 선택 (stepwise variable selection) 방법을

이용하여 임상변수를 선택하였다. 단계식 변수 선택법은 초기 모형 설계에 따라 각각 전진 삽입과 후진

소거 방법의 결과와 같았다. 변수 선택 기준으로는 Akaike’s information criteria (AIC)를 이용하였다

(Burnham 등, 2002). 이에 따라 최종 변수로 수술 후 잔류 종양, 수술 방법, 병변의 위치, 성별, 진단

시의나이, 임파선수, 종양크기등을선택하였다.
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생존 기간의 경우에는 PDAC 환자 총 표본 112명 중 사망한 환자 44명으로, 중도절단 비율은 61%이

었으며, 생존 기간의 중앙값은 652일이다. 병기로 살펴보았을 때, AJCC 7판 기준으로 1기에 있는 사

람이 86명으로 76%를 차지하고 있고, 2기 이상의 환자는 2기와 같이 취급하여 분류하였다 (Edge 등,

2010).

Table 2.1 Clinical variable descriptive statistics

Clinical variable Variable description Missing Descriptive statistics

Rate

Age Age at diagnosis 0 64.48(11.17) mean(se)

Sex 0 Male: 64, Female: 48

Location of tumor 0 Head: 86

Body: 9

Tail: 9

Operation 0.9 Whipple: 84

Distal Pancreatectomy: 16

Other: 32

LN number Number 0.9 17.63(8.73)

of Lymphocytes

Positive LN Number of 0 2.91(3.28)

cancer transmitted

Lymphocytes

Size Maximum tumor size 0 3.914(1.66)

Residual tumor Residual tumor after 7.14 R0: 62, R1: 34

surgery R2: 5, Other: 3

Smoking 1: No history of 9.8 1: 46, 2: 13, 3: 42

smoking

2: Smoking

3:History of smoking

Alcohol 3.5 Yes: 73, No: 34

diabetes 8.9 Yes: 27, No: 75

Chronic pancreatitis 9.8 Yes: 13, No: 88

Radiation therapy Radiation therapy 8.03 Yes: 29, No: 73

after surgery

Chemotherapy Chemotherapy 8.92 Yes: 74, No: 28

after surgery

Race 2.67 Asian: 9

Black or

African American: 2

White: 98

Status 0 Alive: 68, Dead: 44

Overall survival time 0 Median: 652 days

2.2. 연구 설계

분석은 크게 (1) 유전자 필터링, (2) 후보 유전자 마커 선택 (3) 벌점화 Cox 모형의 3단계로 진행하

였다. RNA 시퀀싱 자료의 경우 변수의 수가 표본의 수보다 현격히 많다. 그러므로 일반화 선형모형

등의 기존방법을 사용하기 어렵다. 또한, 변수가 6만 개 이상 존재하고 유의한 변수 역시 찾을 수 있어

야 하는 점에서 앙상블, 의사결정나무와 같은 데이터마이닝 기법을 활용하기 어렵다. 따라서 이번 연구

에서는 이런 기법들의 한계점을 고려하여 예측 모형을 설계하는 자세한 필터링 및 전체적인 분석과정은

Figure 2.1에제시하였다.
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Figure 2.1 Overall scheme

2.2.1. 유전자 필터링

RNA 시퀀싱 자료 중 표본에 대해 전반적으로 낮은 발현 값을 보이는 유전자를 필터링 (유전자 필터

링)하는 과정은 두 가지 측면에서 필요하다. 첫 번째로, 환자 개별 특성으로 나타날 수 있는 거짓 양성

을 조절해 준다 (Bourgon과 Gentleman, 2010). 또한, 시퀀싱 자료 정제 과정 중 임의로 생길 수 있는

잡음을 걸러내 준다 (Sha와 Phan, 2016). 그러므로 이 논문에서는, 발현량이 거의 측정되지 않은 유전

자 마커들을 필터링하는 비율을 지정하였다. 기존 연구에서는 80% 이상의 발현량이 0인 유전자 마커

들을 없애는 필터링을 진행하지만, 특별히 정해진 비율은 명시하지 않았다 (Grimes 등, 2018). 그러므

로 본 연구에서는 적절한 필터링 기준의 제시를 위해 발현량이 0인 유전자의 비율이 99%, 90%, 80%,

70%, 총 4가지다른비율로필터링을진행하였다.

