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To test the proposed system, we implemented prototypes 
RI� VRPH� DWRPLF�PLFURVHUYLFHV� VXFK� DV� FRORU� GHFRQYROXWLRQ�
WKDW�FDQ�EH�XVHG�IRU�VWDLQLQJ�VHSDUDWLRQ�DQG�TXDQWL¿FDWLRQ�LQ�
ERWK�3*5�DQG�(5�LPDJH�DQDO\VLV��7KH�UHVXOW�RI�WKH�DQDO\VLV�
FODVVL¿HV� HDFK�FDVH�DV� ³QHJDWLYH´�� ³SRVLWLYH´��RU� ³VXVSHFW´��
7KH�FDVHV�FODVVL¿HG�DV�³VXVSHFW´�DUH�WKHQ�IXUWKHU�DQDO\]HG�E\�
H[SHUWV�ZLWK�D�SRVVLEOH�VRIWZDUH�VXSSRUW�IURP�RWKHU�VHUYLFHV��
)RU�H[DPSOH��WKH�DQDO\VLV�FRXOG�EH�UH¿QHG�XVLQJ�RWKHU�DWRPLF�
VHUYLFHV� WR� LGHQWLI\� WKH� WXPRU�DUHD�DQG� WR�HYDOXDWH�SRVLWLYH�
FHOOV�RQO\�LQ�WKH�WLVVXH�FODVVL¿HG�DV�WXPRXU��

Discussion

The proposed architecture, although preliminary, seems to 
provide a relatively simple approach to generic digital slide 
analysis services in a distributed environment, taking into 
DFFRXQW�WKH�LVVXHV�FRPLQJ�IURP�WKH�ODUJH�VL]H�RI�WKH�LQYROYHG�
¿OHV�� 6SHFL¿F� VHFXULW\� LVVXHV� KDYH� QRW� \HW� EHHQ� H[DPLQHG��
although SOA security has been abundantly investigated 
(e.g.,[8]��DQG�DSSDUHQWO\�SURYLGHV�D�VHQVLEOH�VROXWLRQ�IRU�VHFXULW\�
RI�KHDOWK�UHFRUGV�[9]

However, to describe and retrieve image analysis microservices 
DFFRUGLQJ�WR�WKH�WKHRUHWLFDO�PRGHO�RI�62$��VXI¿FLHQWO\�DEVWUDFW�
DQG�VKDUHG�WHUPV�VKRXOG�EH�DGRSWHG��WKDW�LV��DQ�RQWRORJ\�RI�
RSHUDWLRQV��RI�VOLGH�FRQWHQWV�DW�GLIIHUHQW� OHYHOV� �VXEFHOOXODU��
FHOOXODU�� WLVVXH�� RUJDQ«�� DQG� RI� GLVHDVHV� LV� QHHGHG�� OLNH�
proposed by the MICO project.[10]

7KH�PLFURVHUYLFHV�DUH�FXUUHQWO\�EHLQJ�LQWHJUDWHG�LQ�WKH�2�,06�
3$&6� LQ� WZR�ZD\V�� WR�EH� FRQVLGHUHG� UHSUHVHQWDWLYH�RI� WZR�
LPDJH�DQDO\VLV�PRGDOLWLHV�

�� 3XOO�PRGDOLW\�� WKH� SDWKRORJLVW��ZKLOH� YLHZLQJ� WKH� VOLGH�
through a workstation, decides to carry out some automated 
DQDO\VLV�� DQG� WKXV� LQYRNHV� D� VHUYLFH� IURP� WKH� JUDSKLFDO�
LQWHUIDFH�

�� 3XVK�PRGDOLW\��DIWHU�GLJLWL]DWLRQ�RI�D�VOLGH��WKH�3$&6�PD\�
autonomously invoke some analysis on it, basing on available 
metadata. This way, when the pathologist will examine the 
slide, results are already available. Furthermore, some analysis 
could screen slides to avoid the pathologist the examination 
RI�REYLRXV�RQHV��L�H���IUDQNO\�QHJDWLYH�,+&�UHVXOWV��

More microservices implemented and integrated within the 
3$&6�LPSO\�D�KLJKHU�SRVVLELOLW\�RI�DQDO\VLV�XVLQJ�HLWKHU�WKH�
PLFURVHUYLFHV�GLUHFWO\�RU�LQ�FRPELQDWLRQ�IRU�D�GHHSHU�DQDO\VLV�
and automatization. The scalable architecture allows a high 
ÀH[LELOLW\�LQ�GLJLWDO�VOLGHV�LPDJH�DQDO\VLV��SRWHQWLDOO\�FRYHULQJ�
D�ZLGH�QXPEHU�RI�TXDQWLWDWLYH�DQDO\VLV�RYHU�GLIIHUHQW�W\SHV�RI�
VWDLQHG�LPDJHV��7KH�PDLQ�DGYDQWDJH�RI�VXFK�DUFKLWHFWXUH� LV�
WKDW�PDQ\�GLIIHUHQW�DQDO\VHV�FDQ�EH�SHUIRUPHG�RYHU�SRWHQWLDOO\�
KHWHURJHQHRXV�GDWD�ZLWK�D�OLPLWHG�FRPSXWDWLRQDO�ORDG�RI�WKH�
ORFDO�PDFKLQH�DV�ZHOO�DV�RI�WKH�FRPPXQLFDWLRQ�V\VWHP��

The system could be updated with the implementation and 
LQWHJUDWLRQ� RI� QHZ� DWRPLF�PLFURVHUYLFHV� DV�ZHOO� DV� WKHLU�
FRPELQDWLRQV��HYHQ�ZLWK�H[LVWLQJ�RQHV��WR�IXO¿OO�WKH�QHHGV�IRU�
LPDJH�DQDO\VLV�RI�WKH�FOLQLFLDQV��
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Abstract

Historically, most radiology, pathology, and clinical molecular 
ELRORJ\� LQIRUPDWLRQ�KDV�EHHQ� LPDJH�EDVHG�DQG�VHTXHVWHUHG�
ZLWKLQ�HDFK�GRPDLQ��7KLV�PHDQV�WKDW�WKHLU�LQIRUPDWLRQ�FRXOG�
QRW�EH�FRPELQHG� WR� LPSURYH�RXU�NQRZOHGJH�RI�GLVHDVH�DQG�
WUHDWPHQW��7KLV�SDSHU�SURSRVHV�WKH�FRQYHUJHQFH�RI�UDGLRORJ\��
pathology, and clinical molecular biology through the 
LQWHJUDWLRQ�RI�WKHLU�GLJLWDO�GDWD�LQ�SRZHUIXO�VWDWLVWLFDO�PRGHOV�
LQ�RUGHU�WR�FUHDWH�LQIRUPDWLRQ�V\QHUJLHV�WKDW�FDQ�EH�XVHG�E\�
trained models to improve risk estimation, diagnostic certainty, 

