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History of the Semantic Web 
•  Web was “invented” by Tim Berners-Lee (amongst others) 
•   TBL’s original vision of the Web was much more ambitious than the 

reality of the existing (syntactic) Web: 

•  TBL (and others) have since been working towards realising this vision, 
which has become known as the Semantic Web 
•  E.g., article in May 2001 issue of Scientific American… 

“... a goal of the Web was that, if the interaction between 
person and hypertext could be so intuitive that the 
machine-readable information space gave an accurate 
representation of the state of people's thoughts, 
interactions, and work patterns, then machine analysis 
could become a very powerful management tool, seeing 
patterns in our work and facilitating our working together 
through the typical problems which beset the management 
of large organizations.” 

Credit: Ian Horrocks and Alan Rector 
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Search by Search Engines 

 
Find the protein  

and the animo-acids  
information for gene “cdk-4" 

 



The Answer is Here 
• The Hidden Web: 

• Hidden behind 
forms 
• Hard to query 
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What is the Problem? 
Consider a typical web page: 

Markup consists of:  
–  rendering 

information (e.g., 
font size and 
color) 

–  Hyper-links to 
related content 

Semantic content is 
accessible to 
humans but not 
(easily) to 
computers… 

Credit: Ian Horrocks and Alan Rector 



What information can we see… 
WWW2002 
The eleventh international world wide web conference 
Sheraton waikiki hotel 
Honolulu, hawaii, USA 
7-11 may 2002 
1 location 5 days learn interact 
Registered participants coming from 
australia, canada, chile denmark, france, germany, ghana, hong kong, india, 

ireland, italy, japan, malta, new zealand, the netherlands, norway, 
singapore, switzerland, the united kingdom, the united states, vietnam, 
zaire 

Register now 
On the 7th May Honolulu will provide the backdrop of the eleventh 

international world wide web conference. This prestigious event … 
Speakers confirmed 
Tim berners-lee   
Tim is the well known inventor of the Web, … 
Ian Foster 
Ian is the pioneer of the Grid, the next generation internet … 
 
 

Credit: Ian Horrocks and Alan Rector 



What information can a machine see… 

Credit: Ian Horrocks and Alan Rector 



Need to Add “Semantics” 
•  Semantic annotation with respect to a domain ontology 
•  Ontology is the philosophical study of the nature of being, 

existence or reality in general, as well as the basic categories of 
being and their relations 

•  In computer science and information science, an ontology is 
a formal representation of the knowledge: 

•  concepts within a domain  
•  the relationships between these concepts  
•  constraints 

•  It is used to  
•  describe the domain 
•  reason about the properties of that domain 
•  consistency checking 



Clinical Informatics using Ontologies 
• Big and Complex Data: large-scale deployment of 
Electronic Health Record (EHR) 

• Highly diverse 
• New opportunities of secondary use of EHR for 
clinical and translational studies 

•  Interoperability of EHR data, clinical knowledge, 
and application in healthcare IT  

• Ontologies and semantic web technologies offer 
potential solutions 
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The SHARP 
• Strategic Health IT Advanced Research Projects (SHARP) 
•  The Office of the National Coordinator for Health 

Information Technology (ONC) is supporting innovative 
research to address well-documented problems that 
impede the adoption of health IT 

•  4 projects; $15m each 
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Outline 
• Semantic Web representation of EHR data 

•  Model representation 
•  Instance representation 
•  Semantic reasoning 

• Phenotyping application 
•  Temporal Relation Modeling, Extraction, and Reasoning 
（TIMER) 
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EHR Data Representation 
3/25/14 

Tao C, et al.  Toward semantic web based 
knowledge representation and extraction from 
electronic health records.  CIKM 2011 

 



Standard Model Representation & 
Ontology Normalization 
•  Terminology model: 

•  Represent domain knowledge 
•  SNOMED CT, LOINC, RxNorm, etc 
•  Labetalol is an anti-hypertension drug 

•  Information model: 
•  Provides a consistent architecture for representing healthcare and 

clinical application-specific concepts in EHR systems 
•  Clinical Element Model （CEM) 
•  Blood pressure measurements:  

•  Systolic and diastolic blood pressure measurements 
•  Device 
•  Position 
•  Inpatient/outpatient 
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Clinical Element Model (CEM) 
•  Information model used in SHARPn (Strategic Health IT Advanced 

Research Projects - Secondary Use of EHR Data) 
•  Ensure semantic interoperability for: 

•  Data representation 
•  Data interpretation 
•  Data exchange within and across heterogeneous sources and 

applications 
•  Represented in CEML/CDL (Constraint Definition Language) 