2.2.2. 후보 유전자 마커 선택

필터링 이후 이를 고려한 분석의 용이성 및 차원축소를 위해 후보 마커 선택을 우선적으로 진행하였

다. 임상변수를 분석에 활용한 방법에 따라 크게 다음 두 가지이다. 두 가지 분석 모두 생존 시간에 유

의성을 가지는 마커를 일차적으로 선별하기 위해서 Cox의 비례위험모형을 사용하였고, 다음과 같은 식

으로 나타난다. 이때, 의 확률 모형을 지정해 주지 않아도 되므로, 모형의 가정에 구애받지 않는다는 장

점이있다.

h(t;x) = h0(t) exp(βiXi + · · ·+ βpXp). (2.1)

본 연구에서는 후보 유전자 마커를 선택하기 위해 두 가지 방법을 고려하였다. 첫 번째는 임상 정보

변수를 공변량으로 고정하고 개별 유전자 마커들을 다변량 Cox 모형에 적합하여 유의확률을 기준으로

상위 마커들을 선택하였다. 두 번째는 임상 정보 변수를 고려하지 않고 개별 유전자 마커들을 단일 Cox

모형에 적합하여 유의확률 기준으로 상위 마커들을 선택하였다. 이 과정 중 생길 수 있는 다중 검정 문

제를 해결하기 위해 유의확률 대신에 false discovery rate (FDR)를 이용하여 q value를 기준으로 선택

한다 (Benjamini와 Hochberg, 1995). 하지만 본 방법에서는 일차적인 마커 선택 후 Elastic Net을 이

용하여마커를선택하는과정을추가로진행하므로후보마커를더늘리기위해 Wald 검정통계량의유
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의확률을 기준으로 한 마커만을 선택하였다. 이때, 정확한 성능 비교 기준을 위해 유의 수준 내에서 선

택되는 마커의 개수를 고정하였다. 몇 가지 유전자 필터링 기준에 따라 유의 수준 5% 이내의 마커 개

수에는 차이가 있었기 때문에, 각각의 필터링 기준에 따라 통계적으로 유의한 유전자를 모두 포함하도

록 유의확률을 기준으로 개수를 고정하여 일차적인 마커 선택을 진행하였다. 이후 선정된 마커를 가지

고임상정보를활용하는두가지접근방법을고려하여최종마커선택을진행하였다.

2.2.3. 벌점화 Cox 모형

첫 번째 최종 마커 선택 방법은 위의 과정에서 찾은 후보 마커를 모두 Cox 비례위험모형을 그대로 적

용할 경우 변수의 수가 표본 수 대비 매우 많아 다중 공선성 및 적합 되지 않는 문제가 있으므로 변수선

택과 축소 (shrinkage)를 동시에 진행하는 벌점화 기법을 이용하였다. 이때, L1, L2 norm을 모두 적용

한 Elastic Net 방법을생존분석자료에적용하여마커선택을진행하였다. 이에따라식 (2.2) 와같은

L1, L2 norm 벌점화함수를고려한다. 여기서 λ, α는조정계수 (tuning parameter)이다.

Pλ,α
ˆ(β) =

p∑
j=1

λ(α|βj |+ 0.5(1− α)β2
j ). (2.2)

그후다음과같이부분가능도추정량 (partial Likelihood)을통해회귀계수들을추정한다.

β̂ = argmin
1

n

[
S∑

s=1

−Xt
isβ + log(

∑
i∈Rs

exp(Xt
isβ))

]
+ Pλ,α(β). (2.3)

이때, α가 1인 경우는 LASSO 모형이 되며 (L1 penalty만 존재), α가 0인 경우는 Ridge 모형 (L2

penalty만 존재)가 된다. 조정계수 λ는 앞서 만들었던 training set에 대해 leave one out cross valida-

tion (LOOCV)를 진행하여 설정하였다. 조정계수는 validation set의 validation error를 최소로 하도

록 선택하였다. 벌점화 Cox 모형을 적합할 때 후보 마커 선택과정에서 임상변수를 추가했다면 임상변

수를모형에포함하였고그렇지않으면포함하지않았다.

두번째방법을설명하기에앞서, LASSO 및 Elastic Net 방법의경우, 높은상관관계를가진변수중

하나만이선택되는문제가존재한다 (Tibshirani, 2012). 그러므로 RNA 시퀀싱자료와같이고차원자

료에서벌점화 Cox 위험모형을적용하는경우모형의식별가능성에유의할필요가있다.

