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Objective:  Arden  Syntax  is a standard  for representing  and  sharing  medical  knowledge  in  form  of  indepen-
dent modules  and  looks  back  on a history  of  25  years.  Its traditional  field  of  application  is  the  monitoring
of  clinical  events  such  as  generating  an  alert  in  case  of occurrence  of a critical  laboratory  result.  Arden
Syntax  Medical  Logic  Modules  must  be  able  to retrieve  patient  data  from  the electronic  medical  record  in
order to enable  automated  decision  making.  For  patient  data  with  a simple  structure,  for  instance  a list
of laboratory  results,  or,  in  a broader  view,  any  patient  data  with  a list  or table  structure,  this  mapping
process  is  straightforward.  Nevertheless,  if patient  data  are  of a  complex  nested  structure  the mapping
process  may  become  tedious.  Two clinical  requirements  – to  process  complex  microbiology  data  and  to
decrease  the  time  between  a  critical  laboratory  event  and  its alerting  by  monitoring  Health  Level  7  (HL7)
communication  – have  triggered  the investigation  of  approaches  for providing  complex  patient  data  from
electronic  medical  records  inside  Arden  Syntax  Medical  Logic  Modules.
Methods  and  materials:  The  data  mapping  capabilities  of  current  versions  of the  Arden  Syntax  standard
as  well  as interfaces  and  data  mapping  capabilities  of  three  different  Arden  Syntax  environments  have
been  analyzed.  We found  and  implemented  three  different  approaches  to map  a test  sample  of complex
microbiology  data  for  22  patients  and measured  their  execution  times  and  memory  usage.  Based  on one
of these  approaches,  we  mapped  entire  HL7  messages  onto  congruent  Arden  Syntax  objects.
Results:  While  current  versions  of Arden  Syntax  support  the  mapping  of  list and  table  structures,  com-
plex  data  structures  are  so  far unsupported.  We  identified  three  different  approaches  to  map  complex
data  from  electronic  patient  records  onto  Arden  Syntax  variables;  each  of  these  approaches  success-
fully  mapped  a test  sample  of complex  microbiology  data.  The  first  approach  was  implemented  in Arden
Syntax  itself,  the  second  one  inside  the  interface  component  of one  of the investigated  Arden  Syntax
environments.  The  third  one  was  based  on  deserialization  of Extended  Markup  Language  (XML)  data.
Mean  execution  times  of  the  approaches  to map  the  test  sample  were  497  ms,  382  ms,  and  84  ms.  Peak
memory  usage  amounted  to 3 MB,  3  MB, and  6 MB.
Conclusion:  The  most promising  approach  by  far  was  to map  arbitrary  XML  structures  onto  congruent
complex  data  types  of  Arden  Syntax  through  deserialization.  This  approach  is  generic  insofar  as  a  data

mapper  based  on this  approach  can  transform  any  patient  data  provided  in appropriate  XML  format.
Therefore  it could  help  overcome  a major  obstacle  for integrating  clinical  decision  support  functions

into  clinical  information  systems.  Theoretically,  the deserialization  approach  would  even  allow  mapping

entire  patient  records  onto  Ard
Syntax  specification  with  an  ap

∗ Corresponding author at: Center for Communication and Information Technolo
el.:  +49 91318546474.

E-mail addresses: stefan.kraus@uk-erlangen.de (S. Kraus), martin.enders@uk-erlangen
xchel.castellanos@kfa.imed.uni-erlangen.de (I. Castellanos), richard.lenz@fau.de (R. Lenz

ttps://doi.org/10.1016/j.artmed.2015.09.003
933-3657/© 2015 Elsevier B.V. All rights reserved.
en  Syntax  objects  in one  single  step. We  recommend  extending  the  Arden
propriate  XML  data  format.

©  2015  Elsevier  B.V.  All  rights  reserved.

gy, University Hospital Erlangen, Glückstraße 11, 91054 Erlangen, Germany.

