
�� �� � � � �� � 	
 � � �� � � � � � �� � � � � � 	 � � � � � � � � � � �

� � �� � � � � � � � � �� � �� � �� 	 � � �� � � � �� ��

��� �� ��� � � ��  ��! "�

# � $  � %� �& % "'( ) "* %  % )* % ) +*

,& ) -�� * ) % � "' � ) +. ) /  &

� " )& %0 "� 1 0 ) %.

� � & / /  & /32 4 576 � & 2 � 598 ). "& /3: )&

;



�  � � �� �
� �� � �� � �	 � �� �

� �
 �	 � �� � �� � �  �� � � �� � �
 � �

� � � � � �� �
 	 � � 	 
 � � � � � �	 � � �� �

� �
 � ��� � � � � � 
 � � �	 �� � � � � � � �� � �� � �
 �

� � � 
 � �
 �
 � �	 � � � � �
 �
�



� �� � �� � ��� 	 �� � � �	 � �
 � 	 � � 
 � � � 
 � 	 �� � � 	 �  �� � �

� � � �� 	 
� � 
 � � � � � � �� � � � 	 � � 	 
 � 	 � ��

� � � �� 
 � 	 � � � � 	 
 � 	 �� �	 � � 	  � 
 � �� � �  � 	  � � 
 � � 
 �   � � � �

� 
 �� �	 �� 	 � � � � 
 	 � � � 	 � � � � � �  �� � � � 

� 
 � � � �� � � � 
 � �	 �� �! � 
 	 � �  �� � � � 

� 	 � � � � � � � �  � 	 
 � 	 � �� � � � � � � � �� � � � 	 � � � � � �

� 	 �� � � �	 � � � � � � � 
 �	 � � � � � � � � � �

� � � � � 
 � � �� �� � � � � � � � 	 �! � 
 � � � � � �

� � � � � 
 
 � � �� �� � 
 � �	 �� �	 � �� 
 � � � � �" � � � �
 � 	 �� � � �

� 	 � � � 
 � � � �� � � �� � � � �  � 
 � � � 	 � � � � � �

#



� � 	 �	
� ��� � � � � � � �� � � 
 � � � �� � � �� � �

� � � � � � � � � � � � � � � � � � � � � � � 	 
 � 	 �� 

� � � � � � � � � � � � � � � � � � � � � � 	 
 � 	 �� � � � �� 	 
� � 


� � � �! � 	 � �� 	 
 � 
 �  � � � � � 	 
 � 	 � �� 

� 	 � � � � � � � �
 � 	 �� � � � � 
 � � � � 
  �	 �� �� � �  � 	  �






� �� 
 �
 � �
 � 	 


� � � � �� 
 �� � �� � � � 
 
 � � � � 
 � � 	

 � � � � � � �� � � � 	 � � � �� 	 
� � 
 ��

� �	 �� � � �	 �
 �� � � � �

� � �� � � � � � �
 � �


�  
 ��  � � � � �� � � � � � � � � 	 � � � 
 � �� � � � 	 
 � � 	 �	

� 
 � � � � �� � � � � 	� � � �� � � � 	

� � 	   � � � 	 �� � " � �! �

�



� � � � � � � � 	 � � � � � � 
 � � � � � �� � � � � � � � � � � � � ��

� � � ! � 
 � �  	 � � � � � 
 � � � � � � � � �� � 	 
 � 	 ��  � � � ! 	  � � � � 
 � ��   �! 	 �

�� � � 
 	 �� � �! � � 	 �	

 � � � 	 � � � � � � � � �� � � �  � � � �  � 
 � � � 	 � � � � � � 
  �	 � � �! �  � � � ! 	  �� �

� 
 � ��  

� � � � � � � ��� � � � � �� � � 	 � � � 
 � � 
  � � � �	 
 � 	 �	 � 	 �  � � ��  �  �� �


 � 	  � � 	 � �� 	   � � � �� � � � � � 
 � � 	 � � ��

� � � � � �! � �   � � � � � � � � � � � � �

� � � � � � � 	 � � �  �
 � � � �� � �

� 
 � � � � � � �� 	 � � 
 �" �!

