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 Since the early 1900s physicians have followed the teachings of the famed clinician, 
W. Osler, to study and learn from their patients and from the medical records of their 
patients, in order to improve their knowledge of diseases. In the 2000s, as in the 
1900s, physicians continue to initiate this learning process by taking a history of the 
patient’s medical problems, performing a physical examination of the patient, and 
then recording the history and physical examination fi ndings in the patient’s medi-
cal record. To confi rm a preliminary diagnosis and to rule-out other possible diag-
noses, physicians refer the patients for selected tests and procedures that usually 
involve the clinical laboratory, radiology, and other clinical-support services. After 
reviewing the information received from these services, physicians usually arrive at 
a more certain diagnosis, and then prescribe appropriate treatment. For an unusual 
or a complex medical problem, physicians may refer the patient to appropriate clini-
cal specialists, and may also review evidence-based reports of appropriate therapies 
by consulting relevant medical literature and bibliographic databases. 

    2.1   The Origins of Medical Databases 

 Lindberg  (  1979  )  described the degrees of diffi culty in the development of medical 
innovations in the grades of their complexity: (1) the easiest was the automation of 
a simple function such as providing a patient’s billing for services; (2) more diffi cult 
was the automation of a more complex function such as collecting and storing a 
patient’s medical history; (3) very diffi cult was constructing a very complex func-
tion such as a medical database; and (4) the most diffi cult was developing the highly 
complex medical information and database-management system for a hospital, as 
Starr  (  1982  )  had aptly ranked the hospital to be the most complex organizational 
structure created by man. 

  Databases  were defi ned by Frawley et al.  (  1992  )  as logically integrated collec-
tions of data in one or more computer fi les, and organized to facilitate the effi cient 
storage, change, query, and retrieval of contained relevant information to meet the 
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needs of its users. Frawley estimated that the amount of information generated in 
the world doubled every 20 months, and that the size and number of computer data-
bases increased even faster.  Clinical repositories  was the term proposed by Johnson 
 (  1996  )  as more accurately representing a shared resource of patient data that was 
collected for the purpose of supporting clinical care. Johnson advised that a large-
scale, clinical repository required: (a) a data model to defi ne its functional require-
ments and to produce a formal description, (b) a conceptual schema of all the data 
generated in the enterprise and how it was all related, and (c) a database structural 
design to defi ne its technical requirements. Since a medical database usually oper-
ated within a medical database-management system, the database needed to be 
compatible with the information system of the enterprise of which it was a part; and 
it also needed to be operationally and structurally independent of all subsystems and 
applications programs. The evolution, design, implementation, and management of 
computer-stored databases were described in some detail by Connolly and Begg 
 (  1999  ) , Collen  (  1986,   1990,   1994,   1995  ) ; and also by Coltri  (  2006  )  who considered 
computer-stored databases to be one of the most important developments in soft-
ware engineering. 

  Database-management systems  soon replaced the earlier fi le-based systems that 
often stored the same data in multiple fi les, and where it could be more diffi cult to 
retrieve and coordinate a patient’s data. A database-management system was defi ned 
by Blum  (  1986a,   b,   c  )  as software consisting of a collection of procedures and pro-
grams with the requirements for: (1) entering, storing, retrieving, organizing, updat-
ing, and manipulating all of the data within its database; (2) managing the utilization 
and maintenance of the database; (3) including a metadatabase to defi ne applica-
tion-specifi c views of the database; (4) entering data only once, even though the 
same data might be stored in other subsystems; (5) retrieving, transferring, and 
communicating needed data in a usable format, and having the ability to create 
inverted fi les indexed by key terms; (6) maintaining the integrity, security, and 
required level of confi dentiality of its patients’ data; and (7) fulfi lling all manage-
ment, legal, accounting, and economic requirements. 

 In the 1950s with the development of computers, physicians began to bring their 
work in batches to a central computer to be processed. Patient-care data were ini-
tially collected, entered, and merged into computer fi les that were stored on mag-
netic tape, and a fi le-management system was designed to enter, store, and retrieve 
the data. In the 1960s time-shared, mainframe computers that communicated by 
telephone lines to remote data-entry terminals and printers, allowed many users to 
process their data concurrently, and also provided a relatively acceptable turn-
around time for data services. Patients’ data were initially stored in computer data-
bases on magnetic tape; but were soon moved to storage on random-access, 
magnetic disc drives; and were then better organized in a manner more suitable for 
query and retrieval of the data. However, at that time the high costs for computer 
storage greatly limited database capacities. In the 1970s as clinical support subsys-
tems evolved for the clinical laboratory, radiology, pharmacy, and for other clinical 
services, most developed their own separate databases. With the emergence of 
random-access disc storage, subsystem databases could be more readily merged 
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into larger databases and then needed an integrating database-management system. 
The retrieval of subsets of selected data from various databases required some re-
organization of the stored data, and also needed an index to the locations of the 
various data subsets. Attempts were made to design more effi cient databases to 
make them independent of their applications and subsystems, so that a well-
designed database could process almost any type of data presented to it. Terdiman 
 (  1982  )  credited the development of microcomputer technology in the 1970s with 
many of the subsequent advances in database-management systems. 

 In the 1980s microcomputers and minicomputers were increasingly used for 
small database systems. As storage technology continued to become more effi cient, 
and larger and cheaper storage devices became available, then computer-based reg-
istries expanded their storage capacity for larger amounts of data and were then 
generally referred to as databases. When huge storage capacity became available at 
a relatively low-cost, very large collections of data were then often referred to as 
data warehouses. Bryan  (  1988  )  called 1988 the “year of the database”; and he 
reported that more than 20 new or improved database-management systems became 
available in that year. In 1989 the total number of computer-stored databases in the 
world was estimated to be about fi ve-million; and although most of the databases 
were considered to be relatively small, some were huge as was the 1990 U.S. census 
database comprising a million-million bytes of data (Frawley et al.  1992  ) . Prior to 
the 1990s most physicians documented their patient-care activities by handwriting 
in paper-based charts. Surgeons and pathologists usually dictated their reports 
describing their procedures and fi ndings; and medical secretaries then transcribed 
their dictations. With the increasing access to larger computers in the 1990s, medi-
cal center-based physicians began entering a patient’s data directly into the patient’s 
electronic medical record (EMR) using keyboard terminals and clinical worksta-
tions. Dedicated computers became database servers to store and integrate multiple 
databases; and to be able to add new data without disrupting the rest of the system. 
In the 2000s EMRs became more common; and new advances in informatics tech-
nology resulted in more effi cient data management of expanding, multi-media, 
patient-care databases (Coltri  2006  ) . More details on the origins and the develop-
ment of medical databases can be found in Blum  (  1983,   1986a  ) , Blum and Duncan 
 (  1990  ) , Collen  (  1986,   1994,   1995  ) , Coltri  (  2006  ) , Duke and Bowers  (  2006  ) , 
Campell-Kelly  (  2009  ) .  

