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Background:  Evidence-based  medicine  practice  requires  practitioners  to  obtain  the best  available  medical
evidence,  and  appraise  the quality  of  the  evidence  when  making  clinical  decisions.  Primarily  due  to  the
plethora  of  electronically  available  data  from  the  medical  literature,  the manual  appraisal  of the  quality of
evidence  is a time-consuming  process.  We  present  a  fully  automatic  approach  for  predicting  the  quality
of  medical  evidence  in  order  to aid  practitioners  at point-of-care.
Methods:  Our  approach  extracts  relevant  information  from  medical  article  abstracts  and  utilises  data
from  a specialised  corpus  to  apply  supervised  machine  learning  for the  prediction  of  the quality  grades.
Following  an  in-depth  analysis  of  the usefulness  of features  (e.g.,  publication  types  of articles),  they  are
extracted  from  the text  via  rule-based  approaches  and  from  the  meta-data  associated  with  the  articles,
and  then  applied  in  the supervised  classification  model.  We  propose  the use  of  a highly  scalable  and
portable  approach  using  a sequence  of high  precision  classifiers,  and  introduce  a  simple  evaluation  metric
called  average  error  distance  (AED)  that  simplifies  the  comparison  of  systems.  We  also  perform  elaborate
human evaluations  to compare  the  performance  of our  system  against  human  judgments.
Results:  We  test  and  evaluate  our  approaches  on  a publicly  available,  specialised,  annotated  corpus  con-
taining  1132  evidence-based  recommendations.  Our  rule-based  approach  performs  exceptionally  well
at the  automatic  extraction  of  publication  types  of articles,  with  F-scores  of  up  to  0.99  for  high-quality
publication  types.  For  evidence  quality  classification,  our  approach  obtains  an  accuracy  of 63.84%  and
an  AED  of 0.271.  The  human  evaluations  show  that  the  performance  of  our  system,  in terms  of  AED and

accuracy,  is  comparable  to  the  performance  of humans  on  the  same  data.
Conclusions:  The  experiments  suggest  that  our  structured  text  classification  framework  achieves
evaluation  results  comparable  to  those  of human  performance.  Our  overall  classification  approach
and  evaluation  technique  are  also  highly  portable  and  can  be used  for various  evidence  grading
scales.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Evidence-based medicine (EBM) is a practice that requires
edical practitioners to obtain the best quality clinical evidence

rom published research when answering clinical queries, in addi-
ion to using their own expertise. It has been described as “the

onscientious, explicit, and judicious use of current best evidence
n making decisions about the care of individual patients” [1]. To
se the best available medical evidence for solving patients’
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problems, practitioners are required to perform a number of
steps including searching for evidence, selecting the best avail-
able evidence, extracting relevant information, and appraising the
quality of the extracted evidence in the light of the patients’
problems. Currently, the process of evidence-based answer gen-
eration is a manual process and primarily due to the plethora
of electronically available medical documents, practitioners gen-
erally face the problem of information overload. Research has
shown that practitioners often fail to pursue evidence-based
answers to their clinical queries, particularly at point-of-care,
due to time constraints [2]. The time associated with seek-

ing and appraising information is largely considered to be the
biggest obstacle in EBM practice [3–10]. As such, approaches that
can extract relevant information from medical text, and utilise
them to automatically perform some of the tasks associated with

dx.doi.org/10.1016/j.artmed.2015.04.001
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ies, case studies and so on.1 These publication types are of varying
qualities (e.g., a randomised controlled trial is often of much higher
quality than a case study of a single patient). Greenhalgh [29]
0 A. Sarker et al. / Artificial Intelli

vidence-based decision making, can significantly aid the prac-
ice.