•  Define syntax and grammar 
•  Not semantics 
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CEM-OWL 
• Explicit and formal semantic representation 
• Web Ontology Language (OWL) :  

• Define relationships 
• Define classes 
• Define constraints 

• Consistency checking 
•  Link to other domain terminologies 
• Semantic reasoning 
• Directly using semantic web tools 
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Layer1:meta-ontology 

Layer3:patient instances 

Joe Doe’s record Jean Doe’s 
record 

Joe Doe’s record 
RDF Triple Store 

Layer2: detailed clinical element models 

Tao C, et al, A Semantic-
Web Oriented 
Representation of the 
Clinical Element Model for 
Secondary Use of EHR 
Data, JAMIA. 2012  



Semantic Reasoning 
• Consistency checking 

•  Cardinality constraints 
•  Data types 
•  Property allowed domains and ranges 
•  Permissible values in value sets 

• Classification and reasoning 



Consistency Checking 



Consistency Checking 



Consistency Checking 



Automatic Classification 
Semantic Definition of Normal DBP Data 

Two DBP Measurements 



Outline 
• Semantic Web representation of EHR data 

•  Model representation 
•  Instance representation 
•  Semantic Reasoning 

• Phenotyping application 
•  Temporal Relation Modeling, Extraction, and 

Reasoning (TIMER) 
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Electronic health records (EHRs) 
driven phenotyping 

• Overarching goal 
•  To develop automated techniques and algorithms that 

operate on normalized EHR data to identify cohorts of 
potentially eligible subjects on the basis of disease, 
symptoms, or related findings 

• National Quality Forum (NQF) 
• More than 600 meaningful use quality measures 
• Quality Data Model (QDM) 

• A structure and grammar to represent quality measures 
in a standardized format  

• XML-based 
• Not executable 

 
 





Phenotype Use Case Example 

Has two outpatient (if possible) measurements of Systolic 
blood pressure>140 or Diastolic blood pressure > 90 at 
least one month after taking antihypertensive drugs. 

 
 

3/25/14 

Resistant Hypertension Phenotyping Algorithm 

Patient was put on Labetalol 100mg starting from March 1st. 
 
Follow-up BP in 5 weeks: SBP=156, DBP=110 
 
Today’s BP measurements: SBP=148, DBP=112 (note date: May 1) 

Sample Patient Data 



Extract and Represent Clinical Elements 
& Constraints 
Has two outpatient (if possible) measurements of Systolic 

blood pressure>140 or Diastolic blood pressure > 90 at 
least one month after taking antihypertensive drugs. 
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Patient was put on Labetalol 100mg starting from March 1st. 
 
Follow-up BP in 5 weeks: SBP=156, DBP=110 
 
Today’s BP measurements: SBP=148, DBP=112 (note date: May 1) 

Resistant Hypertension Phenotyping Algorithm 

Sample Patient Data 



Example: Diabetes & Lipid Mgmt. - I 

Human readable HTML 

Example: Diabetes & Lipid Mgmt. - I 



Phenotyping Application 
• Make the measures executable on normalized EHR! 
• RDF representation of normalized EHR data 

• Demographic information, laboratory records, 
medication history, diagnosis, encounters, and symptom 
descriptions  

• RDF triple store 
• Modeled by CEM-OWL 

• SWRL/DL representation of the NQF measures 
• UIMA-based QDM parser 
• QDM2DL API 



SHARPn 

Normalized EHR 

EHR 

CEM 

OWL 

Triple Store 

Rules 

Phenotype 
Algorithm 

QDM Parser 

Shen F, Li D, Liu H, Pathak J, Chute 
CG, Tao C. A SWRL Implementation 
of NQF Measures for Querying 
Electronic Healthcare Records in 
RDF Triples. Submitted to AMIA-
CRI, 2013  

QDM2DL 







NQF Human Readable Statement 



Rule Representation 



Outline 
• Semantic Web representation of EHR data 

•  Model representation 
•  Instance representation 
•  Semantic Reasoning 

• Phenotyping application 
•  Temporal Relation Modeling, Extraction, and Reasoning 

(TIMER) 
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Introduction 
•  Time is essential in clinical research 

•  Uncover temporal pattern  
• Disease level 
• Patient level 

•  Explain past events 
•  Predict future events 

•  Challenges 
•  Vast amount of data  
•  Data embedded in narratives 
•  Many temporal relations are not explicitly stated in the 

clinical narratives, but rather needs to be inferred 

 



Temporal Relation Reasoning 
(Example) 

 
 
 

•  Patient’s INR value is below normal 
(Event 1) today. (note date: 01/26/07) 

•  He has had the chills and body aches 
(Event 2) before the abnormal test. 
(Event 3)” (note date: 01/26/07) 

•  On Jan. 30, 2007, patient started 
Coumadin dosing plan of 1.0 mg 
(Event 4).(note date: 02/09/07) 

•  Question: “did the patient experience 
body aches before he started the 
Coumadin dosing plan?” 