    2.2   Requirements and Structural Designs 
for Medical Databases 

  Data-modeling designs  to provide the conceptual schema that represented the infor-
mation in clinical repositories were advocated by Johnson  (  1996  )  to be as important 
for large medical databases as were their structural designs. He defi ned the concep-
tual schema for patient care as a representation of all of the data types required to 
manage the health-care process, whether using a hierarchical, a relational, or an 
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object-oriented structural database design, or a combination of database structural 
designs. He advised that the structural design of a database needed to be able to 
provide rapid retrieval of data for individual patients, and to have the capability to 
adapt to changing information needs of growth and new technology; yet he empha-
sized that the primary purpose of the database structural design was to implement 
the conceptual schema. To properly build a database, Johnson  (  1996  )  proposed that 
it was necessary to fi rst develop a model of the database that defi ned its functional 
requirements, its technical requirements, and its structural design. The database 
model needed to produce a formal description, a conceptual schema of all the data 
generated in the enterprise, and how all of the data were related. Thus the users of a 
medical database needed to defi ne its functional requirements as to exactly what 
they wanted the database and its database-management system to do. Since a medi-
cal database usually operated within a larger medical-information system, the func-
tional requirements of the medical database needed to be compatible with those of 
the medical enterprise of which it was a part. Whether a medical database served as 
the primary electronic medical record (EMR), or served as a secondary medical 
database, such as a clinical research database with its data derived from the EMR, 
both had some similar basic functional requirements. Davis and Terdiman  (  1974  )  
recommended that as a minimum, the major goals of a medical database should be: 
(1) to maintain readily accessible all of the relevant data for each patient served; and 
(2) to provide a resource for the systematic retrieval of all relevant data from all 
patients’ records for any desired primary purpose (see Sect.   4.1    ), or for a secondary 
administrative or a research purpose (see Sect.   6.1    ). 

  The structural design  of medical databases was substantially developed by 
Wiederhold  (  1981,   1982,   1983,   1984  ) , Wiederhold et al.  (  1975,   1987  )  at Stanford 
University. Wiederhold emphasized that the effectiveness of a database depended 
on its relevance to its organizational purposes; that it had to serve as a resource to 
the enterprise which had collected the data; and that a database-management system 
was needed to control, store, process, and retrieve the data. He advised that when 
using very large databases it was helpful to apply automated methods for the acqui-
sition and retrieval of the desired information. Several database structural designs 
evolved as new medical and informatics technologies were developed to meet the 
various users’ requirements. 

  Hierarchical tree-structured databases  were considered by Coltri  (  2006  )  to be 
the simplest and earliest structural design used for medical databases. In a hierar-
chical designed database the data was organized in what was usually described 
as a “parent–child” relationship, where each “parent” could have many “children”, 
but each “child” had only one “parent”. Hierarchical data subclasses with inheri-
tance of attributes could also appear in other designed databases, such as in rela-
tional and in object-oriented databases. A. Coltri reported that the best known 
early example of a hierarchical structured, medical database was the one devel-
oped in the 1960s by Barnett  (  1974  ) , Barnett et al.  (  1981  )  and associates (Greenes 
et al.  1969 ; Grossman et al.  1973  ) . Their Massachusetts General Hospital Utility 
Multi-Programming System (MUMPS) was designed for building and managing 
dynamic hierarchical databases with interactive computing applications and 
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online transactional processing. MUMPS provided a good structure for medical 
databases with all their complexity, since its hierarchical structure functions as a 
fundamental persistent saved entity that enables a more complex design than does 
a simple relational table with rows and columns; and this greater complexity 
matches well with the needs of a medical record database. In the 1980s both the 
Department of Defense and the Veterans Hospitals began installing their MUMPS-
based medical information systems; and in the 2000s the popular Epic medical 
information systems was also Mumps-based. Another example of an early hierar-
chical-structured medical database was that developed in the 1960s by Davis 
 (  1970,   1973  ) , Davis et al.  (  1968  ) , Davis and Terdiman  (  1974  ) , Terdiman  (  1982  )  
and associates at Kaiser Permanente (KP) in Oakland, California, to store patients’ 
electronic medical records. The design of each KP patient’s record included 12 
levels of storage that allowed direct access by the patient’s unique medical record 
number to each of the patient’s computer-defi ned visits, which were subdivided 
into medical meaningful parts (“tree branches”) such as laboratory data, diagno-
ses, and clinical services. The database was designed to store all patients’ data 
received; and it also contained program-generated data related to the tree structure 
of the record that included data as to the level of the tree branch and of the length 
of the record, that provided a trail through the record. 