� � 
 	 � � � 
 � 	 �� � �

� �� � � � �  ! � � � � � � � 	 � �! � � � � � �! � � � � �  � � � � � ��

� � � � 	 
 � � � � �� � � � � ��  � � � 	 � � � � � � 
 � � ��  � � � � � " � 
 �� �! �

� �  � 
 � � �� �� � � � � �

�



� � � �	 ��  � � �	 � � 	 
  � � � � �

� �
 � � � � � � � � 	 � �� 
  	  " � � � 	  � � 	 

� � � 	 �	  ! � � � � � � �! � � � � � �
�



� � � � � 
 	 � � � � � � � � 
 � � � � � � �

�  	 � � � 
 	  � � � � � � � � � � � �

� � � � � � � � � � � � �� � � � 	 � � � � � �

� 
 	 � � �� � � � � �

� � � 	  � 
 � � � � � � 
 
 � 


� � � � 	 �	 � �� � �� � � � � � � � 
 � 	 �� � �

� � � � � � � � � � 
 � � � 	 � � � � � �

� � � � � � � � � � � � � � �	 � � � � � � �

� � � � � � � � � � � �  � 
 �� �

� � � � � � � � � � �� � � 
 � � �

�



� � � � � � �
 � � � � �

� � � � 
 � � � 	 � 	 � 	 � � �  � � 	 
 	 � � �� 
  � � � � � � � � �

 � � � � � � �� � � � 	 � 	 � 	 � � �  � � 	 
 	 � � �� 
  �� � � � � �

�� 
  �� � 	 �� � � �� � 	 
 � � � 	 �  � 
 � � � 	 � � �  �
 � � � �� � � � � � � � 
 � � � � �

� � �  � � 	  	 	 � � � �� 	 
 � � 	 
 � 	 � �� � � ! � � � � � �! � �  � � � 	 �� � � �� � � �

	 � � � � � � �

�� �  � � 	  	  � 
 
 � � 	 �� � � � � � � � � � � � �� 	 � �� � � � � 	 � �� � � �	 � �
 � 	 � �

�� � 
 � � � � � � � � �� � � �� 
 � � � � � � �� � � � 	 � 	 � � � �� � � �� � �  � � 
 � � � � � � � � 	 �

� 	 � � � � �

�



�
 � 
 � �	 �� � � � � � � 
 �

� � � � � � �� � � � 	 � � � � � � �
 	 � � �� � � � � � �

� � � �� � � � � � � �� � � ��� � � �

� � � ��� � � � � � � � �� � � �

� � � � � � � �	� � 	 �   � 	 �

� � 	 
	 
 � � � � � � � � 
 � � � 
 �� � � 	 � ! 	 
	 
 � �

� � ��� � � � � �� � � � ��� � � �� ��� � � � �

� � � �� � � 	 
 	 � � �
 � � � 
 � � � � � 	 
 	 � � �
 � �

� 
  �� � 	 �� � �

� � �
 � �  � 	 � � � 
 � 	 � � � 
 � �! �

� � 	 � 	

� 	 �� � � �	 �� � � 	 � � � � � �� � � �� � � �  �	 � � 	 
 �  �� �" 	 
 �

; �



� �� �� � �� � �

� 	 ! 	 � �� �� � � 	 
 � � �� � �� � � �  � � � �! � � � � ! 	  � � � � 
 � ��   �� � �� � �

� � � � � � � � � � � � 	 �   � 	 � � 
 � � �  � � �   �

� � 	 
	 
 � � � � � � � � � � � 
 � �! 	 � � � 
 
 � � � � 	 �� � �� � � ��� �

� � �  � � 
 � ��� � � � �
	 � ���  	  � �

� � � � � � �� � � ��� �

; ;



� � � �
� � ��� �� �� �	 � �� �
 �� �� 	 � 
 � ���  � �� �	 � � ��� 	 �	 � � �� �

� � � � �	 �� � �� � ���

� � �� ��� � � � � �	 � �� �� �

� �  � �� � 
 � � � � ! �	 " �	 � � #$ ���

� % �� � 	 �
 ��� � � � � � �� �� � � � ! �� �
; �



lo
g
(P

S
A

+
1
)

0 20 40 60 80 100 120 140

0
1

2
3

4
5

6
7

Time(month)

censored
failed

Radiation Therapy

event
time

; 




� � 	 ��� � �� � � � � � � � ��

� � � 	  � 
 � � � �� 
 � � � � � �! 