>'RZQORDGHG�IUHH�IURP�KWWS���ZZZ�MSDWKLQIRUPDWLFV�RUJ�RQ�0RQGD\��-DQXDU\����������,3����������������@



J Pathol Inform 2019 - Abstracts http://www.jpathinformatics.org

-RXUQDO�RI�3DWKRORJ\�,QIRUPDWLFV S63

WUHDWPHQW�HIIHFWLYHQHVV��DQG�FOLQLFDO�RXWFRPHV��7KLV�DGYDQFH�
ZLOO�LPSURYH�WKH�TXDOLW\�DQG�VDIHW\�RI�PHGLFDO�FDUH��+LVWRULFDOO\��
most radiology, pathology, and clinical molecular biology 
LQIRUPDWLRQ�KDV�EHHQ�LPDJH�EDVHG�DQG�VHTXHVWHUHG�ZLWKLQ�HDFK�
GRPDLQ��7KLV�PHDQV� WKDW� WKHLU� LQIRUPDWLRQ� FRXOG� QRW� EH�
FRPELQHG� WR� V\QHUJLVWLFDOO\� LPSURYH�RXU� NQRZOHGJH�RI� WKH�
disease and its treatment. This paper proposes the convergence 
RI�UDGLRORJ\��SDWKRORJ\��DQG�FOLQLFDO�PROHFXODU�ELRORJ\�WKURXJK�
WKH�LQWHJUDWLRQ�RI�WKHLU�GLJLWDO�GDWD�LQ�D�VWDWLVWLFDO�PRGHO�DQG�
WKH�XVH�RI�WKH�WUDLQHG�PRGHO�WR�LPSURYH�WKH�TXDOLW\�DQG�VDIHW\�
RI�SDWLHQW�FDUH��'XULQJ�WKH���WK�&HQWXU\�UDGLRORJ\��SDWKRORJ\��
and clinical molecular biology were independent clinical 
GRPDLQV��(DFK�H[LVWHG�LQ�LWV�RZQ�RFXODU�UHDOP�±�UDGLRORJLVWV�
ORRNHG� DW� VWUXFWXUDO� DQG� IXQFWLRQDO� DQDWRPLF� LPDJHV��
pathologists looked at tissue-based images, and clinical 
PROHFXODU� ELRORJ\� ORRNHG� DW� ELRFKHPLFDO� IDOVH�FRORU�
PLFURDUUD\�LPDJHV��(DFK�ORRNHG�IRU�IHDWXUHV�WKDW�FRXOG�EH�XVHG�
WR�GHWHUPLQH�WKH�ULVN�RI�GLVHDVH��GLDJQRVH�GLVHDVH��DQG�DVVHVV�
WKH�VHYHULW\�RI�GLVHDVH��5DGLRORJ\�YLHZHG�DQDWRPLF�LPDJHV�
JHQHUDWHG�E\���L��5|QWJHQ�UD\�LPDJHV�DQG��LL��DOJRULWKPLFDOO\�
FRQVWUXFWHG�LPDJHV�FUHDWHG�HLWKHU�IURP�HLWKHU�GLJLWDO�PROHFXODU�
GDWD��IRU�H[DPSOH��PDJQHWLF�UHVRQDQFH�LPDJLQJ��RU�IURP�DQDORJ�
FHOOXODU� GDWD� �IRU� H[DPSOH�� XOWUDVRXQG��� 3DWKRORJ\� YLHZHG�
HQKDQFHG� �VWDLQV�� DQWLERGLHV�� HWF��� LPDJHV� RI�PROHFXODU�
FHOOXODU�PXOWLFHOOXODU�PDWHULDO� DIIL[HG� WR� VOLGHV�� &OLQLFDO�
PROHFXODU�ELRORJ\�YLHZHG�DQDORJ�IDOVH�FRORU�LPDJHV�RI�SUREH�
GHWHFWHG� JHQH� H[SUHVVLRQ� ±�ZKLFK� FRXOG� EH� FRQYHUWHG� LQWR�
numeric data, but the resulting numbers were imprecise 
EHFDXVH�RI� WKH� LPSUHFLVLRQ� LQKHUHQW� LQ� WKH� IDOVH�FRORU�GDWD��
7KHUH� DUH� VHYHUDO� LVVXHV� UHODWHG� WR� WKH� YLVXDO� GHWHFWLRQ� RI�
LPDJH�EDVHG�FOLQLFDO�LQIRUPDWLRQ��2QH�LVVXH�LV�DGGLWLYLW\��HDFK�
FOLQLFDO� GRPDLQ� SRVVHVVHV� VRPH� LQIRUPDWLRQ� WKDW� LV� QRW�
contained in the other domains (orthogonality), but there was 
no way to combine the images across the imaging domains in 
RUGHU�WR�FUHDWH�DQ�DGGLWLYH�PRGHO�RI�WKH�SDWLHQW�DQG�GLVHDVH��
$QRWKHU�LVVXH�LV�REVHUYDELOLW\��WKHUH�LV�PRUH�LQIRUPDWLRQ�LQ�
WKH�DQDORJ�GDWD� WKDQ�FDQ�EH�VHHQ�E\�DQ�REVHUYHU�� WKHUHIRUH��
IURP�D�F\EHUQHWLF�SHUVSHFWLYH��WKH�YLVXDO�DVVHVVPHQW�RI�LPDJHV�
UHVXOWV�LQ�D�ORVV�RI�LQIRUPDWLRQ��$�WKLUG�LVVXH�LV�VXEMHFWLYLW\��
WKH� YLVXDO� DVVHVVPHQW� RI� DQDORJ� GDWD� �VLJQDO� GHWHFWLRQ�� LV�
subject to high intra and inter-observer variability (error). This 
ORZHUV�SUHGLFWLYH�DFFXUDF\�IRU�WKH�WKUHH�W\SHV�RI�SUHGLFWLRQ��
QDPHO\��ULVN�SUHYHQWLRQ��GLDJQRVLV��SURJQRVLV�WUHDWPHQW��DQG��
DV� D� FRQVHTXHQFH�� GHFUHDVHV� WKH� FOLQLFDO� XWLOLW\� RI� WKH�
LQIRUPDWLRQ�[1] Fortunately, radiology, pathology, and clinical 
molecular biology data have become, or are rapidly becoming, 
digital. This means that the images will no longer be needed 
±� WKH\�ZLOO�EH� UHSODFHG�E\�FRPSXWDWLRQDO�GLJLWDO�GDWD��7KLV�
WUDQVLWLRQ�IURP�DQDORJ�WR�GLJLWDO�GDWD�SHUPLWV��IRU�WKH�¿UVW�WLPH��
WKH� FRQYHUJHQFH� RI� WKH� WKUHH� GRPDLQV��7KH� XQLRQ� RI� WKHVH�
LPDJLQJ�GRPDLQV�ZLOO� LQFUHDVH� WKH� DPRXQW�� DQG�TXDOLW\�� RI�
FOLQLFDOO\� XVHIXO� LQIRUPDWLRQ� WKURXJK� LPSURYHPHQWV� LQ�
additivity and observability, and it will reduce error through 
WKH�HOLPLQDWLRQ�RI�VXEMHFWLYLW\��:H�FDQ�HPSOR\�D�FRQFHSWXDO�
IUDPHZRUN��D�VHW�RI�YDULDEOHV�DQG�WKH�UHODWLRQV�DPRQJ�WKHP�
WKDW� DUH� WKRXJKW� WR� DFFRXQW� IRU� D� SKHQRPHQRQ�� WR� KHOS� XV�

XQGHUVWDQG��DQG�JXLGH�RXU�PRGHOLQJ�RI��GLVHDVH�[2] The body is 
a unitary, complex biological system>�@�ZKLFK�KDV�WKH�IROORZLQJ�
IUDPHZRUN�� ���� WKH� ERG\� LV� DQ� LQWHJUDWHG�� LQWHUGHSHQGHQW�
KLHUDUFKLFDO�RUJDQL]DWLRQ�WKDW�LV�FRPSRVHG�RI�V\VWHPV��HDFK�RI�
ZKLFK�VHUYHV�RQH�RU�PRUH�ELRORJLFDO�IXQFWLRQV������WKH�FRPSOHWH�
XQFRPSHQVDWHG�IDLOXUH�RI�RQH�RI�WKH�ERG\¶V�QHFHVVDU\�V\VWHPV�
UHVXOWV�LQ�WKH�ERG\¶V�IDLOXUH�±�EXW�WKH�ERG\�KDV�DOWHUQDWH�V\VWHPV�
IRU�VRPH�IXQFWLRQV�DQG�WKH\�PD\�EH�DEOH�WR�WDNH�RYHU�IRU�D�
IDLOHG�V\VWHP������WKH�ERG\�FDQ�EH�GHVFULEHG�LQ�WHUPV�RI�IRXU�
GLPHQVLRQDO��LQWHUFRQQHFWHG�OHYHOV�RI�DQDO\VLV��LQFOXGLQJ�WKH�
molecular, cellular, and multicellular levels; (4) a level is 
GH¿QHG�LQ�WHUPV�RI�LWV�XQLWV�DQG�UXOHV��WKH�DOORZHG�LQWHUDFWLRQV�
DQG�DFWLYLWLHV��DQG�WKH�OHYHO¶V�XQLWV�DQG�UXOHV�DUH�WKH�FRQVWLWXHQWV�
RI� LWV� IXQFWLRQDO� V\VWHPV� DW� WKDW� OHYHO�� ���� HDFK� OHYHO� KDV�
GLIIHUHQW� XQLWV� DQG� UXOHV�� ���� WKH� OHYHOV� DUH� LQWHUUHODWHG� D�
KLHUDUFKLFDO�PDQQHU������WLPH�LV�GLIIHUHQW�DW�GLIIHUHQW�OHYHOV��
L�H��� WKLQJV� RFFXU� DW� GLIIHUHQW� UDWHV� DW� GLIIHUHQW� OHYHOV��
IXUWKHUPRUH�� ERG\� WLPH� LV� QRW� HTXLYDOHQW� WR� OHYHO� WLPH�� ����
complex biological systems are dynamical in that their units 
are always interacting with each other in order to maintain 
KRPHRVWDVLV�� ���� LQ� WHUPV� RI� WKH� IXQFWLRQLQJ� RI� FRPSOH[�
ELRORJLFDO�V\VWHPV��WKH�LQKLELWLRQ�RI�DQ�DFWLYLW\�LV��PDQ\�WLPHV��
MXVW�DV�LPSRUWDQW�DV�WKH�H[LVWHQFH�RI�WKH�DFWLYLW\�������WKH�ERG\¶V�
ELRORJLFDO� V\VWHPV�VHOI�RUJDQL]H�EDVHG�RQ� WKHLU�FRQVWLWXWLYH�
units and rules; (11) complex biological systems have the 
ability to adapt to changes in their internal systems, their 
IXQFWLRQV��DQG�WKHLU�H[WHUQDO�HQYLURQPHQW��ZKLFK�PHDQV�WKDW�
they evolve over time; (12) complex biological systems have 
the ability to maintain themselves, protect their existence, and 
WR�OHDUQ�IURP�H[SHULHQFH��DQG������WKH�IXQFWLRQLQJ�RI�D�FRPSOH[�
biological system depends on its present state, its environment, 
DQG�LWV�IHHGEDFN�DQG�IHHGIRUZDUG�SURFHVVHV��)LQDOO\��KLJKHU�
ELRORJLFDO�DQDWRPLFDO� OHYHOV� DUH� FRQVWUXFWHG� IURP� IRXU�
GLPHQVLRQDO�PXOWLFHOOXODU� IXQFWLRQDO� XQLWV� �0)8V���0)8V�
KDYH�DW�OHDVW�WKUHH�FKDUDFWHULVWLFV������WKH\�DUH�FRPSRVHG�RI�
multiple cell types and their local environment, including the 
extracellular matrix, (2) their cells are co-dependent and spatio-
temporally interact in an organized, cooperative manner and 
���� WKH\�SHUIRUP�RQH�RU�PRUH�ELRORJLFDO� IXQFWLRQV� WKDW� DUH�
UHTXLUHG� WR�PDLQWDLQ� KRPHRVWDVLV��%LRORJLFDO� V\VWHPV� DUH�
probabilistic (statistical) rather than deterministic (causal) 
because they are loosely coupled rather than tightly coupled 
systems. Tightly coupled means that what the system does in 
WKH�IXWXUH�LV�QRW�LQÀXHQFHG�E\�ZKDW�LW�LV�FXUUHQWO\�GRLQJ��)RU�
H[DPSOH��D�VSULQJ�LV�JRYHUQHG�E\�WKH�UXOH�RI�SURSRUWLRQDOLW\�
which means that its response to a stimulus is always 
SURSRUWLRQDO�WR�WKH�VWUHQJWK�RI�WKH�VWLPXOXV��%HFDXVH�WLJKWO\�
FRXSOHG� V\VWHPV� DUH� GHWHUPLQLVWLF�� WKH\� DUH� LQIOH[LEOH��
WKHUHIRUH��ZKHQ�FRQGLWLRQV�FKDQJH�WKH\�EHFRPH�PDODGDSWHG�
DQG� G\VIXQFWLRQDO��/RRVHO\� FRXSOHG�PHDQV� WKDW� WKH� IRUFHV�
DIIHFWLQJ�WKH�SUHVHQW�VWDWH�RI�WKH�V\VWHP�FDQ�GHWHUPLQH��WR�D�
JUHDWHU� RU� OHVVHU� GHJUHH�� WKH� IXWXUH� VWDWH� RI� WKH� V\VWHP��
%LRORJLFDO�V\VWHPV�DUH�ORRVHO\�FRXSOHG�SUREDELOLVWLF�V\VWHPV�
WKDW�FDQ�DGDSW�WR�FKDQJHV�LQ�WKHPVHOYHV��WKHLU�IXQFWLRQV��DQG�
their environment. For example, in physics, Newton and 
Einstein created deterministic systems whereas quantum 