  Relational databases  and their database-management systems were developed in 
the 1960s for large shared databases by Codd  (  1970,   1972,   1979  ) , Codd et al.  (  1993  )  
while at the IBM Research Center in San Jose. Codd required that all data in a rela-
tional database be expressed in the form of two-dimensional tables with uniquely 
labeled rows and columns. Every data element was logically accessible through the 
use of the names of its table and its column; and data transformations resulted from 
following defi ned logical rules. In a relational database the data were organized into 
fi les or tables of fi xed-length records; each record was an ordered list of values, one 
value for each fi eld. Information about each fi eld’s name and potential values was 
maintained in a separate metadatabase. Because of its simplicity, by the 1980s the 
relational database design had become dominant in industry and in medicine. Miller 
et al.  (  1983  )  at the University of Pittsburgh, Pennsylvania, described using a com-
mercial relational database-management system, called System 1022, that provided 
its own programming language (1022 DPL) and permitted clinical data from large 
groups of patients to be entered, stored, queried, and analyzed for clinical studies. 
Friedman et al.  (  1990  )  and associates at Columbia University, noted that the typical 
relational design for a patient database could have a serious impact on query perfor-
mance, because a patient’s data was typically scattered over many different tables, 
so a query language needed to be added. Also noted by Deshpande et al.  (  2003  )  was 
that medical data parameters were often time-stamped, such as when representing 
the beginning and the end of a clinical event; and also when in a relational database 
special approaches were required to query various columns for desired temporal 
data. Structured Query Language (SQL) was developed in the 1970s by D. 
Chamberlin and R. Boyce at the International Business Machines (IBM) to con-
struct, manage, and query relational databases (VanName and Catchings  1989  ) ; and 
SQL soon became the standard language used for programming relational databases. 
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In 1979 a commercial relational database named ORACLE became available from 
the ORACLE Corporation. In the 1980s Ashton-Tate developed dBASE for micro-
computers (Connolly and Begg  1999  ) . Johnson  (  1999  )  described an extension of 
SQL for data-warehouses that enabled analysts to designate groups of rows that 
could be manipulated and aggregated into large groups of data, and then be ana-
lyzed in a variety of ways to solve a number of analytic problems. 

 Marrs and Kahn  (  1995  )  and M. Kahn at Washington University, St. Louis, 
described developing a distributed, relational database-management system across 
multiple sites comprising a single enterprise, when they extended their clinical repos-
itory for Barnes Hospital to include data from Jewish Hospital in the BJC Health 
System that included 15 hospitals and other health care facilities. After considering 
alternative approaches, they chose to add the data from Jewish Hospital to their 
repository, and implemented required changes to accommodate mapping the data 
from other facilities into their database, and to adjust for differences in syntax and 
semantics in patient identifi ers, medication formulary codes, diagnoses codes, and 
other information in their patients’ records. As relational databases grew in size 
and developed multiple dimensions, some commercial search-and-query programs 
for very large relational databases became available, led by Online Analytic Processing 
(OLAP), that provided answers to analytic queries that were multi-dimensional and 
that used relational databases. OLAP generally stored data in a relational structured 
design, and used aggregations of data built from a fact-table according to specifi ed 
dimensions. Relational database structures were considered to be multi-dimensional 
when they contained multiple attributes, such as time periods, locations, product 
codes, and other attributes that could be defi ned in advance and aggregated in hierar-
chies. The combinations of all possible aggregations in the database were expected to 
be able to provide answers to every query that could be anticipated of the stored data 
(Codd et al.  1993  ) . Connolly and Begg  (  1999  )  described a way of visualizing a 
multi-dimensional database by beginning with a fl at, two-dimensional table of data; 
then adding another dimension to form a three-dimensional cube of data called a 
“hypercube”; and then adding cubes of data within cubes of data, with each side of 
each cube being called a “dimension”, with the result being a multi-dimensional 
database. Pendse  (  1998,   2008  )  described in some detail the history of OLAP, and 
credited the publication in 1962 by K. Iverson of A Programming Language (APL) 
as the fi rst mathematically defi ned, multi-dimensional language for processing 
multi-dimensional variables. Multi-dimensional analyses then became the basis for 
several versions of OLAP that were developed in the 1970s and 1980s by IBM and 
others; and in 1999 the Analyst module was available in COGNOS that was subse-
quently acquired by IBM. By the year 2000 new OLAP derivatives were in use by 
IBM, Microsoft, Oracle, and others. 

  Object-oriented databases  were developed in the 1970s at the Xerox Palo Alto 
Research Center (PARC), and used the programming language Smalltalk (Robson 
 1981  ) . Object-oriented databases attempted to bring the database programming and 
the applications programming closer together; and treated the database as a modular 
collection of component data-items called  objects . Objects were members of an 
“entity” that belonged to types or classes of data with their own data and programming 
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codes; and objects incorporated not only data but also descriptions of their behavior 
and of their relationships to other objects. Whereas other database designs sepa-
rately represented information and its manipulation, in an object-oriented system 
the object represented both. Objects used “concepts” such as entities, attributes, and 
relationships; and objects could be members of an entity that belonged to types or 
classes with their own data and programming codes. Objects had an independent 
existence; and could be persons, activities, or observations; and were suffi ciently 
independent to be copied into other programs. Attributes were properties that 
described aspects of objects; and relationships described the association between 
objects (Dawson  1989  ) . Connolly and Begg  (  1999  )  described some relational vari-
ances for an object-oriented database in order to use SQL. 

 Barsalou and Wiederhold  (  1989  )  described their PENGUIN project that applied, 
a three-layered architecture to an object-oriented database that defi ned the object-
based data as a layer of data on top of a relational database-management system, 
with a hypertext interface between the object-oriented and the relational databases 
that provided conceptual integration without physical integration. Their worksta-
tions were Apple personal computers; and they used Apple’s HyperCard program 
for their Macintosh computer that defi ned and manipulated “stacks” of data corre-
sponding to a relational-database structure, with one fi eld for each attribute, written 
in the Macintosh HyperTalk language that allowed querying visual images that 
moved through a hypertext document. 