.de (M.  Enders), ulli.prokosch@imi.med.uni-erlangen.de (H.-U. Prokosch),
), martin.sedlmayr@fau.de (M.  Sedlmayr).

https://doi.org/10.1016/j.artmed.2015.09.003
http://www.sciencedirect.com/science/journal/09333657
http://www.elsevier.com/locate/aiim
http://crossmark.crossref.org/dialog/?doi=10.1016/j.artmed.2015.09.003&domain=pdf
mailto:stefan.kraus@uk-erlangen.de
mailto:martin.enders@uk-erlangen.de
mailto:ulli.prokosch@imi.med.uni-erlangen.de
mailto:ixchel.castellanos@kfa.imed.uni-erlangen.de
mailto:richard.lenz@fau.de
mailto:martin.sedlmayr@fau.de
https://doi.org/10.1016/j.artmed.2015.09.003


9 gence 

1

H
s
t
(
a
t
t
c
r
i
M
e
s
i
t
i
s
r
r
e
t
[
c
t
f
m
i

o
d
i
i
I
t
a
t
t
p
s
d
[
(
l
m
p
i
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. Introduction

Arden Syntax for Medical Logic Systems, maintained by the
ealth Level 7 organization (HL7), is a standard for encoding and

haring medical knowledge. In Arden Syntax, knowledge is con-
ained in independent modules named Medical Logic Modules
MLMs). An MLM  typically contains sufficient knowledge to make

 single clinical decision. The inventors of Arden Syntax pursued
wo design targets: Sharing medical knowledge between institu-
ions, and easy knowledge acquisition [1]. MLMs  are evoked by
linical events, typically the storage of a data item into the patient
ecord (data-driven evoking). MLMs  are hierarchically structured
nto sections (categories) and subsections (slots). The behavior of an

LM  is mostly determined by four slots. The EVOKE slot defines the
vents an MLM  reacts to, like “storage of blood glucose”. The DATA
lot isolates those parts of an MLM  that interact with the clinical
nformation system, in particular the retrieval of patient data from
he medical record. The LOGIC slot contains the actual institution-
ndependent medical knowledge. The ACTION slot specifies the
teps to be performed in case the LOGIC slot decides an action is
equired. Those four slots contain sequences of statements that
esemble general purpose programming languages but are consid-
red easier to write and understand for non-programmers [2]. The
raditional field of application is the monitoring of clinical events
3]. An MLM  could for example send an alert notification to a physi-
ian in case a new laboratory result exceeds a critical limit. Although
he decision logic inside an MLM  is usually simple, consisting of a
ew conditional statements (for a typical example see [4]), an MLM

ay  nevertheless contain complex logic – without upper complex-
ty limit – capable of processing complex data.

Patient data must be mapped onto Arden Syntax data types in
rder to process them. The creators of Arden Syntax realized that
ue to the lack of standards both for electronic patient records and

nterfaces of storage systems [5], it would be at least tedious, if not
mpossible, to find a standard method for accessing patient data.
nstead of an abstraction layer they provided a pair of curly braces
o encapsulate any parameters for mapping data between an MLM
nd a clinical system. As the mapping process itself is potentially
edious and must be implemented by any institution for any sys-
em, this aspect of Arden Syntax is referred to as the “curly braces
roblem”. The Arden Syntax data type system was deliberately kept
imple and corresponds to that of medical patient records (for a
escription of data types typically contained in medical records see
6]). Each primitive data type is a pair of a value and a timestamp
the latter termed “primary time” in Arden), since an observation

ike “blood glucose is 35 mg/dL” is of limited use without infor-

ation about the time when this value occurred. When retrieving
atient data from a database query, timestamps inside the result-

ng data structure must be set according to those inside the patient

Fig. 1. Basic structure of 
in Medicine 92 (2018) 95–102

record. Initially, ordered lists (collections of primitive types) were
the only compound data type. Nesting of lists was not permitted;
therefore it was not possible to natively represent patient data with
a nested structure. For most MLMs  with simple decision logic such
as alerting functions these plain lists were absolutely sufficient.
However, for more complex applications like processing clinical
guidelines, plain lists proved to be insufficient [7,8]. Consequently,
starting with version 2.5 of the standard, the limitation to plain
lists was  overcome by the introduction of objects to permit complex
data structures. Objects in Arden Syntax must not be confused with
those from object oriented programming languages since there are
no methods and no inheritance concept. They only provide a way to
group data items and access them by name with nesting permitted.