The appraisal of the quality of the extracted evidence is a crucial
ask in the process of evidence-based answer generation, and its
urpose is to indicate the reliability of the recommendations that
re made based on the available evidence. The quality of the best
vailable evidence may  depend on a large number of factors. For
xample, it may  depend on the topic. The reliability of the evidence
ssociated with different topics may  vary depending on the amount
f research the topics have received. Topics that have received more
esearch attention in the past are likely to contain better quality evi-
ence (e.g., safe behavioural interventions for obesity), compared to
opics that have received little (e.g., duration of steroid therapy for
ontact dermatitis). Also, sometimes findings from different studies
re not consistent, making the evidence unreliable. When making
vidence-based recommendations, practitioners have to take these
nd other factors into account in order to assess the reliability of
he extracted evidence. Thus, when extracting evidence from med-
cal publications regarding a topic, practitioners also have to spend
ignificant amounts of time to appraise the quality of the evidence
ssociated with the topic.

In this paper, we describe an approach to automate the process
f appraising the quality of the evidence. Our approach attempts
o extract relevant information from medical abstract texts and
he associated meta-data, and utilise the information to predict
he quality of the evidence presented by the data. We  apply nat-
ral language processing (NLP) techniques to extract features from
he texts, and use the features in a supervised machine learning

odel to perform the quality predictions. Using a corpus that spe-
ialises in EBM question answering, we first perform an analysis of
he features that are likely to be indicative of the quality of evidence.
ollowing the analysis and the selection of the features, we apply a
equential classification model to automatically predict the quality
f evidence on a discrete scale. Our approach achieves an accuracy
f 62.84% when evaluated against a gold standard. Our evaluations
lso show that the difference between the performance of our sys-
em and that of human experts on the same data is not statistically
ignificant.

The rest of the paper is organised as follows. We  provide back-
round on evidence appraisal including a discussion of the discrete
cale that we use, and discuss some related research in Section 2. In
ection 3, we discuss the data, our preliminary analysis of features,
he fully automatic grade classification model, and our human eval-
ation experiments. In Section 4, we present the results of all our
xperiments along with discussions of the results. We  conclude the
aper in Section 5.

. Background and related work

Due to the importance of appraising and specifying the qual-
ty of evidence in EBM practice, standardised grading scales have
een proposed in the literature. Various organisations and publi-
ations have their own measure of evidence and, according to a
esearch report produced by the Agency of Healthcare Research
nd Quality [11], more than 100 evidence grading scales are in use
oday. The report also proposes that any system for grading the
trength of evidence should consider three key elements: quality
the extent to which the identified studies minimise the opportu-
ity for bias), quantity (the number of studies and subjects included

n those studies) and consistency (the extent to which findings
re similar between different studies on the same topic). Among

ther requirements, studies have specified the need for a balance
etween simplicity (such that assessing the quality of evidence is
ot very time-consuming) and clarity (so that evidence can be easily
lassified into a specific grade) [12]. Comprehensiveness of grading
 in Medicine 64 (2015) 89–103

systems is also seen as an important factor [13] since they need to be
applied to studies of screening, diagnosis, prevention, therapy and
prognosis. Based on these requirements, we  chose the strength of
recommendation taxonomy (SORT) [13] as our target grading scale.
SORT was designed to provide a uniform recommendation-rating
system that could be applied throughout the medicine literature. It
is simple and straightforward, and, therefore, easy for practitioners
to use during everyday practice. This taxonomy uses only three rat-
ings – A (strong), B (moderate) and C (weak) – to specify the strength
of recommendation of a body of evidence. Furthermore, the avail-
ability of a specialised corpus [14] that uses SORT as the target scale
for quality prediction/grading makes this scale an ideal choice for
our research. The corpus, described in the next section, enables us
to compare the automatically generated evidence grades to grades
assigned by human experts, and evaluate the performance of our
system.