  Entity-attribute-value (EAV) databases  were developed to help manage the 
highly heterogeneous data within medical databases, where over several years of 
medical care a single patient could accumulate thousands of relevant descriptive 
parameters, some of which might need, from time-to-time, to be readily accessible 
from a large clinical database that contained multiple relational tables. Dinu and 
Nadkarni  (  2007  ) , Nadkarni and Cheung  (  1995  ) , Nadkarni et al.  (  1998  ) , Nadkarni 
et al.  (  1999  ) , Nadkarni et al.  (  2000  ) , Nadkarni and Marenco  (  2001  ) , Brandt et al. 
 (  2002  )  described an EAV database as an alternative to conventional relational-database 
modeling where diverse types of data from different medical domains were gener-
ated by different groups of users. The term, EAV database, was generally applied 
when a signifi cant proportion of the data was modeled as EAV even though some 
tables could be traditional relational tables. Conceptually, an EAV design used a 
database table with three columns: (1) ‘Entity’, that contained data such as the 
patient identifi cation, with a time-stamp of the date-and-time of the beginning and 
end of each clinical event; (2) ‘Attribute’, that identifi ed the event, such a laboratory 
test, or showed a pointer to a separate attribute table; and (3) ‘Value’ column, that 
contained the value of the attribute (such as the result of a laboratory test). A meta-
database was usually added to help provide defi nitions of terms, keys to related 
tables, and logical connections for data presentation, interactive validation, data 
extraction, and for ad-hoc query. Tuck et al.  (  2002  )  described some alternate meth-
ods for mapping object-oriented software systems to relational databases by using 
an EAV approach. Chen et al.  (  2000  )  evaluated the performance of an EAV design; 
and concluded that the advantage of the EAV design was in supporting generic 
browsing among many tables of data, as when following changes in a clinical 
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parameter over many periods of time; and that it also helped to provide schema 
stability as knowledge evolved and the metadata needed to change. However, attri-
bute-centered queries were somewhat less effi cient when using EAV designed data-
bases because of the large numbers of data tables with many more rows than when 
using conventional relational databases. Some early users of variations of the EAV 
model were: McDonald et al.  (  1977a,   b,   1982,   1988  ) , McDonald and Hammond 
 (  1989  )  in the Regenstrief Medical Record (RMR) system; Warner et al.  (  1972, 
  1974  ) , Warner  (  1990  ) , Pryor et al.  (  1983  )  in the HELP system; Stead and Hammond 
 (  1988  ) , Stead et al.  (  1992  ) , Hammond et al.  (  1977  ) , Pryor et al.  (  1982  )  in the TMR 
system; and Friedman et al.  (  1990  ) , Hripcsak et al.  (  1996  )  at Columbia University, 
and the EAV model underlies the architecture of i2b2 (see Sect.   3.3    ). 

  Database-management systems  in large medical centers began to evolve in the 
1950s, and were designed as either: (a) clusters of computers tightly coupled to a 
central large mainframe computer, or (b) loosely-coupled in a distributed database 
system (London  1985  ) . As information communication systems grew to service 
large medical centers, with all of their inpatient and outpatient clinical departments 
that included internal medicine, surgery, pediatrics, obstetrics, gynecology, pathol-
ogy, clinical laboratory, radiology, and others, with their great variety of medical 
applications, all of these required a complex, computer-based, information system 
that communicated data to-and-from all of the various clinical subsystems. As data-
bases grew larger and often contained redundant storage, Coltri  (  2006  )  noted that 
although a single, structural database model could initially allow for simpler coor-
dination, operation, and reporting; yet as clinical databases enlarged and became 
more complex with many functional relationships and subsystem components, with 
frequent changes in their data content, then the ability to restructure a single large 
database in order to satisfy the important need for effi cient querying of its data con-
tent became increasingly diffi cult. 

  Federated databases  developed that could store large volumes of aggregated 
data in multiple partitions or as functional-oriented databases that were logically 
interconnected. They were directly accessible to-and-from multiple applications, 
and allowed multiple users to simultaneously access and query data in the various 
databases (Coltri  2006  ) .  Data warehouses  was the term applied to large, extended, 
central databases that collected and managed data from several different databases; 
and they were capable of servicing the ever-increasing volume of patient data that 
were collected from the ever-changing and expanding medical technologies. As 
data warehouses further enlarged they often developed partitions and data-marts for 
specialized sub-sets of the data warehouse in order to better serve users with differ-
ent functional needs (Connolly and Begg  1999  ) . When data warehouses were found 
to satisfy the needs of different users and effi ciently query large collections of data, 
this led to the development of online analytical processing (OLAP), and of transla-
tional data processing between multiple data warehouses. 

  Translational databases  evolved in the late 1990s with more advanced designs of 
database-management systems to: (a) optimize the translation, transformation, link-
age, exchange, and integration of the increasingly voluminous medical information 
that was becoming accessible from many large databases in multiple institutions 
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that were located worldwide, by using wide-area-networks, the Internet, and the 
World Wide Web; (b) provide access to high-performance, super-computing 
resources; (c) facilitate the concurrent query, analyses, and applications of large 
amounts of data by multi-disciplinary teams; (d) encourage knowledge discovery 
and data mining, and support the transfer of new evidence-based knowledge into 
patient care; and (e) to advance the use of biomedical computational methods. Since 
most data warehouses had been developed with standard database-management sys-
tem designs that often employed their own legacy and data-encoding standards, it 
usually required some reorganization and modifi cation of their source data to be 
compatible with the data that was transferred from other different data warehouses 
and then be merged into a single database schema; so it became necessary to develop 
some translational informatics software.  

    2.3   Databases and Communication Networks 

  Distributed database systems  evolved in the 1970s with the introduction of low-cost 
minicomputers and effi cient communication networks that brought computers 
closer to the users. In a distributed database system with a cluster of specialized 
subsystem databases, each subsystem collected and stored in its separate database 
the data it generated; and a communications network provided linkages for data 
entry to, and retrieval from, an integrating central database, and also to other sub-
system databases as needed. As each specialized clinical service developed its indi-
vidual database to satisfy its own specifi c functional and technical requirements, 
this usually resulted in the need for an overall integrating database-management 
system that could better service the very complex organizational structure of a large 
hospital. This allowed physicians to use clinical workstations connected to client–
server minicomputers connected in a local-area-network that linked the entire hos-
pital. Patient data could be generated and used at the local sites, and collected from 
all of the distributed subsystem databases, and integrated in a central, computer-
based patient record (Friedman et al.  1990 ; Collen  1995  ) . However, since the com-
puters were often made by different manufacturers that used different software, this 
introduced a major problem when interchanging data between differently designed 
computer-database systems. This stimulated the evolution of specialized communi-
cations computers and networks for the distribution of data. Computers began to be 
linked together, usually connected to a central mainframe computer from which 
data could be downloaded to the smaller computers; and this changed the require-
ments and the designs of database-management systems. Wess  (  1978  )  noted that the 
design and implementation of a distributed-database system was more complex and 
demanding than that for a simple networked, data-communication system. By the 
late 1970s a variety of forms of networks for distributed-database systems began to 
appear, either linked together or connected to a central mainframe computer from 
which data could be communicated to-and-from the distributed smaller computers. 
In 1979 Walters  (  1979  )  at the University of California, Davis, began to link 
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microcomputers with their databases to a remote, large host computer using 
MUMPS-based software. Blois et al.  (  1971,   1974  )  advocated using a communica-
tions computer-processor that would perform code conversion, and provide a high-
speed communicating link to each distributed computer. In 1971 Blois initiated the 
fi rst distributed database system for the medical facilities at the University of 
California, San Francisco (UCSF) Hospital. He used a separate, dedicated, commu-
nications minicomputer to connect computers from several different vendors, and 
established the fi rst local-area network (LAN) for medical data communications. 
Blois separated the functions for communications from those for data processing, 
since each subsystem had its own requirements for data input, data processing, and 
data communications. After developing modular subsystems that could stand alone, 
he linked them in a communications network using specifi c standards adopted at 
their onset. His distributed database-management system required a reliable high-
bandwidth, communications computer to perform communications code conversion, 
and also required a high-speed link to each subsystem computer. Wasserman  (  1977, 
  1986  )  while associated with Blois, proposed that a distributed database system should 
be capable of functioning at all levels of data acquisition, data manipulation, data 
retrieval, and data communications for a variety of applications; and he advocated 
that distributed medical databases needed to support an interactive information sys-
tem with advanced software design, and with clinical work-stations. 

