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Model checking techniques for regression
models in cancer screening

Debashis Ghosh

Abstract

There has been much work on developing statistical procedures for associating
tumor size with the probability of detecting a metastasis. Recently, Ghosh (2004)
developed a unified statistical framework in which equivalences with censored
data structures and models for tumor size and metastasis were examined. Based
on this framework, we consider model checking techniques for semiparametric
regression models in this paper. The procedures are for checking the additive
hazards model. Goodness of fit methods are described for assessing functional
form of covariates as well as the additive hazards assumption. The finite-sample
properties of the methods are assessed using simulation studies.
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��aQB�DEB�a;RmF_`jB�BXK�n�PgWsa��
I�DH��I�K�NQB�x�B�SOI�lQGOKQCMFuVsRmVHGJFuVoGJW�RLS$lQDEI�WXB�NQPgDHB�F_qhI�D_RLFHFEI�WXGURmVHGJKQC�VHPQn�I�D�FHGJ�XB
�AGOVHa�VoaQB�lQDHIL`;RL`QGOSJGOVzy�ILq#NQB�VoB�W�VoGOKQC�R�n�BXVoRLFEVoRLFHGOF��)@)BXW�BXK9VHSOyL�4b�agI�FHa¡  ~L���L}p¢ NgBXx�BXSJI�ljB�N£R"PQKQGO¤QB�N
FEVoRmVoGOFEVoGOW�RLS qhDoRmn"B���I�DE��GOK��AaQGJWsa¡BX¥¦PgGOxmRLSJBXKQW�BXF��AGOVHa§W�B�KgFHI�DEB�N¡N;RmVoR�FEVoDEPQWXVHPQDHBXF�RLKQN§n�I�NQBXSJF_qhI�D
VoPQn�I�D¨FHGO��BMRLKQN	n"B�VsRLFuVsRLFEGJF©��BXDHBMB�ªgRLn�GJKQBXN«�¬r­RLFEB�N	I�K	VHaQGJF©qhDoRmn"B���I�DE�?����B�W�ILKQFHGONQB�D�n"I¦NQBXS
WsaQB�Ws�9GOKQC©VoB�WsagKQGJ¥9PQBXF­qhI�D�FEB�n�GJl;RLDHRLn�BXVoDEGJW)DHBXC�DHBXFHFHGOI�K�n�I�NgB�SJF
GJK�VoaQGOF­l;RLljB�DX�#��aQB&lQDEI�WXB�NQPQDEB�FARLDEB
qhI�D#WsaQBXWs�¦GOKQC�VHaQB)RLNQNQGeVoGex�B�a;RL��RLDHNgFkn�I¦NQB�S2�#b�I�I¦NQKQBXFHF#ILq�¤QV n"B�VoaQI¦NQFkRLDEB�NQB�FEW�DHGO`�BXN"qhI�D RmFHFHBXFHFEGJKQC
qhPQKQW�VoGJILK;RLS«qhI�DEn®ILq#WXIixmRLDEGURmVHB�F)RLFA��BXSJS4RLFAVoagB*RLNgNQGOVHGOx�B�a;Rm��RLDENQF!RmFHFHPgn"lgVHGJI�KT����aQB�¤;KQGeVoB � FoRLn�lQSOB
lQDHILl�BXDEVoGOB�FAILq/VoaQB�n�BXVHaQI�NgFARLDHB_RLFEFHB�FEFHBXN�PQFHGOKQC¨FHGOn�PQSURtVoGJILK�FEVHPQNQGJBXF��
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@)GOC�apVAW�BXKQFHI�DEGJKQCg�
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»;¼¾½ .�Z[]i\�:/-0¿LZ[1=\j.