� 	 � � �	 � �� � � � � � � � � �
 � 	 �� � � � � �� � 	 �� � 

� � � � � 	 � � � � �� � �� � � 
 � 	 �� � � � �  � �
 	 � �� �  � � �� �

� �! � �	  � � �� �  � � 	  � 
 � � 	 � 	 
 � � � � � � � � � � �!  	 � �� 
 �
 � 	 �� � � �

; �



� � � � � �� � 	 � � � � � � 	� � �� �

� � � �	 � 
 � � � 
 
 � � �� 	 � � � �  �	 � � � � �	  �	  �  � � � �  � �

� �� � � 
 � � ��� � � � � � � � � � �" � � � � � � � ��  �� � � � � � 	 �! � �	 
 � ��

! � 
 � � � 	 � �! � 
 	 � � � � � �� � �

� � � � � �" � � � �� � � � � � � � 	 � � � � � � � �!  � � 	 � � � � � � � � � � � � �! 

; �



� � � � 	

� � � � � � 
  �	 � � �! � 
 � �	 �� � � ! � � � � �" � � �

� � 	  � �� � � � 	 
 � 	 � ��  � � �� 	  � � � � � 
 � � � �  �	 �� � � � �� �

� � �� �
 	 �� � � � 
 �

� 	 �� � � �	 � 
 � � � 
 
 � � �� � � � �	 � 
 � � � 
 
 � � �� � � �  �	 � �� � �	  �	  �  �

� � 	 � � �  �
 � " 	 � �

 � � 	 � � � � � � � � � � 	 � � 
 � � � � � � � � �

� � � 
 � 	 � ! � 	 �� � � � " ! � ! 	  ��� � � � � � � � � 
 �� � � � ! 	 �� 	 � �� � � �	 �

� �� � � � 	   � � � 	 � 
 � � 	 � � �� � � �� �! � � 	 � � � � � � � � � � � � 
 � � � 
 �! �

� 
 � � 	 � � �� � � � � 	 � � �� � � � � �! � � � � � � �� 	 
  � � �� � �! � � 


� 	  � �� � � � 	 
 � 	 � ��  	 � � ! �  � � 
 � � � � �� �

; �



� �� �
� � 	 �� � � � �	 � � � � � � 
 � �� � � �  � � 
 � � � � � � 
 � �� � � � � � � � ! � 

� � � � 
  	 � �! � �� � � �� 
 	 � � 	 �� � � �! � 
 	 � � �

� � ! 	 � � 	 � � � 
  � � � � � � �� �! � � 
 � � 	 � � �� � � �� � � 
 �

� � ! 	 � � 	 � � � 
  � � � � � � �� �! � � 	 � �� 
 � �� � �� � � �� � � � 
 � � �

� � ! 	 � � 	 � � � 
  � � � � � � �� �! � � 	 � �� 
 � �� � �� � � �� � � � � � � 
 � � �

� � ! 	 � � 	 � � � 
  � � � � � � �� �! � 
 � � � 
 
 � � �� ! 	 
	 