Even though such object definitions opened up new possibilities
for managing nested data structures by grouping we still identified
barriers to easily assign complex data items, such as microbiol-
ogy data, to Arden Syntax variables in previous implementation
projects [9]. Complex data are any data with a structure beyond
flat lists or tables. A list of glucose values is not complex and may
easily be mapped onto the Arden Syntax list data type in a single
step. A table containing all patients currently on the ward (e.g., with
columns “patientname”, “casenumber”, “birthdate”, etc.) is also not
complex and, in versions supporting the object data type, may eas-
ily be mapped onto an appropriate Arden Syntax data structure
such as a list of table row objects. Microbiology data at our institu-
tion, however, are complex as they have a multi-level tree structure
as displayed in Fig. 1. HL7 messages are usually complex. Entire
patient records are complex, and their subparts may  themselves
be complex. In addition, data from external systems may be com-
plex since MLMs  are not necessarily limited to process data from the
patient record only. Thus the objective of this paper was to illustrate
the data mapping limitations of the current Arden Syntax versions,
to present the results of our investigations towards mapping con-
cepts for complex patient data structures, and finally to propose
an extension of Arden Syntax based on one of these approaches.
Additionally, we  benchmarked the performance of the investigated
approaches as speed is known to be of paramount importance for
effective clinical decision support, and complex data may be of a
large size.

2. Materials and methods

2.1. Current mapping approaches

While the Arden Syntax specification leaves the actual database

access to the particular institution, it nevertheless specifies the gen-
eral behavior for reading patient data by means of two statements:
READ (see specification [10], 11.2.1) for mapping patient data onto
one or more lists of primitive types, and READ AS (see specification,

microbiology data.
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Fig. 2. Data mapping appro

1.2.2) for mapping patient data onto a list of objects. The behavior
f both statements is illustrated in Fig. 2, using an example result
rom a SQL database query containing laboratory results from a
erum electrolyte analysis. Approach M1  maps each column onto

 corresponding Arden Syntax list. The primary time of each list
lement is set according to the timestamp column. Within a typi-
al MLM,  a READ statement requests only a single parameter and
herefore maps a single column of values from a database result
et onto an Arden Syntax list. Mapping multiple columns onto a set
f lists may  render the code inside an MLM  difficult to read since
he knowledge engineer has to care for accessing correspondent
lements by keeping track of their positions through index vari-
bles. Approach M2  (enabled by the introduction of the READ AS
tatement in Arden Syntax Version 2.5), introduced alongside the
bject statement, maps each table row onto an electrolytes object
s defined by a previous object statement, and returns a list of such
bjects. Each object has three attributes (sodium, potassium, cal-
ium) containing the particular values together with the particular
imestamps as primary times. This approach allows to easily pro-
ess multi-column database results in a comfortable way. Note that
ith both mapping approaches the column names of the database

esult are lost. In case of M1  because lists do not support names at
ll; in case of M2 because attribute names are extracted from the
revious object declaration (“sod” becomes “sodium”, and so on).

.2. The setting

Between 2006 and 2012, a commercial patient data manage-
ent system (PDMS) was implemented in 9 intensive care units

ICU) of the University Hospital Erlangen (UHER), a tertiary care
ospital with 1400 beds [11]. Since this PDMS (Integrated Care
anager, ICM©, Dräger Medical, Lübeck, Germany) lacked features

or clinical decision support, the UHER information technology
epartment and the Erlangen Chair of Medical Informatics entered

 development cooperation with Dräger in order to integrate

 commercial Arden Syntax environment (ArdenSuite©, Medex-
er Healthcare, Vienna, Austria) into the PDMS [9]. The inherent
imitations of the PDMS required the implementation of several

orkarounds. The PDMS does not yet provide direct database
 provided by Arden Syntax.

access for third party systems such as an external Arden Syn-
tax engine. However, it provides an export interface to generate
doctors’ letters and textual reports. We applied this interface to
replicate patient data required by MLMs  into a separate proxy
database, which is entity-attribute-value (EAV) modeled (for a
detailed explanation of this data model see [6]). Database access
from MLMs  to the proxy database was enabled by a self-written
abstraction layer based on prepared statements. In addition, the
PDMS lacks a trigger mechanism to notify the Arden Syntax engine
about the storage of data items, which is an indispensable feature
for data-driven MLM  execution. Therefore, such a mechanism has
been implemented in our proxy database. Processing of microbi-
ology findings within MLMs  required another workaround. These
data are contained in HL7 messages sent by our laboratory informa-
tion system, but our PDMS currently stores only extracted contents
as plain text, thus inhibiting automatic processing by MLMs.  Con-
sequently, we  duplicated the HL7 messages on our communication
server so that they can be processed using a self-written parser
which extracts the desired information and stores it as structured
data inside our proxy database. As microbiology data are not sparse
and have a regular structure, we chose to model them in a con-
ventional database schema rather than in an EAV model. The basic
structure of microbiology data at our institution is shown in Fig. 1.
Each patient’s microbiology data is a list of orders with their asso-
ciated findings. Thus, attached to each order is a list of findings, a
list of comments entered into the laboratory system, and a list of
DRG coding recommendations relevant for billing.