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PHFKDQLFV� �D� W\SH�RI� VWDWLVWLFV�� LV� SUREDELOLVWLF�[4] Complex 
biological systems are loosely coupled to the extent that they 
do not jeopardize their existence. A deterministic system does 
QRW�DOORZ�IRU�FKRLFH��WKHUH�LV�RQO\�RQH�RXWFRPH��VR�WKHUH�LV�QR�
uncertainty. A probabilistic system always has choice, there is 
always has more than one possible outcome, so it is inherently 
XQFHUWDLQ�� 6LQFH� LQIRUPDWLRQ� LV� DQ\WKLQJ� WKDW� UHGXFHV�
uncertainty[5] (uncertainty is mathematically equivalent to 
%ROW]PDQQ�HQWURS\��WKHUH�LV�QR�LQIRUPDWLRQ�LQ�D�GHWHUPLQLVWLF�
V\VWHP��7KH�DPRXQW�RI�LQIRUPDWLRQ�LQ�D�SUREDELOLVWLF�V\VWHP�
LV� D� IXQFWLRQ� RI� LWV� DELOLW\� WR� UHGXFH� XQFHUWDLQW\��:H� DUH�
LQWHUHVWHG�LQ�WKH�XQFHUWDLQW\�UHODWHG�WR�WKH�DFFXUDF\�RI�RXU�ULVN��
GLDJQRVLV��DQG�WUHDWPHQW�SUHGLFWLRQV��)RU�H[DPSOH��D�SDWLHQW¶V�
ELRPDUNHU� LV� LQIRUPDWLYH� LI� NQRZLQJ� LWV� QXPHULFDO� YDOXH�
UHGXFHV�RXU�XQFHUWDLQW\�UHJDUGLQJ�WKH�SDWLHQW¶V�RXWFRPH��H�J���
SURJQRVLV���2QFH�ZH�KDYH�D�IUDPHZRUN�IRU�FRPSOH[�ELRORJLFDO�
systems, we can begin to understand non-traumatic disease. 
7KH�KRPHRVWDWLF�SULQFLSOH�LV�QHFHVVDU\��EXW�QRW�VXI¿FLHQW��IRU�
WKH�QRUPDO�IXQFWLRQLQJ�RI�D�ELRORJLFDO�V\VWHP��$Q�LPSRUWDQW�
homeostatic mechanism is deviation reduction (negative 
IHHGEDFN��±�ZKLFK�PDLQWDLQV�WKH�V\VWHP¶V�QRUPDO�IXQFWLRQLQJ��
'LVHDVH� LV� D� ELRORJLFDO� V\VWHP� WKDW� YLRODWHV� WKH� ERG\¶V�
KRPHRVWDWLF�SULQFLSOH�WKURXJK�WKH�XVH�RI�GHYLDWLRQ�DPSOL¿FDWLRQ�
�SRVLWLYH�IHHGEDFN��±�LW�LV�WKLV�GHYLDWLRQ�DPSOL¿FDWLRQ�DZD\�
IURP�KRPHRVWDVLV�WKDW�DOORZV�WKH�GLVHDVH�WR�FDXVH�WKH�ERG\¶V�
IDLOXUH��'LVHDVH�KDV�PDQ\�RI�WKH�FKDUDFWHULVWLFV�RI�D�FKDRWLF�
V\VWHP��&KDRWLF�V\VWHPV�DUH�D�VSHFLDO�FODVV�RI�ORRVHO\�FRXSOHG�
V\VWHPV�WKDW�HPSOR\�GHYLDWLRQ�DPSOL¿FDWLRQ�SURFHVVHV��,Q�VRPH�
situations, the body is able to contain the disease but, in other 
VLWXDWLRQV��WKH�GLVHDVH�WDNHV�FRQWURO�RI�WKH�ERG\�DQG�GHVWUR\V�
it. Our job is to help the body regain homeostasis through 
WUDXPDWLF�LQWHUYHQWLRQV��IRU�H[DPSOH��VXUJHU\��DQG�RU�WKURXJK�
PROHFXODU� LQWHUYHQWLRQV�� IRU� H[DPSOH�� PHGLFDWLRQV�� 7R�
DFFRPSOLVK�WKLV�WDVN��ZH�PXVW�DWWHQG�WR�6LU�:LOOLDP�2VOHU�ZKR�
VDLG��³0HGLFLQH� LV� WKH�VFLHQFH�RI�XQFHUWDLQW\�DQG� WKH�DUW�RI�
SUREDELOLW\´�±�LQ�RWKHU�ZRUGV��RXU�JRDO�LV�WR�UHGXFH�XQFHUWDLQW\�
by creating statistical (probabilistic) models which integrate 
PXOWLOHYHO�ELRORJLFDO�LQIRUPDWLRQ�LQ�RUGHU�WR�FUHDWH�DFFXUDWH�
GLVHDVH�UHSUHVHQWDWLRQV�ZKLFK�KHOS�XV�XQGHUVWDQG�DQG�GHIHDW�
WKH� GLVHDVH�� ,W�PLJKW� EH� WKRXJKW� WKDW� WKH� FRQYHUJHQFH� RI�
radiology, pathology, and clinical molecular biology is about 
WKH�FROODSVLQJ�RI�WKUHH�OHYHOV�RI�DQDO\VLV�UHODWHG�WR�DQDWRPLF�
VFDOH�±�IURP�ODUJHU�WR�VPDOOHU�VFDOH��%XW�RXU�OHYHOV�RI�DQDO\VLV�
are not related to scale, rather, they are the hierarchical levels 
related to the molecular, cellular, and multicellular systems 
DQG�VXEV\VWHPV��7KHVH�V\VWHPV�DQG�VXEV\VWHPV�DUH�IDQWDVWLFDOO\�
complex. Even the smallest subsystems are extremely 
FRPSOLFDWHG��IRU�H[DPSOH��UHVHDUFKHUV�DUH�MXVW�EHJLQQLQJ�WR�WU\�
to model a single signal transduction pathway using 
supercomputers.>�@ Modeling every system in the body is 
FXUUHQWO\� QRW� SRVVLEOH�� VR�ZKDW� LV� WKH� SRLQW� RI� FRPELQLQJ�
RUWKRJRQDO�ELRORJLFDO�LQIRUPDWLRQ"�7KH�DQVZHU�LV�WKDW�ZH�DUH�
QRW� JRLQJ� WR�PRGHO� DOO� WKH�ZRUNLQJV� RI� QRUPDO� ELRORJLFDO�
systems, rather, we are going to model deviant biological 
V\VWHPV��GLVHDVH��±�ZH�DUH�JRLQJ�HQWHU�WKH�GLVHDVH�UHODWHG�GDWD�
into a statistical algorithm, let the statistical method learn the 