이를 해결할 수 있는 조정 (adaptive) LASSO 방법 등이 제시되어 있으나, 해석 가능한 예측 모형

을 만들기 위해 본 논문에서는 앞서 선택된 변수에 더 작은 벌점 조정계수를 적용하도록 설정하였다

(Zhang 등, 2007). 모형 1에서 제시되었던 것과 달리 다음과 같이 k개의 임상변수를 고려한 L1, L2

norm 벌점화함수를적용하였다.

Pλ,α
ˆ(β) =

k∑
j=1

λγ(α|βj |+ 0.5(1− α)β2
j ) +

p∑
j=k+1

λ(α|βj |+ 0.5(1− α)β2
j ), 0 ≤ γ < 1. (2.4)

이를 실제로 적용한 모형에서는 임상 정보와 함께, 임상 정보 변수를 조정하여 적합한 Cox 위험모형

을 통해 추정된 Wald 검정 통계량의 유의확률을 이용해 선택한 후보 마커를 이용하여 분석하였다. 이

때, Elastic net과 위에서 제시된 방법의 장점을 활용하기 위해 다양한 α와 임상변수에 대한 벌점계수

(penalty factor), 즉 γ를 이용하여 성능을 측정하였다. 이때, 가장 좋은 α, λ의 조합으로 (0.3, 0.3)이

선택되었다.
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또한, λ의 경우 앞선 벌점화 모형과 같이 LOOCV를 적용하여 변수선택과정에서 안정적인 결과를 얻

을수있도록하였다.

2.2.4. 적용된 모형 소개

분석의 3가지 단계에서 후보 마커를 선택하는 방법, 최종 마커를 선택하는 방법을 달리하여 Figure

2.1에서 [M1], [M2], [M3]의 총 3가지 후보 모형들을 적합하였다. 모형 M1의 경우 임상변수를 고정하

고 각 단일 유전자 마커들에 Cox 모형을 적합하여 얻은 Wald 검정 통계량의 유의확률을 기준으로 유

의한 마커들을 후보 마커로 찾은 후 임상변수를 포함한 벌점화 Cox 모형을 적용하여 최종 마커 및 예측

모형을 찾아냈다. 모형 M2의 경우는 후보 마커를 찾는 방법은 동일하지만, 임상변수와 유전자 마커에

서로 다른 벌점을 적용하여 임상변수에 더 높은 비중을 주는 벌점화 Cox 모형을 고려하였다. 마지막으

로 모형 M3의 경우, 임상변수를 따로 고정하지 않고 단변량 Cox 모형을 적합하여 유의한 후보 마커를

찾고 후보 마커를 이용, 벌점화 Cox 모형을 적용하여 최종 마커와 예측 모형을 찾았다. 즉, 모형 M1과

M2는 임상변수를 후보 마커를 찾기 이전에 고려한 점에서 M3와 차이가 있고, 모형 M2는 임상변수에

더높은비중을두고벌점화 Cox 모형을적용한점에서다른두모형과차이를보여주었다.

3. 연구 결과

전체 PDAC 환자 112명을 2:1의 비율로 나누어 모형 설계를 위한 training set과 모형 평가를 위한

test set과 분리하였다. 표본 수가 충분하지 않아 (56명) 주로 사용되는 1:1 비율 대신 2:1을 적용하였

다. 이후앞서설명한총 3개의예측모형에적합하여 Harrell’s C-index를기준으로모형을평가하였다

(Harrell 등, 1996). C-index의 경우 예측 생존 시간과 실제 생존시간에 대한 일치율 (concordance)을

계산하며, 이때예측생존시간에대해상대적인순위 (relative rank)를고려한다. 1에가까울수록높은

일치율을의미한다.

ĈH =

∑
i̸=j δiI(ŷi < ŷj)I(yi < yj)∑

i ̸=j δiI(yi < yj)
, 0 ≤ ĈH ≤ 1. (3.1)

RNA 시퀀싱 자료의 경우 모든 변수에 대해 결측치가 존재하지 않으나 임상변수의 경우 결측치에 대

한고려가필요하다. 따라서결측치가 8% 미만이며, 단계적삽입방법으로선택된 8개의임상변수의정

보가 손실이 없는 최대 67명으로 구성된 training set으로 모형을 설계하였다. test set의 45명 중 15명

의 경우 8개의 임상변수에 대한 부분적인 결측치가 존재하지만, 모형 설계와 독립적으로 볼 수 있는

test set으로모형을평가하는과정을진행하였다.