In this initial situation our investigation was  prompted by
new clinical demands. First, ICU clinicians wanted to generate
multi-patient overviews with filtered or highlighted observations
according to their clinical importance. As the PDMS  does not
natively support such flexible visualization features, clinicians
required MLMs  to process these structured microbiology data. Sec-
ond, clinicians demanded immediate alerts about critical events.
Up to now, alert messages are delayed for up to 10 min  due to the

required data replication into the proxy database. To satisfy these
demands, we searched for a reusable, generic approach to map
arbitrary subsets of patient records, or even sets of whole patient
records, onto a single Arden Syntax data structure, and for a way
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o map  entire HL7 messages onto Arden Syntax objects in order
o monitor time-critical laboratory results directly from the HL7

essaging stream on our communication server.

.3. Approaches to map complex clinical data

Our study started with the specification of the intended map-
ing result, a list of microbiology objects represented by the Arden
yntax object data type introduced in version 2.5. Each object
hould contain a single patient’s entire microbiology data, with the
ree structure inside the patient record preserved. Subsequently we
nalyzed the interface components of three different Arden Syn-
ax engines to compare approaches for handling the curly braces
roblem: The commercial system used in the clinical routine at
HER (ArdenSuite [12], supporting all versions of Arden Syntax), an
pen source system developed at the University of Braunschweig
Arden2ByteCode [13], supporting version 2.5), and a PHP: Hyper-
ext Preprocessor (PHP) web application developed by one of the
uthors for research purposes (ARSEN/IC, supporting version 2.8).

We  identified three different basic approaches to map  com-
lex data by analyzing both the available application programming

nterface (API) documentation and the source code of the particular
nterface components, and implemented them using ARSEN/IC as
his system provides both native support of mapping approach M2
nd a built-in database abstraction layer. We  created a database
napshot of microbiology data for all patients currently admitted
o the largest of our ICUs as a data sample for testing the imple-

entation. To validate the results of each mapping approach we
rote an MLM  called structureprinter which creates a tree view

see Fig. 3) of any data structure it receives as the argument by
ecursive descent, using the comparison operators (see specifica-
ion, 9.6) and the relevant object operators (see specification, 9.18.3
nd 9.18.4). As an alternative application example, and to fulfil the
linical requirement of immediate alerting, we mapped entire HL7
essages onto Arden Syntax objects, using an approach provided

y the commercial ArdenSuite as part of its “Arden Syntax Server
rotocol”.

Our first approach to map  microbiology data onto Arden Syntax
bjects, named “Arden approach”, was to build the intended data
tructure from “inside” an MLM.  We  used a top-down approach

ased entirely on the mapping approach M2 described above.
e defined a set of object data types (Fig. 4A) according to the

asic tree structure of microbiology data (Fig. 1). The last attribute
rders from data type casetype serves as an anchor for the orders

Fig. 4. Arden approach based on nested loops (A = object declaratio
Fig. 3. Detail from a tree view created by MLM  structureprinter.

sub-level, just as the last three attributes from data type ordertype
(findings, comments, recoms) serve as anchors for the findings,
comments, and recommendations sub-levels. We  created the
intended data structure by using nested loops as shown in Fig. 4B.
Left-hand parameters inside the curly braces are the names of pre-
pared statements. Right-hand parameters, marked with a prefixed
dollar symbol, are MLM  variables to be resolved and inserted into
the prepared statements. We  integrated the nested loops into a
separate MLM  that may  be called by any other MLM  requiring
microbiology data.

Our second approach was  to perform data mapping from “out-
side” an MLM.  This approach was basically the same as with the
Arden approach, except that the code was not implemented in
Arden Syntax but in the PHP programming language of the systems
interface component. We  used the particular API methods to create
the intended data structure, i.e., the methods to create data types,
add list elements and set attributes of objects, and thus termed it
the “API approach”. Database access from within the interface com-
ponent was  performed using an open source database abstraction
layer. As with the Arden approach described above, each sub-level
was processed inside a nested loop.