 � � � �� � � � � � � 
 � � �

; �



� �� � � � � � �� � � � �� �

� � �	 �� � �
� � � � 	 
 � � 	 � � � � � � 
 �� � �	 �� � � � 	 
 � 	 � ��

� � � � � � � � � 
 � � � � �  � � 
 �

� � � � 	  � �� � � � � � 	 
 � 	 ��  �

� �� � ��� � � � � � � � �� � � � 	 � � �� � 	 �	

� � � 
 	 � � �� � � � � � �� � � � � � �� � � � 	 � � � � � �

; �



� � � � � � � � � �� � � � � � �� 
 � � �� � � �	 � � � 
 � � �

� � � �  �� � � � � � �

� � �
�

� � � � � � � � � � � �

� � � � � � � � � � � � � � �
� � � � � ; � � � � � �

� � � � � � �  � � � # � � � �� � � � �� � ��� � 
 ��� � � � 	� � �

� �



� � � � � � � �� � � � 	 � � � � � � �� � � 	 
 
 	 � � �� � � � � � � � � � � �

� � � �� � � �� � ��� � �
� � � � �� � � � ; ��� � �� �� � � # � � �	 �

�
� � � �

" ! � 
 � � � ; � � � � � � � # 	 � � � � 
 	 
 � �! � � � � �  � 
 �� � 
 	 � � �� � � � � � � � 


 � � �� � � 
 � � � ; � � � � � � � # 	 � � � � 
 � � � �

�� � 	 
 	 �� � � � � � � � 
 � � � � 	 � � � � �  �

� � 	 �  �
 � � �� 
 � � � � � � ; � � � � � � � # 	 � � � � 
 � � � � � � � � � � � �

� ;



� � � 	 �� � � � � � � � � � � � � � � � � � � � 
 � � � 
 �� � � 	 � ! 	 
	 
 � � � 
 �! � � � � �! �

 �  �� � � � � �� � 
 � � � �

� � � � � � � � � � � � � � � � � � � ��� � � � � � � � � � � � ��� ��� � � �

" ! � 
 � " � �	 � �

� � � � � � � � � ; � � � �� � � �� � ��� � � � � � �� � �� �

" � �! � � � ��� � � � � � � �� � � �� � �� � �	� � � �  �! � � � 
 
 � � �  � � � � ��

� � � �� � � �� � ��� � � 	 � � � � � � �
� �



� �� ��� �� �� ��

	 
�� � �� 
�� 	 � �� � 
�� � 
� �� � � �� �� � �  � 
� � � � �  � �

� �



�� �� � �� � � �� � � �	 � �
 �� � �	  �� �� � � � � � 	 � 

� �� � 
� 
� � �� � � �

� � � � � � � � �� � � � � �� � �� 
� � 
 � 
 �

� � ��� � � � � � � � 
� � 
 � 
 �

� � �� � 
� � � � � 
 � � �� � � �  � � 
 �� � � �� �

� � � ! "� #%$& � � 
' ��  � �� � �  � �� � �  � � � � �� �� � �� � (

)  � � 
 �� � � �� * �� � � � � � �� � 
� � � � 
� �� � � +  � � � � � � � � � � � ' � �� �� ,

� � �� � - .0/ �21 � �3 , 4 � � � ��� ��5 � 6 � 
� � � 
 � � � 7 � � 
 ��� � +

8
9

:
;< =

> ?A@ BDC E BF G HAI J ; K L @ B C E B LNM B O

�P



� 
� 
 � � �� � � �� �� � � 
�� � � � �� � � � � �� � � ��� � ��� �

� 
� 
 � � �� � 	 � 
� � (� ( 	 � 
� � � ( � (

�	 
	 (� � � ( 	 
 � ( � �

�� 
 � ( �	 � (	 � 
� ( � �

� � �� � (	 	 � (	 � 	 (	 	

�� � 
� � � (  � � ( � � � (� �

�  � �	 3 � � � � 
 � ( �� � ( �� 
 � ( � 

��  � � � ( � � ( �� 	 � ( ��

� �



) � � � � � 	 � � � �� � � �� �  � �� �� � � � �� � 
� � � �

0 50 100 150

0

2

6

19   

54   

147    

Time(mos)

P
S

A

ID  556

0 50 100 150

0

2

6

19   

54   

147    

Time(mos)

P
S

A

ID  565

0 50 100 150

0

2

6

19   

54   

147    

Time(mos)

P
S

A

ID  571

0 50 100 150

0

2

6

19   

54   

147    

Time(mos)

P
S

A

ID  605
� �



) � � � � � � � �� � � � �� � 
� � � �� � � �� �  � �� �� � � 
� � � � � � � � � � � �  � � � � �  � ��

� � �
�
� � �� (

0 50 100 1500 50 100 150
0

6

54   

Time(mos)