b�GOxLB�K�VHaQB�n�I�DH`gGJNQGeVzy�RLKQN�n�I�DEVoRLSJGeVzy�RLKQN�RLFHFEI�WXGURmVHB�N�WXI�FEVHF�ILq#VoDEB�RmVHGJKQC"l�BXI�lQSJB_�AGOVHa�W�RLKgW�B�DX�
GOV"GJF�ILq�GOK9VHB�DEB�FEV"VoI�W�SJGOKQGJW�RLS­DEB�FHB�RLDHWsagB�DHF�VHI�NQB�VoBXDHn�GJKQB�I�lgVHGJn"RLS�FHWXDHB�BXKQGJKgC6FHWsaQBXNQPQSOB�F�qhI�D�B�RmDHSOy
NQBXVHB�W�VoGJILK�ILq
W�RLKgW�B�DX����aQBXDHB�a;RLF_`�BXB�K�n�PQWsa��
I�DE��NQI�KQB�I�K�NQBXxLB�SJILlQGJKQC�n"RmVoaQBXn�RtVoGJW�RLS�n�I¦NQB�SOF
ILq#FEW�DHBXB�KQGOKQC£ UÀ
RL�LI[x¦SJB�x�RmKQN���FEI�NQGO�LI[xj� |[�L��Á ��Â�a«�)Ã ¢ ��ºzK�VoaQGOF!RmDHB�R��?VHaQB*KQRmVoPQDHRLS4aQGJFuVoI�Duy�ILq�VHaQB
NQGJFEB�RLFEB�a;RLF©`jB�B�KÄ`QDEI��LBXK	NQI[�AKÄGJKpVoI�n*PQSOVHGJlQSOB"FuVsRLC�BXF�·�VHaQB�NQGJFEB�RLFEB � qhDEB�B�FuVsRLC�Bm�kVHaQB�lQDEB�W�SOGJKQGOW�RLS
FEVoRLC�B�RLKQN¡VoaQB�WXSJGJKgGJW�RmS�FEVoRLC�Bm�Ä��agB�DHB�a;RLF¨`jB�BXKÅn�PQWsaÄNQB�x�B�SOI�lQn�B�KpV�ILq&lQRLDoRLn�BXVHDHGOW�FEVoRmVoGOFEVoGOW�RLS
lQDHI¦W�BXNQPQDEB�F�PQFEGJKQC£VoagGJF�n�PQSOVHG � FEVsRmC�B�qhDoRmn"B���I�DE�Æ ÈÇTBXSJB�K	RLKQNÅÉ;B�GJKgSJB�GO`«� |[��Á�� ¸ � SJ`jB�DEV���b�B�DuVon"RLK
RLKQNMÊ�I�PQGJFX� |[�pËm� ¸;^�R�y�RLKgN � RLSOVHB�DX� |[���L} ¸?��aQBXK�RLKgN�ÇTBXSJB�KT� |[������¢ �

� K_RLSOVHB�DHKQRmVoGex�B#RLlglQDHIpRmWsa_GOF«VoI�PQFEB FEVsRtVoGJFuVoGOW�RLSmn"B�VoaQI¦NQF«VoIA`jBXVEVoB�D�PgKQNQB�DEFEVoRLKQN�VoaQB DHBXSURmVHGJI�KgFHaQGOl
`�B�Vz��BXB�KÌxmRLDEGJI�PQF�RLFEl�BXWXVHF�ILq�VHPQn�I�D�`QGJI�SOI�CLyÍRLKQNÆlQDHI�CLDHB�FEFHGOI�K«�ÏÎ&KQB�B�ªgRLn�lQSJB£ILq�VHaQGJF�GOF�VHaQB
NQBXxLB�SOI�lQn�B�KpV­ILq«lQDHI¦W�BXNQPQDHBXF
VHI�RLFEFHI¦W�GURtVoBAVoaQB)lQDHIL`;RL`QGOSJGOVzy*ILq�NQB�VoBXWXVoGOKQC�R_n"B�VsRLFuVsRmVHGJW�VoPgn"I�D#�AGeVoa
VoPQn�I�D4FHGO��Bm�#��I�SOGJN�W�RmKQW�BXDHF�NgBXx�BXSJI�l�VoaQDEI�PQC�a*R)lQDEI�WXB�FEF$GJK��AaQGJWsa_VoPQn�I�DEF0I�DEGJC�GOK;RmVHB#RLF0RwlQDEI�C�B�KgGOVoILD
W�BXSJSÈ�j�AaQGJWsa£C�DEI[�AF!VoI�R�SOI�W�RLS4SJB�FEGJI�KMVoa;RmV&FHaQBXN�W�RLKQWXB�D�W�BXSJSOF!GJKpVHI�VoaQB�Sey¦n"lQaQRmVoGOW�Fuy�FuVoBXn�RLKQN?ÐtI�D
`QSJI¦I¦N�FEVHDHB�Rmn� 2É;I�PgSJNQFX� |[��ÁL�p¢ � �¦I�n"BwILq4VoaQBXFHB�W�BXSJSOF­RLDEB!VoDHRLKQFHljI�DuVoB�N�VHI©NQGJFuVsRLKpV�I�DECpRLKQF­RLKQN�SJB�RLN
VoI�VoaQBANQB�x�BXSJI�lQn�B�KpV
ILq«n�BXVoRLFEVoRLFHBXF��#ºzK�n"ILFEV I�KQWXI�SJILCLy©FHB�VHVHGJKQC�FX�9W�RLKQWXB�DEFk�AaQBXDHBwn"B�VsRLFuVsRLFEB�Fka;R�x�B
NQBXxLB�SOI�l�BXN6RLDEB©n"ILDHB©SJGO�LBXSOy�VoI�`�B¨RmFHFHI¦W�GJRmVoBXN��AGOVoa��
I�DHFEB"WXSJGOKQGJW�RLS0lgDHI�C�KgI�FHGOF��©��aQBXDHB¨a;R�x�B�`�BXB�K
lQDHILl�I�FHRLSJF&qhILD�W�I�DEDHB�SJRmVoGOKQC�FEGJ��B¨ILqkVoPgn"I�Dw�AGOVoa£lQDEI�`;RL`gGJSJGeVzy�Imq�NQB�VoBXWXVoGOKQC�R�n"B�VsRLFuVsRLFEGJF� 2Ñ�GOn"n�B�S
RLKQN�É0SJB�agGJKQC�BXD�� |[����| ¸jÒ!P�RLKQN�Ó DEI�DHIL�j� |[����Ë � |[�����p¢ �A��aQB�FEB¨RLPgVoagI�DHF)NQBXxLB�SOI�l�BXN�KQI�KQlQRLDoRLn�BXVHDHGOW
B�FuVoGJn"RmVHGJI�K¬lQDEI�WXB�NQPgDHB�F�qhI�D�VHaQB£NQGJFuVoDHGO`QPgVHGJI�K¬ILq_VoPgn"I�D�FHGJ�XB�RmV��AaQGJWsaÔn"B�VsRLFuVsRmVHGJW�VHDoRLKgFHGOVHGJI�KgF
I�WXW�PQD*`;RLFHBXN§I�K6N;RtVsRMqhDEI�nÕRMFHWXDHBXB�KQGOKQC�VoDEGURLS2� � SJGJn�GOVoRmVoGOI�K�ILq�VHaQB�n�BXVHaQI¦NQF*lQDEI�ljI�FHBXN§GJK�VHaQB
lQDHB�x¦GJI�PQF©lQRLDoRLCLDoRLlQa�GJF*VHa;RmV*VHaQBXy�NQI�KQILV©RLSJSOIi�ÖqhI�D©RLNt×EPgFEVon�B�KpV©ImqwWXI[xLRmDHGURtVoB�FX��ºzK§VoaQB�W�RLKQWXB�D
FHB�VHVoGOKQCQ��W�I[xmRLDHGJRmVoBXF!FHPgWsa�RmFwVoagB*VoGOFHFHPgB�ILq I�DEGJC�GOKMILq�VoaQB*VHPQn�I�DwILD&RLC�B*ILq$VoagB�l;RmVHGJB�KpV!W�RLK£RmØ�B�W�V
VoaQBwDHBXSURmVHGJI�KQFEaQGJl¨`jBXVz�
B�BXK�VoPQn�I�DkFHGJ�XB!RmKQN�lQDEI�`;RL`gGJSJGeVzy©ILqTn"B�VsRLFuVsRmVHGJWAFHlQDEB�RLNT�
@AB�WXB�KpVoSey��9��B!a;R�x�B
lQDHILl�I�FEB�N*R)C�BXKQB�DHRLS9apy�ljILVHaQB�FEGJF0VHB�FuVoGJKgC!RLKgN�FEB�n�GJl;RLDHRLn�BXVoDEGJW$DEB�C�DEB�FEFHGJILK�qhDoRmn"B���I�DE�!qhI�D/RLK;RmSOy¦��GOKQC
FHWXDHB�BXKQGJKgC"VoDEGURLS�N;RmVoR¨GOK��AaQGJWsa�VoPQn�I�D�FEGJ��B�GOF�VoDHB�RmVoBXN�RmFAR¨q=RLGOSJPQDEBwVHGJn�B&xLRmDHGURm`QSJB� Èb�aQI�FHaT� ~L���L}9¢ �

� K�GJn�ljI�DEVoRLKpV
GOFHFEPQB&GJK�VoaQB)¤QVHVHGJKQC�ILq/RLKpy"lQDHI�`QRL`QGJSOGJFuVoGJW�n�I¦NQB�S?GJF�RLFHFEB�FEFHGJKgC©n"I¦NQB�SjRLNgB�¥9P;RLW�y��
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� aQGJSOB­VoaQBXDHB)a;RLF `jB�B�K�C�I¦I�NgKQB�FEF
ILqj¤QV VoBXFEVHGJKQC�NQB�x�B�SOI�ljB�N"qhILD#n"BXWsa;RLKQGOFEVoGOWAn"I¦NQB�SOF$ILqTW�RLDEW�GJKgI�C�B�K �
B�FEGJFw Èb�DHBXC�I�DHG;B�V
RLSÈ�e� ~L����~�¢ �pFEPQWsa�n�BXVoagI�NQF RmDHBAPQK;R�xmRLGJSJRL`QSOB�qhI�D$VoagB)BXn"lgGJDHGOW�RLS�n"B�VoaQI¦NQF NQBXFHW�DEGJ`jB�N
GJK�VoaQB"lQDHB�x�GOI�PQF�l;RLDoRmC�DoRLlga«��ºzK�VoaQGOF�lQRLl�BXD��/��B��AGOSJS#NQB�x�BXSJI�l6CLI�I¦NQKQBXFHF*Imq­¤QV�n�BXVHaQI¦NQF_qhILD*RLF �
FHBXFHFHGOKQC�VoagB�RLNQBX¥9P;RLWXy�ILq�FEB�n�GJl;RLDHRLn�BXVoDEGJW¨DHBXC�DHBXFHFEGJI�K6n�I¦NQB�SOF�����aQB�WXI�PQDHFEB�ILq­VHaQGJF_l;RLljB�D�GJF*RLF
qhI�SJSOI[�AF��$ºzK���B�W�VoGOI�K ~ �g�
B_DEBXx¦GJB��ÔVHaQB�DHBXFHPQSeVoF�ILq$b�agI�FHa�  ~m���L}9¢ RmKQN�NQB�FEW�DHGO`�B�DEB�C�DEB�FHFEGJI�K�BXFEVoGOn�R �
VoGOI�K�lQDHI¦W�BXNQPQDEB�FAqhI�D�VoagB�RLNQNQGeVoGOxLB�a;RL��RLDHNQF�n�I¦NQB�S«PgKQNQB�D�Vz�
I¨FHBXVHFwImq�RmFHFHPgn"lgVHGJI�KgF��kb�I�I¦NQKQBXFHF�ILq
¤QV)n"B�VoaQI¦NQF­qhI�DARmFHFHBXFHFEGJKQC�qhPQKQWXVHGJI�KQRLSTqhI�DEn¾ILq0W�I[xmRLDHGJRmVoBXFARLKQN�VoaQB_RLNgNQGOVHGOx�B!a;RL��RmDHNQF)RLFEFHPQn�lgVoGOI�K
RLDHB�lQDEI�l�ILFHB�N�GJK���B�W�VoGOI�K Ù �"ºzK§��BXWXVHGJI�K } �/�
B�DEB�ljI�DEV�VHaQB"DEB�FEPQSOVHF�ILq­FHI�n�B¨FHGJn*PQSURmVHGJI�K�FuVoPQNgGJB�FX�
É�GJKQRLSJSey��9��B_W�I�KgW�SJPgNQB��AGOVoa�FEI�n"B�`gDHGJB�q�DEB�n"RLDH�9FAGJKM��BXWXVHGJI�KMÃ��

Ú«¼ � Z[8gZi1=dXZi1=¿�8;<kÛÜ\�:/7¦<=d�ÝÈ\j] � -/Þ�\?] � 1=ßp7Mà�]i\?3?]i7�d�d�1=\j.

á¦âäã�å ³tæÈçLæ=èÈ³té�çLéjµ"ê�³�µ¦°�ë4çt¶s¶�ì¦ê!íjæ2èÈ³tég¶

Ê�B�V�îïNQB�KQImVoB*VHaQB*FEGJ��B�ILq$VHaQB�VHPQn"ILD��«ðñR�l � NQGOn"BXKQFHGOI�K;RLS«xLB�W�VoI�D&Imq#W�I[xmRLDHGJRmVoBXF!RmKQN�ò©`�B*RLK
GJKQNgGJW�RtVoI�D�ILqkVoPgn"I�D�n�BXVoRLFEVoRLFHGOF" =GÈ�óBL�e�4ò�ô | Geq
n�BXVoRLFEVoRLFHBXF*RmDHB¨lQDHBXFHBXK9V��$ò�ô � ILVoaQBXDE�AGOFHB ¢ � � B
I�`QFEB�DExLB"VHaQB¨N;RmVsR� ÈîQõ÷öoò�õ÷ö�ð$õ ¢ �4ø)ô | ö�ù�ù�ùXöHú��0R�DHRLKQNQILn+FoRLn�lQSOB�qhDHI�n  2î öoòiö�ð ¢ �"É;I�D&VoagB�FHRL�LB�ILq
W�I�n�lQSOBXVoBXKQB�FEF��4��B¨�AGJSOS�KQI[�ÖFEVsRtVoB©VoaQB¨n�I�NgB�S#RLFEFHPQn�lgVHGJI�KQF�PgVHGJSOGJ��BXN�`py£Ñ�GJn�n"BXS$RLKQN�É�SOB�aQGOKQC�BXD
  |[�L�g|i¢ ·

| �)Ó#DHGOn�RLDuy�W�RLKQW�BXDHF)C�DHI[�Ôn"ILKQILVoILKQGJW�RLSJSey���RLKQN�n"B�VsRLFuVsRLFEB�FwRLDHB�GODHDEBXx�BXDHFEGJ`QSOBL�

~ �A��aQB�W�RmKQW�BXD)FHRLn�lQSJBXFARLDHB�Wsa;RmDoRLW�VoB�DEGJ�XB�N�`py�VHaQB�lQDEGJn"RLDEy�VoPQn�I�D­FEGJ�XB�F)RmV��AaQGOWsaMn�BXVoRLFEVoRmVoGOW
VoDHRLKQFEGOVoGOI�KQFkVsRL�mB�lQSURLWXBL� � B!�AGJSOS�NgB�KQILVHB�ûüRLF­VHaQB&DoRmKQNQI�nïxmRLDHGJRL`QSJB)qhI�D
VHaQGJF�¥¦PQRLKpVoGOVzyL�kÊ4B�V
VoagB_WXNgq$Imq$ûý`jB_NgB�KQILVHB�N�`py�þ_ÿ#�

Ù �)Ê�BXV����� �� ¢ NQBXKQILVHB�VHaQB�a;RL��RLDHN�qhPQKgWXVoGOI�K�qhI�D­NQB�VoBXWXVoGOKQC�R©W�RLKQWXB�D��AGOVHa�n"B�VsRLFuVsRLFEGJF��AaQBXK�VHaQB
VoPgn"I�DwFHGO��B�GOF��4��Ê�BXV����i 	� ¢ NQB�KgILVoB*VHaQB�a;Rm��RLDEN�qhPQKQWXVHGJI�KMqhI�D!NQB�VoBXWXVoGOKQC�R�W�RLKQW�BXD&�AGOVHa�KQI
n�BXVsRmFEVsRmFHB�FA�AaQBXK�VHaQB�VoPQn�I�D�FHGO��B�GJF
�4� � FHFHPgn"B�VoaQRmV����� 	� ¢
� �
�i 	� ¢ �
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ºzK�C�B�KQBXDoRLS2�Qþ ÿ GOF­KQI�KgGJNQBXK9VHGO¤?Rm`QSJBm�$º÷q4��B_RLFEFHPQn�B&Voa;RtV�W�RLKgW�B�DEF)RLDHB&NgBXVoBXWXVHB�N�GJn�n"BXNQGURmVHB�Sey©�AaQB�K
VoaQBwn"B�VsRLFuVsRLFEGJFkI�WXW�PQDEF��9VoaQBXK�þ�ÿ�`�BXW�I�n�B�FkGJNQBXKpVoGO¤;RL`QSJBm� � SOVoBXDHK;RtVoGOxLB�Sey��9GOq���B�RmFHFHPgn"BAVoa;RtV�NQB�VoBXW �
VoGOI�K�ILq4VoaQB�W�RmKQW�BXD)GOF�KQILV)RmØ�B�W�VoBXNM`py�VoagB�lQDHBXFHB�KgW�B*Imq�n�BXVoRLFEVoRLFHBXF��QVoagB�KMþ ÿ GJF�GONQB�KpVoGe¤?RL`QSOBL� � B
DHB�qhB�D�VoI©VoagB�FHB�Vz�
I"FEGOVoPQRmVoGOI�KQFARLFwÂ­RLFEB_º�RLKQN�Â­RLFHB�ºEºs�;DHB�FEl�BXWXVHGOx�BXSOyL�

��agB_B�ØTBXWXVwILq ðÅILKMûýGOF­qhI�DHn�PgSURmVHB�N�VoagDHI�PQCLa�VHaQB_RLNQNQGeVoGOxLB�DHGOFH��n�I¦NQB�S2·�0 ����óð ¢ ô����i �� ¢������� ð­ö   |i¢

�AaQB�DEB��0 ����óð ¢ GJFAVoaQB*a;RL��RmDHN�qhI�D!û WXI�KQNQGeVoGJILK;RLS4I�K�WXIixmRLDEGURmVHB�FX�����t �� ¢ GOF&RLK�PgKQFHljB�WXGO¤;BXN�`;RLFHBXSJGOKQB
a;RL��RLDHN�qhPQKQW�VoGOI�K£RLKQN � ��GJF&R���� | xLB�W�VoI�D�ILqkPQKg�¦KgIi�AK�DHBXC�DHBXFHFEGJI�K£W�I¦B���WXGJB�KpVHF��*ºzK�VHaQB©W�RmFHB©ILq
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