Our third approach, called the “deserialization approach”, was
based on the proprietary Arden Syntax Server Protocol provided

by ArdenSuite, specifying an Extensible Markup Language (XML)
data format as displayed in Fig. 5. We  transformed microbiology
data to the XML-based data structure defined by this protocol,
and called an MLM  using this XML  structure as the argument. As

ns, B = nested loops performing the actual mapping process).
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Fig. 6. Interface component of an Arden Syntax engine.
ig. 5. Detail from an XML representation of microbiology data (proprietary Arden
yntax Server Protocol).

ith the other approaches, we used the MLM  structureprinter
o verify the correctness of the mapping. To further investigate
his approach, we integrated a data mapper into ARSEN/IC, allow-
ng serialization [14] of any data structure to the XML-based Web
istributed Data Exchange (WDDX) format [15], and integrated
nother mapper which performs the same process backwards, i.e.,
eserializing WDDX to Arden Syntax data structures. We  opted for
DDX because it is natively supported by PHP, and ARSEN/IC stores

ompiled MLMs  in this format.
We measured the execution speed by repeating each data map-

ing approach 1000 times on a server virtual machine (Windows
008 server with 8 GB main memory and 2 Intel Xeon X5675 pro-
essors), with each pass followed by a random delay within 1 to 3 s.
he benchmarks for all three approaches were performed in paral-
el to create a considerable server load. Patient data were retrieved
rom a database server within the local network. Additionally, we

easured the peak memory usage of each approach. Our data sam-
le for testing and benchmarking comprised 22 patients, with a
otal of 352 orders, 690 findings, 67 comments, and 91 recommen-
ations.

Finally, we  utilized the Arden Syntax Server Protocol to map
ntire HL7 messages containing laboratory results onto Arden Syn-
ax objects. We  integrated a self-written Python program into
ur communication server, which transforms HL7 messages to
ppropriate XML  structures consisting of nested objects. We  tested
everal variations regarding the naming of objects and attributes,
nd decided to use an easy to understand convention. We  used the
ames from the HL7 specification, i.e., “segment”, “field”, “compo-
ent” and “subcomponent”, and attached consecutive numbers as
uffixes. Therefore, a subcomponent inside a HL7 message, passed
o an MLM  as the argument, would be accessed with an expression
ike

hl7message.segment5.field3.component1.subcomponent3.

. Results

Each of the three investigated Arden Syntax engines provides an
nterface component for the connection to a clinical system. Besides
rigger methods to evoke or call MLMs  (Fig. 6A), such interface com-
onents also provide methods that are implicitly called each time
he control flow inside an MLM  reaches a statement associated with
 curly braces expression such as a READ statement (Fig. 6B). Such
n evaluation method receives the content of the specific curly
races expression as the argument and returns an Arden Syntax
ata structure which eventually is assigned to a variable.
Fig. 7. Details from an MLM  generated overview of microbiology findings.

All investigated systems utilize the same approach regarding
the READ statement as described above (Fig. 2, M1). They provide
an evaluation method returning one or more lists; this method is
to be implemented by the particular institution.) The approaches
slightly differ regarding the READ AS statement (Fig. 2, M2).
Arden2Bytecode and ARSEN/IC implicitly perform approach M2,
transforming a database query result into a list of non-nested
objects with attribute names corresponding to the previous object
declaration. Therefore, both systems will not return objects with
a deeper structure. However, both systems permit the implemen-
tation of alternative behavior. The commercial system utilizes a
slightly different approach by adding the object type to the argu-
ment list of the evaluation method. This allows returning nested
objects, but mapping approach M2  is to be implemented by the
customers themselves. In summary, all three systems are basically
capable of mapping approach M2  with or without nested object
structures. Moreover, each system provides a built-in abstraction
layer for SQL databases, although this is currently not required by
the Arden Syntax standard. ArdenSuite additionally provides a pro-
prietary mapping approach termed Arden Syntax Server Protocol.
This approach allows MLMs  to be called with an XML data structure
as the argument, using a web  service interface. The data structure
is implicitly deserialized to a congruent Arden Syntax data struc-
ture and may  be assigned to an Arden Syntax variable using the
ARGUMENT statement inside the DATA slot.