필터링 과정의 경우, 유전자 발현 정보에 대해 99%, 90%, 80%, 70%, 총 4가지 다른 비율을 설정하

여 필터링을 진행하였을 때, 필터링 이후 남은 유전자 마커 수는 각각 47,756, 38,955, 35,235, 32,786개

였다. 이후 후보 마커 선택 시 개별 유전자 마커들을 단변량 또는 임상변수를 고정한 다변량 Cox 모형

에 적합하여 얻었을 때 필터링 기준, 임상변수 설정에 따라 서로 다른 숫자의 Wald 검정 통계량의 유

의확률 5% 기준 유의 유전자 마커를 얻었다. 그러므로 정확한 성능 비교를 위해 각 설정에서 찾은 유

의확률 5%에서 유의한 유전자를 후보 마커에 모두 포함할 수 있도록 2500개를 선택하였다. 그 후 벌

점화 Cox 모형까지 적용하여 각 모형의 test C-index를 계산하였다. 모형별 training set과 C-index는

Figure 3.1에나타난바와같다. Figure 3.1의각그래프에서 x축의 zero proportion은표본중해당유

전자의 0이 아닌 값의 비율을 각각 1%, 10%, 20%, 30%로 설정하여 필터링한 과정을 나타내며, y축은

앞서설명한 Harrell‘s C-index를나타낸것으로 test set의 C-index가높을수록좋은성능을보여준다.
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Figure 3.1 Prediction results for each model. Zero Proportion indicates the filtering threshold for sample

proportion of nonzero counts for each gene

모형 M1의 방법으로 진행하였을 때의 결과들을 살펴보면, LASSO 방법의 경우 필터링 비율이 80%

가 될 때까지는 안정적인 예측 성능을 보이지만, 필터링 기준이 70% 가 될 때 알고리즘이 수렴하지 않

아 training set과 test set에서 C-index가 0.5 수준까지떨어지는결과를얻었다.

Figure 3.2 Number of prediction markers

Figure 3.2에서 확인할 수 있듯이, LASSO의 경우 마커의 개수가 20개에서 30개 안팎으로 선택되

는데, 이때 유전자 필터링 기준에 따라 중요한 예측 마커가 제거될 수 있음 시사한다. 한편, 상대적으

로 Elastic Net 방법의 경우 α값을 조정하기 때문에 L1 penalty만 고려한 LASSO 방법과 달리 L2

penalty를 고려하여 전체적으로 선택되는 변수의 개수가 늘어나고, 이에 따라 예측 마커의 수가 늘어나

LASSO 방법보다는필터링비율별예측성능에안정성을보인다.

또한, Elastic net의 경우 가능한 후보 마커들을 축소하면서 선택을 같이 진행하므로 변수선택 측면에

서 LASSO 방법보다 더 안정적일 수 있다 (Zou 등, 2005; Zhao 등, 2006). 반면 방법 3에서는 필터링

기준이 99% 일 때, LASSO 방법에서 80% 이상의 비율일 때보다 예측 성능이 더 떨어지는 것을 확인할

수있다.

3개의 방법 중 가장 안정적인 결과를 나타내는 모형 M1의 결과는 Table 3.2에서 자세하게 요약되어
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있는데, 예측 성능뿐 아니라 마커 수 역시 필터링 비율에 영향을 크게 받지 않는 것으로 나타났다. 이는

모형 M2의결과및모형 M3의결과와어느정도상반된모습을보여주었다.

Table 3.1 Training and test C-index for Model 1

Filtering LASSO Elastic Net

ratio Training Test # of markers Training Test # of markers

99% 0.984 0.586 26 0.998 0.743 70

90% 0.933 0.695 19 0.999 0.734 73

80% 0.984 0.704 30 0.991 0.725 64

70% 0.5 0.5 1 0.993 0.734 64

한편 예후 예측 성능이 높게 나타나는 유전자 예측 마커 중 S100A2의 경우, 암의 성장 및 전이 과

정에 작용하여 예후에 영향을 미치는 유전적인 요인으로써 보고된 바 있다 (Ohuchida 등, 2007). 선

택된 해당 유전 마커는 수 만개의 후보 유전자군에서 예측 성능을 가지고 있는 마커로 해석될 수 있고,

S100A2와 같이 기존 연구에서 밝혀진 마커와 함께 아직 기작이 밝혀지지 않은 유전자 마커에 대해서도

예후진단의후보유전자마커로해석할수있다. 또한, 이러한유전자후보마커들은예후분자진단키

트를개발하기위한실험적후보군으로제시될수있다.