Research related to ours has focused mostly on text classification
in the medical domain and automatic quality assessment of med-
ical publications. Text classification techniques have been applied
to clinical text of various granularities (e.g., abstracts, sentences,
phrases, and so on), from various types of sources (e.g., scientific
articles, clinical notes, electronic health records, clinical free texts,
and so on), and with various intents (e.g., quality assessment, con-
tent categorisation, polarity classification, entity recognition, and
so on) [15–21]. For purposes such as retrieval and post-retrieval
re-ranking, approaches based on word co-occurrences [22] and
bibliometrics [23] have been proposed for improving the retrieval
of medical documents. These approaches, however, do not inte-
grate evidence-based recommendations for appraisal. Tang et al.
[24] propose a post-retrieval re-ranking approach that attempts
to re-rank results returned by a search engine. Their approach is
only tested in a specific sub-domain (i.e., Depression) of the medical
domain. Kilicoglu et al. [25] focus on identifying high quality med-
ical articles and build on the work by Aphinyanaphongs et al. [26].
They apply machine learning and obtain 73.7% precision and 61.5%
recall. More recently, Kim et al. [27] proposed the use of support
vector machine (SVM) classifiers to identify high-quality system-
atic reviews to help EBM practitioners choose the best quality
evidence. A similar classification approach has also been suggested
by Adeva et al. [28] to support the creation of systematic reviews.
These approaches and related research generally model the prob-
lem of quality assessment as a binary classification task, where each
article may  either be of good or bad quality. Also, the approaches are
suitable for ranking single documents only. Our research has two
primary differences with existing research on automatic quality
assessment: (i) we use a more standardised and specialised scale,
with the intent of automatically recommending evidence-based
grades; (ii) our approach is for bodies of evidence, which may be
single documents or multiple documents on the same topic. In our
work, we  experiment with some of the features that are suggested
to be useful by the SORT guidelines (e.g., publication types of arti-
cles), and some features that have been utilised in the past to make
quality estimates (e.g., journal names, publication dates) in related
literature.

Ebell et al. [13] suggest that the publication types of medical
articles are good indicators of their qualities. Literature in the med-
ical domain consists of a large number of publication types such
as randomised controlled trials, systematic reviews, cohort stud-
1 A list of publication types used by the U.S. National Library of Medicine can be
found at http://www.nlm.nih.gov/mesh/pubtypes2006.html. This list is not exhaus-
tive  [accessed 10.11.14].

http://www.nlm.nih.gov/mesh/pubtypes2006.html
http://www.nlm.nih.gov/mesh/pubtypes2006.html
http://www.nlm.nih.gov/mesh/pubtypes2006.html
http://www.nlm.nih.gov/mesh/pubtypes2006.html
http://www.nlm.nih.gov/mesh/pubtypes2006.html
http://www.nlm.nih.gov/mesh/pubtypes2006.html
http://www.nlm.nih.gov/mesh/pubtypes2006.html
http://www.nlm.nih.gov/mesh/pubtypes2006.html
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entions some other factors that influence the grade of an evi-
ence, such as the number of subjects included in a study and the
echanism by which subjects are allocated (e.g., randomisation/no

andomisation), but the latter is generally indicated by the publi-
ation type (e.g., randomised controlled trial) of the article. Lin and
emner-Fushman [30] also acknowledge the importance of publi-
ation types in determining the quality of clinical evidence. They
se a working definition of the ‘strength of evidence’ as a sum of
he scores given to journal types, publication types and publication
ears of individual publications. Their scores are used for citation
anking, not evidence grading, and therefore their results cannot
e compared to ours. Their research also suggests that the journal
ames and publication years have an influence on the qualities of

ndividual publications, which in turn may  influence the grade of
vidence obtained from them.

. Methods

In this section we describe the design and execution of our
xperiments. We first briefly describe some preliminary analysis
o identify useful features. Following that, we discuss automatic
pproaches to extract features, and our experiments that utilise
hese automatically extracted features for strength of recommen-
ation (SOR) classification. Finally, we discuss the design of a
uman evaluation to compare the performance of our approach
ith human performance on the same data. The results for all

xperiments are presented in the next section.