UHOHYDQW�IRU�WKH�GLVHDVH� UHODWLRQVKLSV� �UDWKHU� WKDQ� DOO�
permissible biological system relationships), create a trained 
model that accurately represents the disease, and use that model 
RI�WKH�GLVHDVH�WR�SURYLGH�DFFXUDWH�SUREDELOLW\�HVWLPDWHV�UHODWHG�
WR� GLVHDVH� IRU� ULVN�SUHYHQWLRQ�� GLDJQRVLV�� DQG� SURJQRVLV�
treatment. In other words, we do not need to know all the 
DVSHFWV�RI�D�V\VWHP�LQ�RUGHU�WR�PRGHO�WKRVH�DVSHFWV�UHODWHG�WR�
the disease and to use that model to improve the quality and 
VDIHW\� RI� SDWLHQW� FDUH��5DGLRORJ\�� SDWKRORJ\�� DQG� FOLQLFDO�
molecular biology provide the digital molecular, cellular, 
multicellular data we need to create our disease models. 
5DGLRPLFV� LV� UDGLRJUDSKLF� GLJLWDO� GDWD� DW� WKH�PROHFXODU��
cellular, multicellular levels.>�@�1RQ�5|QWJHQ�UD\�UDGLRORJ\�LV�
noninvasive and some modalities, such as magnetic resonance 
imaging, are inherently digital and they can operate at the 
molecular, cellular, multicellular levels. Pathomics, which is 
LQYDVLYH��LV�WKH�XVH�RI�VWDWLVWLFDO�DOJRULWKPV�WR�GLJLWL]H�DQG�OHDUQ�
NH\� IHDWXUHV� RI� SDWKRORJ\� LPDJHV� DQG� LW� FDQ�RSHUDWH� DW� WKH�
molecular, cellular, multicellular levels.[8] Proteogenomics, 
ZKLFK� LV� DOVR� LQYDVLYH�� LV� WKH� DFTXLVLWLRQ�RI�GLVHDVH�UHODWHG�
GLJLWDO�JHQH�DQG�SURWHLQ�LQIRUPDWLRQ�DQG��RI�FRXUVH��LW�RSHUDWHV�
at the molecular, cellular, multicellular levels.[9]�5DGLRPLF��
pathomics, and proteogenomic digital data can be combined 
with other digital data, including physiologic and laboratory 
GDWD��WR�FUHDWH�DQ�RSWLPDO�VWDWLVWLFDO�PRGHO�RI�WKH�GLVHDVH��7KH�
UHVXOWLQJ�WUDLQHG�PRGHO�DFWV�DV�D�VXUURJDWH�IRU�WKH�GLVHDVH��WR�
WKH�H[WHQW�WKDW�WKH�PRGHO�LV�DQ�DFFXUDWH�UHSUHVHQWDWLRQ�RI�WKH�
GLVHDVH��LW�FDQ�LQIRUP�XV�UHJDUGLQJ�WKH�GLVHDVH¶V�QDWXUDO�FRXUVH�
and it can tell us which treatment to select to slow or truncate 
WKH�GLVHDVH¶V�SURJUHVVLRQ��,Q�RUGHU�WR�VHOHFW�WKH�EHVW�VWDWLVWLFDO�
PHWKRG�WR�PRGHO�WKH�GLVHDVH�ZH�QHHG�WR�IRUPDOO\�XQGHUVWDQG�
complex biological systems. One way to do so is through 
QHWZRUN� WKHRU\�� L�H��� QRGHV� �IXQFWLRQDO� XQLWV�� DQG� WKHLU�
connections (the relationships and interactions between nodes). 
%LRORJLFDO�V\VWHPV�FDQ�EH�UHSUHVHQWHG�DV�D�PXOWLSOH[�QHWZRUN��
L�H���WKH�XQLWV�DW�GLIIHUHQW�OHYHOV�DUH�QRW�VHSDUDWH�HQWLWLHV��ZKLFK�
means that the data cannot be compressed into a single level 
model or represented as an aggregated model. Furthermore, 
we are modeling a dynamical rather than structural network, 
WKHUHIRUH��D�OHYHO¶V�XQLWV�LQWHUDFW�ZLWK�HDFK�RWKHU�DQG�WKH\�DUH�
FRQVWLWXWLYH�ZLWKLQ�DQG�DFURVV�OHYHOV��WKH�HIIHFWV�RI�RQH�OHYHO�
SDVV� WKURXJK� IURP�RQH� OHYHO� WR� DQRWKHU��� DQG� WKH\� FDQ� EH�
codependent.[10]�)XUWKHUPRUH��ZH�KDYH�WR�EH�DZDUH�RI�PXOWLOHYHO�
LQIRUPDWLRQ�UHGXQGDQF\��L�H���WKDW�WKH�VDPH�LQIRUPDWLRQ�FDQ�EH�
shared across levels.[11]�)LQDOO\��ZH�ZRXOG�OLNH�WR�XVH�DV�IHZ�
levels as possible to explain the phenomenon because the more 
levels there are the sparser the representation. These network 
FKDUDFWHULVWLFV� RI� ELRORJLFDO� V\VWHPV� KDYH� LPSRUWDQW�
LPSOLFDWLRQV� IRU� WKH� FRQYHUJHQFH�RI�PXOWLOHYHO�GLJLWDO� GDWD��
One implication is that the statistical method must be able to 
deal with multilevel, interactional data. Another is that the 
PHWKRG�PXVW�EH�DEOH�WR�OHDUQ�IURP�WKH�GDWD��)LQDOO\��WKH�PHWKRG�
VKRXOG�PDNH� IHZ�� LI� DQ\�� SDUDPHWULF� DVVXPSWLRQV��:KDW� LV�
UHTXLUHG�LV�D�XQLYHUVDO�FODVVL¿HU��RQH�WKDW�FDQ�OHDUQ�PXOWLOHYHO�
dynamical data, including capturing the nonlinearities and 
interactions, and that will converge on the correct solution 
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ZKLFK��LQ�WKLV�FDVH��LV�WKH�FUHDWLRQ�RI�DQ�DFFXUDWH�PRGHO�RI�WKH�
GLVHDVH��)RUWXQDWHO\��WKHUH�LV�VXFK�D�XQLYHUVDO�FODVVL¿HU��QDPHO\��
the neural network.[12] A three-layer backpropagation neural 
QHWZRUN�ZLWK�DQ�DUELWUDULO\�ODUJH�QXPEHU�RI�VLJPRLGDO�KLGGHQ�
OD\HU�XQLWV�FDQ�¿W�DQ\�UHDO�FRQWLQXRXV�IXQFWLRQ�DQG��JLYHQ�WKDW�
WKH�VROXWLRQ�LV�LQ�WKH�GDWD�DQG�WKDW�WKHUH�LV�VXI¿FLHQW�GDWD��LW�
ZLOO�¿QG�WKH�FRUUHFW�VROXWLRQ�>��@ The discriminative accuracy 
RI�WKH�WUDLQHG�QHXUDO�QHWZRUN�LV�D�IXQFWLRQ�RI�KRZ�ZHOO�LW�PRGHOV�
the disease and it is measured by the receiver operating 
FKDUDFWHULVWLF��52&��[14]�7R�EH�FOLQLFDOO\�XVHIXO�D�PRGHO¶V�52&�
VKRXOG�EH�DW�OHDVW���������2XU�UHPDLQLQJ�WDVN�LV�WR�FUHDWH�FOLQLFDO�
GHFLVLRQ� VXSSRUW� V\VWHPV� �&'66�� WKDW�� ���� IXQFWLRQ� LQ� WKH�
SUHGLFWLRQ� GRPDLQV� RI� ULVN�SUHYHQWLRQ�� GLDJQRVLV�� DQG�
SURJQRVLV�WUHDWPHQW������FRQWDLQ�SRZHUIXO�QHXUDO�QHWZRUNV�WKDW�
XVH�WKH�SDWLHQW¶V�GLJLWDO�GDWD�WR�PDNH�DFFXUDWH�LQGLYLGXDOL]HG�
patient predictions and that learn in order to improve their 
SHUIRUPDQFH�RYHU� WLPH��DQG�����HIIHFWLYHO\�FRPPXQLFDWH� WR�
the clinician and patient in real time the individual patient 
FOLQLFDO�LQIRUPDWLRQ�DQG�SUHGLFWLRQV�UHTXLUHG�IRU�EHWWHU�VKDUHG�
decision-making and optimal treatment. In summary, the 
WUDQVIRUPDWLRQ�RI�WKH�FOLQLFDO�GRPDLQV�RI�UDGLRORJ\��SDWKRORJ\��
DQG�FOLQLFDO�PROHFXODU�ELRORJ\�IURP�DQDORJ�WR�GLJLWDO�GDWD��DQG�
WKH� LQWHJUDWLRQ� RI� WKHLU� GLJLWDO� GDWD� LQ� SRZHUIXO� VWDWLVWLFDO�
PRGHOV��ZLOO�FUHDWH�LQIRUPDWLRQ�V\QHUJLHV�WKDW�ZLOO� LPSURYH�
ULVN�HVWLPDWLRQ��GLDJQRVWLF�FHUWDLQW\��WUHDWPHQW�HIIHFWLYHQHVV��
and clinical outcomes. This advance will improve the quality 
DQG�VDIHW\�RI�SDWLHQW�FDUH�
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Abstract