Temporal Relation Reasoning 
(Example) 

Event1 = Event3 
 
 
 

•  Patient’s INR value is below normal 
(Event 1) today. (note date: 01/26/07) 

•  He has had the chills and body aches 
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(Event 3)” (note date: 01/26/07) 

•  On Jan. 30, 2007, patient started 
Coumadin dosing plan of 1.0 mg 
(Event 4).(note date: 02/09/07) 

•  Question: “did the patient experience 
body aches before he started the 
Coumadin dosing plan?” 



Temporal Relation Reasoning 
(Example) 

Event1 = Event3 
+  
Event2 before Event3 
à 
Event2 before Event1 
 
 
 

•  Patient’s INR value is below normal 
(Event 1) today. (note date: 01/26/07) 

•  He has had the chills and body aches 
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•  On Jan. 30, 2007, patient started 
Coumadin dosing plan of 1.0 mg 
(Event 4).(note date: 02/09/07) 
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Temporal Relation Reasoning 
(Example) 

Event1 = Event3 
+  
Event2 before Event3 
à 
Event2 before Event1 
 
Event1 01/26/07 + 
Event4 01/30/07 
à 
Event1 before Event4 
 
 

•  Patient’s INR value is below normal 
(Event 1) today. (note date: 01/26/07) 

•  He has had the chills and body aches 
(Event 2) before the abnormal test. 
(Event 3)” (note date: 01/26/07) 

•  On Jan. 30, 2007, patient started 
Coumadin dosing plan of 1.0 mg 
(Event 4).(note date: 02/09/07) 

•  Question: “did the patient experience 
body aches before he started the 
Coumadin dosing plan?” 



Temporal Relation Reasoning 
(Example) 

Event1 = Event3 
+  
Event2 before Event3 
à 
Event2 before Event1 
 
Event1 01/26/07 + 
Event4 01/30/07 
à 
Event1 before Event4 
 
Event2 before Event4 
 
 

•  Patient’s INR value is below normal 
(Event 1) today. (note date: 01/26/07) 

•  He has had the chills and body aches 
(Event 2) before the abnormal test. 
(Event 3)” (note date: 01/26/07) 

•  On Jan. 30, 2007, patient started 
Coumadin dosing plan of 1.0 mg 
(Event 4).(note date: 02/09/07) 

•  Question: “did the patient experience 
body aches before he started the 
Coumadin dosing plan?” 



Structured 
Data source 

Unstructured 
Data source 

Clinical 
Event on 
Timeline 

LNC 1556-0: 
140 mg/dl  
06-12-2012 

Fasting glucose test last 
week was 140. Two days 
after the test, patient 
experienced nausea. (note 
date: June 18) 

06-12-2012 06-14-2012 

Coreferenece 

Temporal Reasoning Example 



TIMER (Temporal Information Modeling, 
Extraction, & Reasoning) 

Modeling CNTRO 

Extraction 

EHR 
Data 

Reasoning 

Normalized 
data in a RDF 
Triple Store 

TIMER API 

1: Semantic Representation 
2: Annotation Schema 
3: Knowledge Base 

1

2 

3 



CNTRO  
Clinical Narrative Temporal Relation Ontology 

Available at BioPortal  

Tao C, et al.  CNTRO: A Semantic Web 
Ontology for Temporal Relation Inferencing in 
Clinical Narratives.  AMIA. 2010 
 
Tao C, et al..  CNTRO 2.0: A Harmonized 
Semantic Web Ontology for Temporal 
Relation Inferencing in Clinical Narratives.  
AMIA-CRI. 2011 
 
 
 
 



Semantator: Information Extraction & 
Semantic Annotation 

Song D, Chute CG, Tao C. Semantator: 
annotating clinical narratives with 
semantic web ontologies.  AMIA-CRI. 
2012 
 
Tao C, et al. Semantic Annotator for 
Converting Biomedical Text to Linked 
Data, submitted to Journal of 
Biomedical Informatics 
 
 
 



Information Extraction & Semantic Annotation 
Semantator:  
• A GUI for users to browse, query, & edit annotated 
results in the original context 

• Manual annotation 
• Semi-automatic annotation 
• Reasoning: consistency checking 
•  Inter-annotator agreements 
http://informatics.mayo.edu/CNTRO/index.php/

Semantator 
 



Temporal Relation Reasoning 
•  Temporal Representation Normalization 
• OWL DL Reasoning 
• SWRL-based Reasoning 
 

Tao C, et al.  Time-Oriented Question 
Answering from Clinical Narratives Using 
Semantic-Web Techniques, ISWC 2010 



Implementation Status 
•  findEvent(searchText)  

•  returns a list of events that match the searching 
criteria.  