 Zeichner et al.  (  1979  )  at Mitre Corporation and Tolchin et al.  (  1980  )  at Johns 
Hopkins University described their distributed database system that contained a 
variety of different independent minicomputers. They used microcomputer-based, 
interface-units between each network minicomputer-processor and the communica-
tions bus. Data exchange used a standard set of protocols between network units, so 
each new or modifi ed application or device could interact with its communications 
bus. In 1980 the Johns Hopkins group implemented a fi ber-optic, local-area-net-
work to integrate several subsystems built by three different manufacturers, each 
with a different operating system. They used microprocessor, network-integrating 
units to perform the conversions of communications codes needed to exchange data 
(Tolchin et al.  1981a ; Tolchin and Stewart  1981  ) . In 1985 they expanded their dis-
tributed clinical-information systems, all linked by Ethernet technology that sup-
ported 10-megabit-per-second data rates on a shared coaxial-cable medium which 
was logically a broadcast bus (Tolchin et al.  1985a,   b  ) . Kuzmak et al.  (  1987  )  
described their addition of a central, clinical-results database to contain all of the 
reports for the clinical laboratory, radiology, and surgical pathology; and it was 
networked to permit the viewing of patients’ reports from any terminal, any per-
sonal computer, or workstation in their hospital. Tolchin et al.  (  1982  )  at the Johns 
Hopkins University and D. Simborg  (  1984  )  at the University of California in San 
Francisco (UCSF), made a signifi cant contribution to networking technology that 
reduced the problem of interfacing multiple incompatible computers, when they 
implemented at the UCSF medical center a fi ber-optic, local-area network that inte-
grated four different minicomputers, by using a fi fth host-computer that was inter-
faced to the network to provide a monitoring service for performance analysis. 
Hammond et al.  (  1985  )  and associates at Duke University reported implementing an 
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Ethernet local-area-network for three types of computers connecting their clinical 
laboratory system to their central “The Medical Record” (TMR) database. 

  Network models  were one of the earliest organizational structures used for clus-
ters of computers with distributed databases; and they displayed pointers to link 
various data sets. Since the same data could reside in more than one data base, it 
required a communications network to link such data. This led in 1971 to a 
Conference on Data Systems Languages (CODASL) that advocated a variance of 
the network model in a hierarchical form of database with a tree-like branching 
structure that, at the start of the database, defi ned connections between fi les (Taylor 
and Frank  1976  ) . 

  Communications  s tandards  for both the communications networks and for their 
transmission of data became essential requirements for the exchange of data between 
different computer systems. In the late 1970s the International Standards Organization 
(ISO) developed an important model and reference base for network systems that 
specifi ed seven layers for the exchange of data between computers, with each layer 
corresponding to the same layer in the other computers. ISO layer one, the physical 
layer, included interface hardware devices, modems, and communication lines, and 
the software driver for each communication device that activated and deactivated 
the electrical and mechanical transmission channels to various equipment. Layer 
two, the data-link layer, provided for transfer of blocks of data between data-terminal 
equipment connected to a physical link, and included data sequencing, fl ow control, 
and error detection to assure error-free communication. Layer three, the network 
control layer, provided routing and switching of messages between adjacent nodes 
in the network. Layer four, the transport layer, provided an end-to-end control of the 
transmission channel once the path was established. Layer fi ve, the session-control 
layer, opened communications, established a dialogue, and maintained the connec-
tion including the control and synchronization for the transfer of messages between 
two computers. Layer six, the presentation layer, insured the message was trans-
ferred in a coded form that the receiving computer could interpret. Layer seven, the 
application-user layer, the only part of the system apparent to the user, provided 
services that facilitated data exchange between application processes on different 
computers (Blaine  1983 ; Huff  1998  ) . Thus each of the seven ISO layers had a 
defi ned set of functions and a layer protocol that established the rules for exchange 
with the corresponding layer in another computer. Orthner  (  1998  )  noted that net-
work protocols required standardization of a variety of processes involved in data 
communications; and this led the International Organization to foster the develop-
ment of the Open System Interconnection (OSI) Reference Model. To permit the 
connection and integration of local-area networks (LANs) with other LANs required 
the development of: (a)  bridges  that operated at level two of the ISO/OSI seven-
level architecture to connect one LAN to another; (b)  routers  that operated at layer 
three and routed packets of data between dissimilar networks; and (c)  gateways  that 
operated at level seven, providing high-speed communications from a host com-
puter to the network. 