.1. Experimental data and preliminary analysis

We  use a corpus2 developed in-house [14,31] which is spe-
ialised for EBM question answering. Each record in the corpus
s a clinical query obtained from the ‘Clinical Inquiries’ section of
he Journal of Family Practice (JFP)3 (the articles date from 2001 to
010). Each query is accompanied by one or more evidence-based
nswers, and each answer is generated from one or more medical
ublications. Furthermore, each answer contains its SOR, a list of
ublication references and a brief description of the publications

ncluding their publication types. Fig. 14 shows a screenshot of the
ata that is used for our research. The figure shows that the article
as three answers associated with the question. Each answer has

 SOR specified with a brief justification behind the SOR grade (i.e.,
he publication types of the articles from which the answers have
een derived). Following this, there are some detailed justifications
hich contain references to the source articles. In our research, the

bstracts of these referenced articles constitute the source texts
rom which the SOR predictions are made.

From the corpus, which contains the JFP data in XML format, we
ollected all evidence-based answers that had their SORs specified.
ur final set consists of 1132 evidence-based answers generated

rom 2713 medical documents. Of the 1132 answers, 330 are of
rade A, 511 of grade B and 291 of grade C. In our preliminary feature
nalysis, the results of which we have previously published [32],
e focused on analysing the effects of the following features in
etermining the evidence grades:

. The publicationtypes of the individual publications associated

with the recommendations. In our corpus, the publication types
associated with bottom-line recommendations are generally
mentioned (as is the case with the articles from the JFP from

2 The corpus is available to the research community at: http://sourceforge.net/
rojects/ebmsumcorpus/ [accessed 10.11.14].
3 http://www.jfponline.com [accessed 10.11.14].
4 Reprinted with permission of The Journal of Family Practice.
in Medicine 64 (2015) 89–103 91

which the corpus has been collected).5 For the few cases where
the publication types are not mentioned, we  manually identified
this information from the meta-data in the PubMed6 XML  files
containing the abstracts.

2. The publicationyears of the associated documents. Related
literature suggests that recent publications are more rel-
evant/reliable than older publications [30]. We  obtained
publication years of the documents from the PubMed XML  files
of the abstracts and used them as numeric features.

3. The publicationvenues. We  included this feature to assess if
studies published in high-impact journals give better quality
evidence compared to studies published in venues of lower
impact. Past research suggests that the qualities of individual
studies may  depend on the publication venues, and, therefore,
this information is likely to affect the overall evidence grade [30].
Information about the publication venues are also encoded in the
PubMed XML  files present in our corpus.

4. The titles of the articles. The titles of the articles present useful
information such as the topics of the studies, and, often other
information such as disorders, interventions and so on. The titles
were also obtained from the PubMed XML  files.

Note that, for this analysis, we refrained from using raw text
from the publication abstracts. This is because using word n-grams
from the abstracts introduces a large number of features, making
the analysis of other features difficult. We  utilised lexical informa-
tion from the abstracts in the work described later in this paper.

Due to the large number of possible publication types that medi-
cal articles can have, we  grouped together publication types having
low frequency and similar quality levels, since it is not possible
to accommodate all publication types. This grouping is performed
manually. Our final set consisted of 11 groups of known publi-
cation types as shown in Fig. 2. Publications for which we could
not identify the publication type were labelled as unknown.  Based
on our collected data, we consider 45.1% – the accuracy when all
instances are classified as B (the majority class) – as the baseline
for our experiments.

This distribution of publication types over SOR grades is shown
in Fig. 2. A clear pattern in the distribution of publication types over
SORs can be seen. For SOR A, evidence primarily comes from ran-
domised controlled trials, systematic reviews and meta-analyses,
and the numbers drop significantly for other publication types.
For SOR C evidence, most of the evidence comes from publica-
tions presenting expert opinion, case series/reports, and consensus
guidelines. The distribution for SOR B has the largest spread with
cohort studies having the highest frequency.