4. 결론 및 고찰

이번 연구에서는 TCGA 포털에서 제공하는 PDAC 환자에 대한 임상 정보와 고차원 전사체 자료를

이용하였을 때 예후 예측 모형을 개발하는 연구를 수행하였다. 구체적으로 (1) 유전자 필터링, (2) 후보

유전자마커선택 (3) 벌점화 Cox 모형적합의 3단계에걸쳐모형을개발하였다. 단계마다다양한모형

들과 조합들을 고려하였다. 구체적으로 단변량 Cox 모형을 적합하여 마커 선택 시 임상변수의 고려 여

부, 벌점화 Cox 모형을 적용하여 유전 마커를 선택할 때 임상변수에 대한 조정계수의 설정이 예측 모형

의성능에미치는효과를살펴보았다.

3가지모형과여러조합을종합한결과, 임상변수를고려하여유전자후보마커를선택하고이를모두

최종 마커 선택과정에서 적용한 모형 M1 중, Elastic Net 방법이 가장 안정적인 예측력을 보여주는 것

으로나타났다. 특히, 필터링비율에크게영향받지않고안정적인예측성능을보여주었다.

한편, 이 자료의 경우 모든 모형을 통틀어 유전자 필터링 기준은 20%가 이상적이라고 할 수 있다. 필

터링 기준이 20% 미만일 경우 너무 많은 유전 변수를 고려하기 때문에 단변량 Cox 위험모형의 적합 시

에 누적위험함수비율이 비정상적으로 높게 추정되거나, 마커 선택 시의 많은 변수 수로 인해 표본 수가

충분하지않아과적합문제가발생할수있다.

분석 시에 유전 마커 수에 비해 상대적으로 현격히 적은 표본 수로 분석을 진행하게 되기 때문에 거짓

양성 (false positive) 문제를 염두에 두어야 한다. 따라서 적당한 유전자 필터링 비율을 고려하여 모형

설계에 활용할 자료를 결정하는 것이 중요하다. 즉, 예후 예측 모형 개발을 위해 임상 정보를 포함한 벌

점화 Cox 모형을 고려하는 것이 합리적이며 마커 선택 전 필터링 비율 역시 20% 정도로 유지하는 것이

적합하다는결론을얻었다.

후속 연구에서는 bootstrapping 등으로 표본 수를 늘리는 방법을 고려해 볼 수 있다. 또한, 자료의

결측 비율이 높아 분석에 활용하지 못한 임상변수를 Mice R package 등을 이용한 imputation을 진행

하여 PDAC의 예후에 영향을 미치는 임상 인자로써 추가적으로 고려해볼 수 있다 (Buuren 등, 2010).

또한, 예후 예측 모형 설계 시에 모수적 모형뿐 아니라 support vector machine과 같은 세미 모수적 모

형과 random forest를생존분석에활용한비모수적모형으로예측성능을더높이는것을기대할수있

다 (Van Belle 등, 2010; Ishwaran 등, 2008).
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본 연구에서는 PDAC 환자들에 대해 RNA 시퀀싱 발현 자료와 임상 정보를 통합하여 예후를 예측하

는모형을개발하는구체적인절차를제안하였다. 본연구에서시도한방법은암종이나기타전사체자

료특성에크게구애받지않는일반적인접근법이었다. 따라서이에근거한구체적인예측모형개발가

이드라인은 다차원 전사체 자료를 이용한 다른 암종 예후 및 유전체 자료 등과의 통합 분석에 쉽게 적용

될수있을것이다.
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Abstract

Pancreatic cancer is a well known disease with a high risk of death. Accurate pre-

diction of prognosis using only clinical information has not been easy. Therefore, an

effort to develop a better prediction model by using genetic information along with

clinical information is needed. RNA sequencing data consist of tens of thousands of

gene expression variables. As a result, the number of variables is much larger than

sample size. In this study, we developed the prognosis prediction model by integrating

the high dimensional RNA sequencing data with clinical data through the following

three steps: (1) gene filtering, (2) selecting candidate genetic markers, (3) final marker

selection using penalized Cox model. The prognosis prediction model development pro-

cedure introduced in this study is expected to be widely used for the development of

prognosis prediction models for other types of cancer as well.
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