  Medical data standards  for data transmission began to be developed in 1983; 
and its early history was reviewed by McDonald  (  1990,   1983  ) , McDonald and 
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Hripsak  (  1992  ) . The proposed standards addressed what items of information 
should be included in defi ning an observation, what data structure should be 
employed to record an observation, how individual items should be encoded and 
formatted, and what transmission media should be supported. Formal attempts to 
improve the standardization of medical data were carried out by collaborating 
committees, such as the subcommittees on Computerized Systems of the American 
Standards for Testing Materials (ASTM), the oldest of the nonprofi t standards-
setting societies, and a standards-producing member of the American National 
Standards Institute (Rothrock  1989  ) . The ASTM technical subcommittee E31.12 
on Medical Informatics considered nomenclatures and medical records (Gabrieli 
 1985  ) . In 1988 ASTM’s subcommittee E31.11 on Data Exchange Standards for 
Clinical Laboratory Results published its specifi cations, E1238, for clinical data 
interchange, and set standards for the two-way digital transmission of clinical data 
between different computers for laboratory, for offi ce, and for hospital systems; so 
that, as a simple example, all dates for years, months and days should be recorded 
as an eight-character string, YYYYMMDD. Thus the date, January 12, 1998, 
should always be transmitted as 19980112 (ASTM  1988a,   b,   1989  ) . The Medical 
Data Interchange (MEDIX) P1157 committee of the Institute of Electrical and 
Electronics Engineers (IEEE), formed at the Symposium on Computer Applications 
in Medical Care (SCAMC) in 1987, was also developing a set of standards based 
on the ISO application-level standards for the transfer of clinical data over large 
networks from mixed sources, such as from both a clinical laboratory and a phar-
macy, for both intra- and inter-hospital data exchange. Linkages of data within a 
hospital were considered to be “tight, synchronous”, and between hospitals were 
assumed to be “loose, asynchronous” (Rutt  1989  ) . McDonald  (  1990  ) , McDonald 
and Hripsak  (  1992  )  emphasized the need for clinical-data interchange standards 
that became essential when electronic medical records (EMRs) became technically 
feasible, and needed to integrate all of the various formats and structures of clinical 
data from the computer-based, clinical laboratory system, the radiology system, 
pharmacy system, and from all of the medical specialty subsystems such as the 
intensive-care unit, the emergency department, and others. Orthner  (  1992  )  described 
several important advances for digital communication systems that evolved in the 
1990s, including: (1) time division multiplexed (TDM) systems that allowed sev-
eral lower-speed digital communication channels to interleave onto a higher-speed 
channel; (2) the evolution of Integrated Services Digital Network (ISDN) that 
developed international standards to satisfy the needs for medical database sys-
tems; and to provide users with universal, digital inter-connectivity regardless of 
modality, including natural-language text, voice, and three-dimensional images; 
(3) the increasing use of broadband fi ber-optics for digital data communication; 
and (4) the evolving global use of wireless communications. 

  Health Level 7  (HL7), an international organization made up of computer ven-
dors, hospital users, and healthcare consultants, was formed in 1987 to develop 
interface standards for transmitting data between medical applications that used dif-
ferent computers within hospital information systems, with the goal of creating a 
common language to share clinical data (Simborg  1987  ) . HL7 communicates data 
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as a sequence of defi ned ASCII characters, which are hierarchically organized into 
segments, fi elds, and components. The message content of HL7 conforms to the 
International Standards Organization (ISO) standards for the applications level 
seven of the Open Systems Interconnection (OSI) model. The HL7 standards use 
the same message syntax, the same data types, and some of the same segment defi -
nitions as ASTM 1238 (McDonald and Hammond  1989 ; McDonald and Siu  1991 ; 
McDonald and Hripsak  1992  ) . HL7 expanded its activities in the 1990s, and became 
one of the accredited Standards Developing Organizations (SDOs) in the American 
Standards Institute (ANSI) to collaborate with other SDOs to develop standards, 
specifi cations and protocols for the interoperability of hospitals clinical and admin-
istrative functions. HL7 version-3 published in 1995 its Reference Information 
Model (HL7 RIM) with the goal of providing improved standard vocabulary speci-
fi cations for the interoperability of healthcare information systems including elec-
tronic medical records; and to improve representation of semantical, syntactical and 
lexical aspects of HL7 messages (Smith and Ceusters  2006  ) . Bakken et al.  (  2000  )  
described some activities of the HL7 Vocabulary Activity Committee related to 
vocabulary domain specifi cations for HL7-coded data elements, and for its guid-
ance in developing and registering terminology and vocabulary domain specifi ca-
tions including those for HL7 RIM. In 2004 HL7 released its draft standards for the 
electronic medical record that included: (1) direct care functions, including care 
management and clinical decision support, (2) supportive care functions, including 
clinical support, research, administrative and fi nancial functions; and (3) informa-
tion infrastructure functions of data security and records management (Fischetti 
et al.  2006  ) .  

    2.4   Classifi cation of Medical Databases 

  Medical databases  are classifi ed in this book in accordance with their objectives, 
which can be to support clinical patient care, or to support medical research, or sup-
port administrative functions, or public health objectives. Medical databases collect, 
integrate, and store data from various sources; and they are usually considered to be 
 primary  databases if the data were initially collected and used to serve the direct 
purposes of the user; and are considered to be  secondary  databases when data 
derived from primary databases were stored in other databases and used for other 
objectives (Glichlich et al.  2007  ) . 

  Clinical databases  include a variety of primary and secondary databases that are 
used primarily by physicians to support their clinical patient care by helping in mak-
ing decisions for the diagnosis and treatment of patients. The great utility of clinical 
databases resides in their capacity for storing huge volumes of information col-
lected from large numbers of patients and from other clinical sources; and for their 
ability to help users to search, retrieve, and analyze information relevant to their 
clinical needs. Michalski et al.  (  1982  )  described clinical databases as constructed to 
collect patient data and to learn more about the phenomena which produced the 
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data; and he divided techniques for using clinical databases into: (a) descriptive 
analyses to extract summaries of important features of a database, such as grouping 
patients with similar syndromes and identifying important characteristics of each 
syndrome; and (b) predictive analyses to derive classifi cation rules, such as develop-
ing rules which predict the course of a disease. Clinical databases were differenti-
ated by Hlatky  (  1991  )  as either primary medical databases that are intended to assist 
and support decision making in direct patient care; or as secondary medical data-
bases that are the repositories of data derived from medical primary databases, and 
these include medical specialized databases (see Chap.   5    ) and medical research 
databases (see Chap.   6    ) 