Based on the results of our analysis, we determined and imple-
mented three different approaches to map  our microbiology data
test sample onto Arden Syntax data structures. All three mapping
approaches resulted in exactly the same data structure: An Arden
Syntax list containing Arden Syntax objects, as visualized in Fig. 7,
which shows a detail from an MLM  generated overview based on
this data structure. The MLM  processes all patients of a surgical
ICU who  are currently admitted or were discharged within the past
seven days. Positive findings are printed in bold.

Our approaches for mapping complex data can be summarized
as follows:

• Arden approach: The Arden approach required the definition of

five appropriate Arden Syntax object types as described in Fig. 4A.
The entire mapping process was  performed by nested loops,
requiring 14 lines of code altogether, as shown in Fig. 4B. Each
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tree level was created by a READ AS statement implementing
mapping approach M2.
API approach: The API approach, to be implemented in the
programming language of the particular interface component,
strongly resembles the Arden approach, building the intended
data structure by nested loops. However, due to the number of
API methods to be called in order to create objects and to set
attribute values, this approach requires a much larger code.
Deserialization approach: The deserialization approach is not part
of the Arden Syntax standard. Currently, it is a built-in function
provided by the commercial Arden Syntax Server that is part of
ArdenSuite. To use this approach, data must be provided in XML
format as shown in Fig. 5. Investigations of this approach using
ARSEN/IC, including the performance and memory usage mea-
surements, were based on WDDX as the data format and the
corresponding built-in deserializer from PHP. In any case, patient
data provided as XML  are deserialized to Arden Syntax data struc-
tures. A deserializer can be used by means of the INTERFACE and
CALL statements of Arden Syntax. In case of ARSEN/IC, the follow-
ing lines of code are required in the DATA slot in to deserialize
the content of an XML  file:

mapper:= INTERFACE {XmlFileMapper};
<identifier>:= CALL mapper WITH <filename>;

Our performance measurements revealed that the Arden
pproach was the slowest one, taking an average of 497 ms  for the
ntire data structure to be created. The API approach took an aver-
ge of 382 ms,  the deserialization approach, based on WDDX, an
verage of 84 ms.  All approaches significantly differ from each other
p < 2.2e − 15). Both the Arden and the API approach consumed
bout 3 MB of main memory, while the deserialization approach
onsumed about 6 MB.  The results are displayed in Fig. 8.

Utilizing the deserialization approach for mapping entire HL7
essage onto Arden Syntax objects proved successful. The XML

ata structure generated on our communication server was passed
o the Arden Syntax server provided by ArdenSuite, where it was
eserialized to a single Arden Syntax object and passed to an
LM as the argument. Each data item in the message was  suc-

essfully accessed using the naming convention described above.
ig. 9 shows an example message that is mapped to a variable
“hl7message”) containing the message as a nested object. A glu-
ose value of 147 [mg/dL] is assigned to a variable using a path
xpression corresponding to its position (suffixes starting at 1,
ccording to the counting of list elements in Arden Syntax). The glu-
ose value is explicitly converted to the NUMBER data type, which
s required to compare it to a numeric threshold.

. Discussion

Clinical event monitoring presupposes access to patient data
3,16]. Therefore, the importance of the task of mapping patient
ata onto Arden Syntax data types cannot be overestimated;
LMs  are “desperately seeking data” [17]. Since the data type

ystem of the early versions of Arden Syntax was limited to flat
ists as the only compound data type, an approach for mapping
omplex data was not necessary; Arden Syntax was  literally one-
imensional. Traditional MLMs  typically processed data elements
rom medical patient records, e.g., laboratory values, which could
e mapped onto lists. The introduction of objects into the type
ystem [18] opened up many new fields of application for MLMs,

ut also entailed new challenges for data mapping. Later ver-
ions (2.5 and higher) are capable of processing complex data
uch as tree structured microbiology data or possibly even random
ets of entire patient records. Even the traditional limitation to a
in Medicine 92 (2018) 95–102

single patient focus retained by most Arden Syntax engines, such
as the model implementation at the Columbia Presbyterian Medi-
cal Center (CPMC) [19], may  have to be overcome e.g., for infection
outbreak monitoring.