• GetEventFeature(event, featureflag) 
•  returns a specific time feature for a given event. 
• Sample query:  

• When was the patient diagnosed with 
diabetes?  

• When did the patient start his chemotherapy? 



Implementation Status 
• getDurantionBetweenEvents(event1, event2)  

•  returns the time interval between two events. 
• Sample query: How long after the patient was 

diagnosed colon cancer did he start the 
chemotherapy? 

• getDuration(event)  
•  returns the duration of a given event.  
• Sample query: How long did the symptoms of 

rectal bleeding last? 



Implementation Status 
• getTemporalRelationType(event1, event2)  

•  returns the temporal relations between two 
events if it can be retrieved or inferred.  

• Sample query: Was the CT scan after the 
colonoscopy? 

• getTemporalRelationType(event1, time)  
•  returns the temporal relations between an event 

and a specific time if it can be inferred or 
retrieved. 

• Sample query: Is there any behavior change 
within a week of the test? 



Implementation Status 
sortEventsByTemporalRelationsOrTimeline(events)  

•  returns the order (timeline) of a set of events.  
• sample query:  

• What is the tumor status timeline as indicated 
in the patient’s radiology note?  

• What is the treatment timeline as recorded in 
oncology notes? 

• When was the first colonoscopy done? 
• When was the most recent glucose test? 



TIMER Application 
 
•  Late stent thrombosis (LST) adverse event  
• Complaint files from Manufacturer and User Facility 

Device Experience (MAUDE) database  
• Detect potential temporal patterns within complaint files of 

similar adverse events  

Clark KK, Sharma DK, Chute CG, Tao C. Application of a 
temporal reasoning framework tool in analysis of medical device 
adverse events.  AMIA 2011 
 
Clark KK, Sharma D, Qin R, Chute CG and Tao C. Ontology-
based temporal analysis for medical device adverse event— a 
use case study on Late Stent Thrombosis.  SWAT4LS 2013 
 



Visualization: Connect with LifeFlow 

Tao C, Wongsuphasawat K, Plaisant C, Shneiderman B, et al.  Towards event sequence 
representation, reasoning and visualization for EHR data.  IHI'12 - Proceedings of the 2nd 
ACM SIGHIT IHI. 2012 



TIMER Application 
MAUDE Database 

Confirmed Late Stent 
Thrombosis Reports 

230 Reports 

CNTRO Reasoning 

System-generated 
answers Compare 

Human Expert 

Human-generated 
answers (gold 

standard) 

Temporal Questions Temporal Questions 

   Evaluation Results: 
•  Timeline: 87.4% 
•  Duration calculation: 89% 

 



TIMER Application: Temporal Pattern 

Event sequence pattern matches previously identified 
common temporal patterns within LST AEs.  
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TIMER Application: Statistical Analysis 

•  Consistent with 
other relevant 
studies 

•  Guidance on 
Antiplatelet 
Therapy After 
Stenting is 12 
months 

•  Early 
discontinuation 
could associate 
with significantly 
higher rates of LST 
  

3/25/14 

706050403020100

100

80

60

40

20

0

Time to LST (months)

Pe
rc

en
t

13.5484 7 14
22.7209 20 15

Mean Median IQ R
Table of Statistics

1
2

Recommend
Therapy -

Duration of

Survival Plot for Time to LST in LST Complaints

Censoring Column in Censoring
Kaplan-Meier Method

Survival	
  analysis	
  of	
  shorter	
  duration	
  of	
  antiplatelet	
  therapy	
  (group	
  1)	
  and	
  longer	
  
duration	
  of	
  antiplatelet	
  therapy	
  (group	
  2)	
  in	
  late	
  stent	
  thrombosis	
  complaints 



Summary 
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• Ontologies and semantic web technologies can 
provide a viable and interoperable solution for  

• Modeling of clinical data  
• Conducting scalable querying over the data 
•  Inferring new knowledge  

• Supports clinical and translational research 
• Decision support 
• Phenotyping 
• Biomedical data network analysis 

 