  Primary medical record databases , also more commonly referred to as patient 
record databases, as electronic medical records (EMRs) or as electronic health 
records (EHRs), are the data repositories used by physicians, nurses, and other 
health-care providers to enter, store, and retrieve patients’ data during the process 
of providing patient care. The National Library of Medicine’s MESH terms defi nes 
an electronic medical record (EMR) as a computer-based system for input, stor-
age, display, retrieval, and printing of information contained in a patient’s medical 
record (Moorman et al.  2009  ) . Primary clinical databases also include the sepa-
rate repositories for storing data collected from clinical specialties, such as from 
surgery, pediatrics, obstetrics, and other clinical services; and from the clinical 
support services, such as from laboratory, radiology, pharmacy, and others. Patient 
record databases may contain data collected over long periods of time, sometimes 
for a patient’s life-time; they are accessed by a variety of users for different 
patient-care purposes; and they need to satisfy legal requirements for maintaining 
the security, privacy and confi dentiality of all of their patients’ data (see also Sect. 
  4.1.1    ). When computer-based patients’ records replaced paper-based patients’ 
charts, the hospital record room was replaced by a computer center that initially 
stored the patient-record databases on magnetic tapes or discs. The rapidly increas-
ing volume of computer-based information stimulated the development of larger 
storage devices and more effi cient database-management systems. For most medi-
cal applications, Blum  (  1986a  )  emphasized that the primary utility of a clinical 
information system depended on its database-management system. It soon became 
apparent that the complex requirements of patient-record databases required com-
bined hierarchical, relational, and object-oriented structural approaches. After a 
review of the patient-record database structures employed in the 1990s, Stead 
et al.  (  1992  )  et al. reported that the major problem for a patient-record database-
management system was the diffi culty of mapping complex logical structures into 
a physical media; and concluded that patient-record databases were much more 
complicated than were databases used for other purposes, that none of the existing 
database structural designs was adequate for developing, as an example, a com-
mon national patient-record database, and some combination of database designs 
would needed to be employed. Dick and Steen  (  1992  )  and E. Steen also reviewed 
the essential technologies needed for a patient-record database system, and agreed 
that in the 1990s there was not yet one medical database system available that 
could serve as a model for computer-based patient record systems, and that could 
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satisfy all the continual changing requirements for timely processing of all the 
information commerce in a comprehensive patient-care system, with all of its dif-
ferent information modalities and changing patient-care technologies, and with its 
strict legal requirements for assuring patients’ data security and confi dentiality. 

 Camp et al.  (  1983  )  described some of the complexities of primary clinical data-
bases, namely: (1) at the time when patient-care information was being obtained it 
was not always known what data might be needed in the future,so this tended to 
enlarge a database with some data that was never used; (2) the database had to store 
information that could be differently structured and formatted, and was often unstan-
dardized; (3) it needed to allow exploring complex data relationships in (frequently) 
a minimal access time, and not unduly interfere with the productivity of busy health 
care providers who were not computer programmers; and (4) a common defi ciency 
of primary clinical databases was that they tended to lack patients’ data for events 
that occurred between recorded visits to their health care providers. Connolly and 
Begg  (  1999  )  noted that since most clinical data were “time-stamped”, it was neces-
sary that data transactions be recorded and retrieved in their correct time sequence. 
Graves  (  1986  )  added that another requirement for a medical database was to provide 
a natural language processing (NLP) program that had the capability to query tex-
tual information such as were obtained by patient interviews, and that could include 
relevant expressed feelings and experiential information. The availability of online 
access to clinical databases greatly facilitated the process of searching and retriev-
ing information when needed in a timely way by physicians for clinical decision-
making. The factors that infl uenced the rate of diffusion of medical databases and 
other computer applications in medical practice were studied by Anderson and Jay 
 (  1984  )  at Purdue and Indiana Universities; and they concluded that physicians had 
the major role in their diffusion. 

  Specialized clinical databases  can be disease-specifi c (as for heart disease or 
cancer), or device- or procedure-specifi c (as for coronary artery bypass surgery), or 
therapy-specifi c (as for anti-viral drugs), or population-specifi c (as for a geriatric 
or a racial group). Safran and Chute  (  1995  )  observed that a clinical database could 
be used to query for information on an individual patient, or to fi nd data on patients 
with similarities to the one being cared for, or to describe a group of patients with 
some common attributes, or to analyze data patterns in terms of trends or relation-
ships. Fries  (  1984  )  noted that some of the most important medical problems were 
the chronic diseases, such as arthritis, cancer, and heart disease; and a study of the 
management of these disorders could be benefi ted by chronic diseases databases 
(see also Sect.   5.3    ). A large medical center often had many specialized clinical 
databases for its various inpatient and outpatient clinical services, and for its clini-
cal support subsystems (laboratory, radiology, pharmacy, and others). As a result it 
usually needed a distributed database-management system to service them all. 
Each clinical subsystem’s database needed extract-load-transfer (ETL) programs 
to move data to-and-from its subsystem database and the central, integrated, clini-
cal database. 

  Clinical research databases  may be primary databases when the clinical patient 
data was collected for the primary purpose of supporting clinical research, such as 
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for clinical trials; but they are usually secondary research databases that contain 
selected data extracted from primary medical databases, such as when they contain 
clinical data extracted from primary medical records for groups of patients with the 
same problem. This differs from primary patient care databases where the medical 
record of each patient needs to contain all of the information collected for all of the 
medical problems of that individual patient. In a secondary research database it is 
usually necessary to extract and transfer the selected data from the primary patient-
record database into the secondary research database; and all patient data trans-
ferred from a primary patient-record database has additional special legal 
requirements for assuring the data validity, data security, and the strict privacy and 
confi dentiality of each patient’s data. Garfolo and Keltner  (  1983  )  emphasized the 
importance of the need to de-identify patient data when a clinical database is also 
used for research purposes (see Sects.   4.1.1     and   6.1.1    ). 