We  identified three different approaches for mapping complex
data: An Arden approach, building the intended data structure
inside an MLM;  an API approach, building the intended data struc-
ture inside the interface component of an Arden Syntax engine
using the particular API methods; and a deserialization approach,
deserializing an XML  data structure onto a congruent Arden Syn-
tax data structure. The deserialization approach appears to be the
most promising, because it is generic insofar that it can map arbi-
trary data structures as long as they are in an appropriate XML
format. The other two  approaches are not generic insofar that the
code must be tailored to their structure, which must be known in
advance. Nevertheless, the API approach could be implemented in a
more generic way by deviating slightly from the specified behavior
of the READ AS statement. If clinical data are stored in EAV format,
which is the case with many clinical information systems, the EAV
format might be extended to EAV/CR (EAV with classes and rela-
tionships; for a detailed introduction see Nadkarni [6]). Adding a
metadata repository to the database schema allows the grouping
of data items to objects, enabling nested data structures that could
easily be mapped onto congruent Arden Syntax data structures. In
this case, whenever the control flow within an MLM  reaches a state-
ment like “READ AS electrolytes”, the interface component would
look up the structure of “electrolytes” in the metadata repository
rather than in a previous object declaration. Nevertheless, in case
of conventionally modeled microbiology data at our institution as
described above, as well as with HL7 messages, this approach could
not be applied because these data are not EAV modeled.

The Arden approach, although not generic, has the advantage
of not requiring any technical prerequisites besides Arden Syntax
versions 2.5 and higher. It does not require any additional program-
ming work inside the interface component. Mapping complex data
is therefore possible for any knowledge engineer who is famil-
iar with nested loops and knows the structure of the data to be
mapped. As the code performing the mapping is entirely in Arden
Syntax, it may  be transferred to another institution for the pur-
pose of knowledge transfer, where it is to be adjusted according to
the local database schema. We  recommend integrating the nested
loops performing the data mapping into a separate MLM.  In this
case, one could say the DATA slot is outsourced into a “data loader
MLM”.

Jenders and Shah [20] described an earlier attempt to process
microbiology data at the CPMC. The objective of their work was
to monitor nosocomial infection outbreaks. The authors developed
a two-phase system. The first phase was  to monitor microbiol-
ogy results by MLMs  that extracted relevant data and stored them
in a repository. The second phase was  to perform a cross-patient
analysis by counting organisms within timeframes by means of a
statistical monitor, which was initially used to monitor the cor-
rect function of the CPMC Arden Syntax installation itself [21]. The
reason why  their monitoring approach could not entirely be per-
formed in Arden Syntax was  the fact that the CPMC installation, like
many others, was  limited to a single patient focus, thus prohibit-
ing a cross-patient analysis within an MLM.  Nevertheless, even if
this installation had supported multi-patient MLMs,  there would
still have been the problem of mapping multi-patient microbiology
results onto Arden Syntax data structures in the DATA slot, because
at that time the object data type was not supported. Although it
would be technically possible to process populations of patients

in MLMs  based on flat lists, handling the code may  soon become
tedious. We presume that it would be expedient to use a “one case
– one object” approach to create a list of microbiology objects in the
DATA slot, in line with our approaches described above. Currently,
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Fig. 8. Results of performance

e do not monitor infection outbreaks by MLMs at our institution,
ut this is a matter of discussion. Thanks to the cross-patient capa-
ilities of our installation and the support of the object data type
e do not expect technical problems.

Utilizing this cross-patient capability together with the
escribed mapping approach allowed us to process the data in a
onvenient way inside MLMs.  Finally, the initial clinical require-
ent to display a multi-patient view of microbiology data has been

ulfilled. The MLM  displaying microbiology data is user-driven,
.e., triggered by button click; performance was thus an important
spect (according to the first commandment of effective clinical
ecision support: “speed is everything” [22]). In the case of data-
riven monitoring MLMs,  a short delay within a range of seconds

s usually unproblematic. In case of user-driven MLMs, with the
linician waiting at the computer for the result to be displayed,
xecution time must not exceed a few seconds in order to maintain
ser acceptance. With an average execution speed of less than 1 s,
ach of the three mapping approaches proved to be fast enough. As
xpected, the Arden approach was slower than the API approach.
e were surprised by the high performance of the deserialization

pproach which was several times faster than the API approach.
long with the advantage of being generic, this aspect makes this
pproach even more promising. A striking observation is that the
emory usage of the deserialization approach is twice as large as

hat of the other approaches, reflecting the way many XML  libraries
ork. In a first step, they transform the entire XML data struc-

ure into a main memory tree structure according to the Document

bject Model (DOM) [23]. In a second step, they traverse the result-

ng DOM tree to create a congruent Arden Syntax data structure;
hus two large memory structures exist. In the case of the other

Fig. 9. Accessing HL7 messag
emory usage measurements.