P
S

A

Patient  1

 0

     0.4

     0.8

121.3

0 50 100 1500 50 100 150
0

6

54   

Time(mos)

P
S

A

Patient  2

 0

     0.4

     0.8

88.37

0 50 100 1500 50 100 150
0

6

54   

Time(mos)

P
S

A

Patient  3

 0

     0.4

     0.8

135.13

0 50 100 1500 50 100 150
0

6

54   

Time(mos)

P
S

A

Patient  4

 0

     0.4

     0.8

60.67

0 50 100 1500 50 100 150
0

6

54   

Time(mos)

P
S

A

Patient  5

 0

     0.4

     0.8

54.83

0 50 100 1500 50 100 150
0

6

54   

Time(mos)

P
S

A

Patient  6

 0

     0.4

     0.8

23.7

� �



� � �� � � �� ��

� �  �� � � � �� � �� � � 
� � �� � � � � � � � � 
� � �� � � �� 
 �� � � � � � � � �' � � �

� �  � 
 �� � � � 
� � �� � � � � � �  �� ��

� � �� � � � � � � 
� 
� � � 
�� � �� �� � � � + �  � � 
 � �� �  � � � 
� 
 ��� +

� � �� � �� � �� � �'  � � � � � � � �

� 	 � �� � 
� � � � � + � 
� 
� � �� � �

� � � � �� �� � � � �� � �� � 
 � 
 � � � � 
 �� � � � 
� (

� �



�� � � � � � � � � � � � � � � � � � � � � �

� � �   �� � � � � �� � �� 
� � � ��

� � � � � � 	 ��
 � � � � � 	 � 3  � 	

� � � � � � 
 � � 3 � � � � 3 � � � � �

� � 
� 
 � � � � �� � � �  �  � �� � 
� � 
� 
 � � � �

� � � � � 
 � � � � � � � �� � � � � � �

�  � � � � � 
 � � � � � � � �� � � � � � � 3 � ���� � � � � � �

� � � � � � � 
 � �   �� �� � � �� �� � * �' � � � � �� � � � � �� 
� � � �� � � �� � (

� � � � � � � � �� �� � � 
 ��� � � � � � � � �  � � � � (

� � 
� � � � � � � � � � � ��� 
� 
 � � 7 �� � � �� � � 
 � � 
 *�� � 
� � 
� � � �� �

� �



� � � � �� �� � � �� � � �� � �

� ) � �� � � � � � � �� 
� � � �� * � � �� � � � � � �� � 
 �� �  � � � � � �

� ) � � � 
� 
� � � � �� � � �� � � 
� �� 
� � �� �� � �  � * ' � �� � � � � ��� � 
� � � �

 � � � � � �

��



� � �� � � � � � � � � � � �

� � � � ) *�� 
� � � ( � � � � 
 �� � � � 
� � �  �� �� � 7 � 
� �� 
� � �� �� � �  � (

� � � � * � � � �� 
� + � � � � � � � � � � 
� �� � 
 �� � ( � � � � � � � � � �� � 
 �� �

� 
� �� � � � � � �  
� � �� � � � � � � � � �� 
� � 
 � 
 (

� � � � * � � � � � � � � � � � � � � � � � 
� �� � 
 �� � ( � � � � � � � � � �� � 
 ��

� 
� �� � � 
� �� � � � �� � �� 
� � 
 � 
 
� � � � � ��  � � 
 � � � � � (

� �



� � � � �� �� �� � �� � ���

� )  � � � � � � �� � 
 �� �  � � (

� � � � �� � � �� � � 
� 
� 
 �� � � �� �  � � � 
� � � � � � � � � � �  � * � � � �  � �� �

� 
 ��

� �



) � � � � � � �� � 
 � �  � � � 
� � � � � � � � � � �  �

Measurement Error: sigma

R
el

at
iv

e 
Bi

as

0.1 0.3 0.6

−5
0%

−3
0%

−1
0%

0

Impact of Measurement Error

LVCF
ORC
RRC

� P



) � � � � � �� �� � 
 � �  � � � � �  � �� � � 
 ��

Censoring Rate

R
el

at
iv

e 
Bi

as

8% 30% 60%

−3
0%

−1
0%

0

Impact of Censoring

LVCF
ORC
RRC

� �



� �� � �� �� � � � � �� �� � � �� �� ��

� � � � 
� � � � � � � � + � � � �� 
� �� �� � � � � � � 
 � 
 � 
� � �� � � � � ��

� � � � 
 �� �� �� � 
� � � � �  �'  
� � 
 � � � � �� � 
 �� � * �  � � � � � � �� � � ��

� + �
 �� � � � �� � 
 �� �

� �



� � � � �� �� � � � � � �� �� � � � � � � ��� � � � ��

�  ' �  � � � �� � � � �� � 
 ��  � �� � � �  � � ��  � �� � � � � � � 
 � 
 � 
� � �� � �

� � �� �

� �



) � � � � � �� ) � � � � � � � � � � �� 
� � 
 � 


0 50 100 150

0
1

2
3

4
5

time(month)

X

Longitudinal profile of Subject 115

true X(t) curve
ORC
RRC
observed X

0 50 100 150−0
.4

−0
.2

0.
0

0.
2

time(month)

sq
rt 

ro
ot

 o
f s

lo
pe

sqrt(slope) curve of Subject 115

ORC
RRC

true sqrt(slope) curve

0 50 100 150

0
1

2
3

4
5

time(month)

X

Longitudinal profile of Subject 229

true X(t) curve
ORC
RRC
observed X

0 50 100 150−0
.4

−0
.2

0.
0

0.
2

time(month)

sq
rt 

ro
ot

 o
f s

lo
pe

sqrt(slope) curve of Subject 229

ORC
RRC

true sqrt(slope) curve

� �



� � � � � � � � �� �� � � � � � � � � ��

) � � � � � � 
 � 
� 
� � �� � �� � � � � � � �� 
� � � ��
P �



) � � � � � �� ) � � � � � � � � � � �� 
� � 
 � 


Time(month)

lo
g(

P
S

A
+1

)

failed

0 50 100 150

0
1

2
3

4
5

6
7

Time(month)

lo
g(

P
S

A
+1

)

failed

0 50 100 150

0
1

2
3

4
5

6
7

Time(month)

lo
g(

P
S

A
+1

)

failed

0 50 100 150

0
1

2
3

4
5

6
7

Time(month)

lo
g(

P
S

A
+1

)

censored

0 50 100 150

0
1

2
3

4
5

6
7

Time(month)

lo
g(

P
S

A
+1

)

censored

0 50 100 150

0
1

2
3

4
5

6
7

Time(month)

lo
g(

P
S

A
+1

)

censored

0 50 100 150

0
1

2
3

4
5

6
7

P �



)�� � ��
� �

��
� ��

���
� �
� �
 ��
 �
� ����
��

 ��

 ��
� ��

T
im

e(m
onth)

slope of log(PSA+1)

failed

0
50

100
150

−0.3 −0.2 −0.1 0.0 0.1 0.2

T
im

e(m
onth)

slope of log(PSA+1)

failed

0
50

100
150

−0.3 −0.2 −0.1 0.0 0.1 0.2

T
im

e(m
onth)

slope of log(PSA+1)

failed

0
50

100
150

−0.3 −0.2 −0.1 0.0 0.1 0.2

T
im

e(m
onth)

slope of log(PSA+1)

censored

0
50

100
150

−0.3 −0.2 −0.1 0.0 0.1 0.2

T
im

e(m
onth)

slope of log(PSA+1)

censored

0
50

100
150

−0.3 −0.2 −0.1 0.0 0.1 0.2

T
im

e(m
onth)

slope of log(PSA+1)

censored

0
50

100
150

−0.3 −0.2 −0.1 0.0 0.1 0.2

P�



��� � � � �� � �

� � � � � � � �� � � � �� � �

� � � � � �� � � � � � � � � �

� 	 � � �� � 
� � 
 �� � � � � �� � �� 
� � 
 � 


� � � � 
 � � � � 
� � � � � �� � �� 
� � 
 � 


� �� �� � � � 
� �  � � �� � �

P P