  Biosurveillance databases  were developed by the FDA for the surveillance of 
adverse drug events (see Sect.   7.1    ); and by the CDC for the surveillance of epidemics 
of infectious diseases (see Sect.   7.2    ).  Claims databases  were established by Medicare, 
Medicaid, and commercial health care insurers for collecting from health care pro-
viders their relevant sub-sets of primary medical record data for the purpose of 
arranging payments for claims of provided clinical services (see Sect.   7.3    ).  Medical 
knowledge databases  are comprehensive collections of information from a variety of 
sources, including clinical and research databases, textbooks, and publications by 
experts in specifi c medical issues. They are used to communicate medical informa-
tion in order to support the clinical decision-making process (see Sect.   8.1    ); and large 
knowledge bases with other medical databases have been combined and used for data 
mining to discover new knowledge (see Sect.  8.2    ).  Medical bibliographic databases  
are collections of medical literature developed as fact-and-information locators in 
libraries and other collections of relevant medical publications, and are used to pro-
vide and communicate medical information. The National Library of Medicine 
(NLM) is the primary resource in the world for a variety of bibliographic databases 
(see Sect.   9.1    ). 

  Metadatabases  are developed to store  metadata,  that are data that describe the data 
contained in a database for the purposes of providing a dictionary with defi nitions of 
terms; and a list of coded data in the database with their codes; and to serve as a the-
saurus to recognize different terms that have similar meanings; and to provide a lexi-
con of standard, accepted, defi ned, and correctly spelled terms. A metadatabase needs 
to contain associated relevant information to aid: in the storage and retrieval of data in 
the database; in providing linkages to other data items and fi les; in providing keys to 
related tables; in providing logical connections for data presentation, interactive vali-
dation, data extraction, permitting ad-hoc query; and also providing users with inter-
faces for any metadata additions or corrections. A data dictionary was usually initiated 
as a part of a metadatabase by selecting commonly used terms from a standard medi-
cal dictionary and from related medical literature; and needed to be capable of adding 
new terms from the database itself; so the design of the data dictionary had to allow 
for incorporating new data items when they were introduced, such as for new proce-
dures. As these lexicons became the basis for automated natural-language processing, 
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they also usually included: (1) syntactical information as to whether a word was a 
noun, a verb, or other; and (2) the word’s semantical information as to its meaning in 
the language of medicine (McCray et al.  1987  ) . 

 For a primary patient-record database the metadatabase needed: to provide any 
special instructions for conducting clinical procedures; needed to describe all pro-
cesses and procedures such as clinical laboratory tests; and needed to specify the 
normal and the “alert” boundary limits for each clinical test and procedure. Warner 
 (  1979  )  emphasized that the purpose of a metadatabase was to minimize the chance of 
ambiguity in data representation between the point of data entry and the point at which 
the data was used. Anderson  (  1986  )  credited the Veterans Administration (VA) with 
publishing the fi rst data dictionary as a part of the VA’s computer-based medical record 
(see Sect.   4.2    ). Hammond et al.  (  1977,   1980,   1985  )  and W. Stead described in some 
detail the metadatabase developed for Duke University’s TMR (The Medical Record) 
(see Sect.   4.2    ). Their metadatabase included patients’ identifi cation data; it defi ned 
and coded all clinical variables including patients’ medical problems, diagnostic stud-
ies, and therapies. They used their metadatabase as a dictionary to defi ne the codes for 
their computer-based, clinical laboratory system that was linked to their TMR system. 
Their metadatabase permitted modifying and updating specifi c clinical functions, and 
allowed for differences between various medical specialties and clinics. Sections of 
the metadatabase were devoted to system specifi cations; to medical problems, proce-
dures, therapies; and to health-care providers’ information. It contained patients’ 
demographic and examination data, clinical reports and messages, and also profes-
sional fees and accounting data. An alphabetically arranged thesaurus provided defi -
nitions of synonyms. Where appropriate for free-text input, all codes and their text 
equivalents were defi ned in the metadatabase. The user could enter a code directly; or 
could type in the textual data and then let the program do an alphabetic search in the 
metadatabase and convert the text-string into the appropriate code. With the advent of 
the World Wide Web, Munoz and Hersh  (  1998  )  reported using a Java-based program 
for generating a Web-based metadatabase.  

    2.5   Summary and Commentary 

 In the 1950s patients’ medical records were paper-based and were stored in stacks of 
charts on shelves in a medical record room. In the early 1960s the development of com-
puters allowed patient-care data to be entered into a computer by using punched paper 
cards; and the data were stored and accessed sequentially in computer fl at fi les that had 
little structured relationships; and they were aggregated in fi le-management systems. 
In the late 1960s structured computer databases began to evolve with associated data-
base-management systems. In the 1970s distributed database systems began to be devel-
oped; and in the following decades of the 1980s, 1990s, and the 2000s the development 
of increasingly large and ebhanced medical databases was truly phenomenal. 

 In the 1960s hospital information systems began to be developed that used large 
mainframe computers with integrated databases that serviced all clinical departments. 
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It was soon found that although a single, large, mainframe computer could readily 
integrate patient data into a single database, it could not adequately support the 
information processing requirements for all of the clinical specialty and ancillary 
services in a large medical center. In the 1970s the advent of minicomputers permit-
ted many hospital services to have their subsystems databases directly linked to a 
central mainframe computer that integrated all patients’ data into the patients’ clini-
cal records that were stored in the mainframe computer’s database (Ball and 
Hammon  1975a,   b  ) . Some patient data were manually encoded before being entered 
into the database to facilitate billing for payments of claims, and for the retrieval of 
data for management and clinical research purposes. In the 1980s a diffusion of 
minicomputers and microcomputers were incorporated into a variety of medical 
applications. Micro-computer-based subsystems that had evolved independently for 
specialized clinical and ancillary services usually became subsystems of larger 
medical information systems with an integrating central database-management sys-
tem. Storage technology improved, storage devices became cheaper and larger; reg-
istries grew in size to become databases; databases became data warehouses; and a 
great variety of secondary clinical databases evolved. 

 In the 1990s international communications used computers and local-area net-
works; and the use the Internet and the World Wide Web became commonplace. As 
patient-care data expanded in both volume and complexity, frequent innovations in 
informatics technology provided more effi cient computer-based, clinical-informa-
tion systems in hospitals and in medical offi ces. In the 2000s distributed informa-
tion systems allowed physicians to enter orders and retrieve test results using clinical 
workstations connected to client–server computers in local-area-networks that 
linked multiple medical center databases. By the end of the 2000s there had    evolved 
global wireless communications with translational networks that linked data ware-
houses in collaborating medical centers in the nation.      
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