approaches, the Arden Syntax data structure is constructed suc-
cessively during a series of database access operations, resulting in
only one large memory structure. This also relates to the striking
differences in execution time. The deserialization approach is based
on fast memory access, while the other approaches are based on
considerably slower database access. Of course, our measurements
refer to a single Arden Syntax engine in our specific environment
only. But we  presume similar results would be achieved in different
settings, because the API methods of the investigated Arden Syntax
engines used to construct Arden Syntax data types are very similar,
and memory access will probably be faster than database access.
Moreover, the API approach will probably be faster than the Arden
approach, simply because Arden Syntax code can hardly execute
faster than the underlying programming language.

Arden Syntax was  intended for knowledge transfer between
institutions, thus reusability of the deserialization approach in dif-
ferent healthcare settings is a matter of interest. A necessary first
step would be to specify a data format and a method to map  it
onto Arden Syntax data types. For our test implementation inside
ARSEN/IC we  used the WDDX deserialization operator from PHP,
because it is natively supported by that language and requires only
a single line of code. However, the data format is not limited to XML
but may  also be JavaScript Object Notation (JSON) or any other data
format permitting nested data structures. In the case of our local
setting, JSON would be of great interest, as the vendor of our PDMS
announced the integration of a JSON-based data access interface.
Nevertheless, if we were to propose a data format for integra-

tion into the Arden Syntax standard, we  would recommend using
the one included in the Arden Syntax Server Protocol provided
by the commercial ArdenSuite from Medexter Healthcare. This

e contents from MLMs.
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ML-based format is straightforward and clearly tailored towards
he data type system of Arden Syntax, making it easier to use than

ore generic formats like WDDX. The only slight adjustments we
ould suggest are to rename the element “field” to “attribute” and

he attribute “objdeclname” to “type” to ensure compliance with
he naming convention in the Arden Syntax specification. This for-

at  already supports Fuzzy Arden Syntax [24,25] by providing an
ttribute for the degree of applicability. Implementing a mapper for
his format is routine programming work, and a variety of libraries
xist for many programming languages to assist the programmer.
he Arden Syntax standard stipulates that each institution has to
mplement a local solution for data mapping. However, it appears
easonable for Arden Syntax engines to provide such mapping solu-
ions out of the box, to avoid that multiple institutions need to
einvent the wheel. It may  be worth discussing the integration of a
ew language construct for the purpose of deserialization into the
tandard. As ARSEN/IC supports the integration of new statements
nd operators for research purposes, we added a unary operator
sing a filename as the argument, calling a data mapper, and retur-
ing an Arden Syntax data structure. In our opinion, the approach
o leave the curly braces problem entirely to the specific institution
ppears slightly anachronistic.

Even 25 years after the creation of Arden Syntax, the curly
races problem is still an issue as there is still no standard for elec-
ronic patient records. And despite all efforts to standardize patient
ata in form of a reference information model or virtual medical
ecords, the uptake of these approaches in real-world systems is
ractically nonexistent. The heterogeneity of interfaces to storage
ystems, however, has been considerably reduced since 1989, and
hough it is not required by the standard, all three investigated
rden Syntax engines provide support to access SQL databases. An
bstraction layer to avoid SQL code inside curly braces can be easily
mplemented using prepared statements, as in case of our installa-
ion. Both the READ and the READ AS statement are well designed
nd cover the majority of database access operations. Up to now,
ost of our MLMs  process single patients and use READ state-
ents to process flat lists, thus they do not require complex data.

ome MLMs,  however, process patient populations and make use
f READ AS statements to generate table structures. They process
dmission data, with information derived inside the MLM which
s to be attached to that structure at runtime, such as the proto-
ype of a multi-patient dashboard MLM.  Clinical demands suggest
hat population-based MLMs  will be of growing interest in the
ear future and will demand an approach for mapping complex
ata. Recently (November 2014) ArdenML [26,27] was  integrated

nto the latest version 2.10 of the standard, enabling entire MLMs,
ncluding statements and operators, to be expressed in XML. A stan-
ardized XML  or JSON data format for the deserialization approach
ould be another meaningful extension to the standard as it would

omplement the existing READ and READ AS statements with a con-

enient way to map  random data structures of random complexity
nto Arden Syntax data types. The application example for map-
ing an entire HL7 message demonstrated that the deserialization
pproach works with arbitrary structured data formats.

[

[
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