Background:�7KH�DFFXUDWH�LGHQWL¿FDWLRQ�RI�SURVWDWH�FDQFHU�
SDWLHQWV�ZLWK� SURVWDWH� VSHFL¿F� DQWLJHQ� �36$�� ELRFKHPLFDO�
UHFXUUHQFH��%&5��DIWHU�UDGLFDO�SURVWDWHFWRP\�LV�XQVROYHG�LQ�
RQFRORJ\��:H�SUHVHQW� D� VHW� RI� SURJQRVWLF� ELYDULDWH�PRGHOV�
discovered by a novel graph-based method integrating tissue 
SKHQRPLFV�GDWD�IURP�LPPXQRKLVWRFKHPLVWU\��,+&��DQG�P51$�
EDVHG�JHQH�H[SUHVVLRQ�SUR¿OLQJ��Methods: Automated image 
DQDO\VLV�DQG�FR�UHJLVWUDWLRQ�GHWHUPLQHG�VSDWLDO�SURSHUWLHV�RI�
cell populations detected in consecutive tissue sections stained 
IRU�&'��&'���&'���&'�����&.���S���DQG�&'����'H¿QLHQV�
7LVVXH� 3KHQRPLFV��0XQLFK��� )RU� HDFK� RI� WKH� ��� SDWLHQWV�
�*OHDVRQ�VFRUH������S7���DJH� ���\HDUV���WKH�UHVXOWLQJ�WLVVXH�
SKHQRPLFV�IHDWXUH�YHFWRU�ZDV�H[SDQGHG�ZLWK�JHQH�H[SUHVVLRQ�
PHDVXUHPHQWV��Q&RXQWHU�3DQ&DQFHU�,PPXQH�3UR¿OLQJ�3DQHO��
1DQR6WULQJ�7HFKQRORJLHV�� 6HDWWOH�� IURP� WKH� VDPH� WLVVXH�
sample. A minimal spanning tree was constructed based 
RQ�JUDSK�QRGHV� UHSUHVHQWLQJ�XQLYDULDWH� SURJQRVWLF� IHDWXUHV�
E\� DGGLQJ� HGJHV� UHSUHVHQWLQJ�ELYDULDWH�SURJQRVWLF� IHDWXUHV��
5HVXOWV��7KH�HGJHV�RI�WKH�SURJQRVWLF�QHWZRUN�OLQNLQJ�,+&�ZLWK�
JHQH�H[SUHVVLRQ�IHDWXUHV�FRPSULVH������D�ODUJH�GLVWDQFH�IURP�
&'�����WR�&'��&'���FHOOV�DQG�ORZ�0$*(&��H[SUHVVLRQ�
LQGLFDWHV�ORZ�%&5�ULVN��DQG�����D�VPDOO�GLVWDQFH�IURP�&'����WR�
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