To test the extent to which SORs can be predicted from the
abovementioned features, we design an experiment using super-
vised machine learning. We model the grading of evidence as a
single-label text classification problem with three classes (A, B, and
C), and the features that have already been mentioned. We  model
the publication type feature as vectors of counts of the 12 publica-
tion types shown in Fig. 2. We  represent the titles and journal names
using uni- and bi-grams; we  do not include any larger n-grams,
since both of these are generally short spans of texts and larger n-
grams lead to data sparseness. Prior to generating the n-grams, we
process the titles by removing stop words, lowercasing the words,
stemming the remaining words using the Porter stemmer [33] and

removing words occurring less than five times across the whole
data set. We  repeat the experimental procedures mentioned above
with various combinations of these feature sets.

5 An example of this can be found at: http://www.jfponline.com/pages.
asp?aid=8103 [accessed 10.11.14].

6 http://www.ncbi.nlm.nih.gov/pubmed/ [accessed 10.11.14].

http://sourceforge.net/projects/ebmsumcorpus/
http://sourceforge.net/projects/ebmsumcorpus/
http://sourceforge.net/projects/ebmsumcorpus/
http://sourceforge.net/projects/ebmsumcorpus/
http://sourceforge.net/projects/ebmsumcorpus/
http://sourceforge.net/projects/ebmsumcorpus/
http://www.jfponline.com
http://www.jfponline.com
http://www.jfponline.com
http://www.jfponline.com
http://www.jfponline.com/pages.asp?aid=8103
http://www.jfponline.com/pages.asp?aid=8103
http://www.jfponline.com/pages.asp?aid=8103
http://www.jfponline.com/pages.asp?aid=8103
http://www.jfponline.com/pages.asp?aid=8103
http://www.jfponline.com/pages.asp?aid=8103
http://www.ncbi.nlm.nih.gov/pubmed/
http://www.ncbi.nlm.nih.gov/pubmed/
http://www.ncbi.nlm.nih.gov/pubmed/
http://www.ncbi.nlm.nih.gov/pubmed/
http://www.ncbi.nlm.nih.gov/pubmed/
http://www.ncbi.nlm.nih.gov/pubmed/
http://www.ncbi.nlm.nih.gov/pubmed/
http://www.ncbi.nlm.nih.gov/pubmed/
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Fig. 1. A sample article from the Journal of Family Practice showing the clinical query, the bottom-line summaries, the associated evidence grade for each answer, and
justifications behind the grades.
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c s with
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o
p
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ig. 2. Distribution of publication types across SORs in our analysis set. Other study
linical trials other than randomised controlled trials, and Unknown refers to article

We  use two-thirds of our data for training and the remaining
s held-out test data. For both sets, we keep the proportions
f instances belonging to the three classes the same as their
roportions in the whole data set. We  use the software package

eka7 [34] for our machine learning experiments. We  choose five

lassifiers that produce good results on our training data and have
lso been shown to produce good results on similar problems in the

7 http://www.cs.waikato.ac.nz/ml/weka/ [accessed 10.11.14].
 to low frequency studies (e.g., observational study), Other clinical trial refers to all
 unidentified publication types.

past. The five chosen classifiers are (the names used in Weka shown
in parenthesis): bayes net, support vector machines (SMO), k-
nearest neighbour (IBk), multinomial logistic regression (Logistic)
[35], and C4.5 decision tree (J48) [36]. We perform simple parame-
ter tuning for some of the chosen classifiers and choose parameter
values that produce the best results for stratified 10-fold cross
validations on the training set. For the bayes net classifier, we  use

the default implementation in Weka with the K2 search algorithm
[37] for local score metrics and the simple estimator for estimating
conditional probability tables. For the SMO  algorithm, we use John
Platt’s [38] sequential minimal optimisation algorithm and solve

http://www.cs.waikato.ac.nz/ml/weka/
http://www.cs.waikato.ac.nz/ml/weka/
http://www.cs.waikato.ac.nz/ml/weka/
http://www.cs.waikato.ac.nz/ml/weka/
http://www.cs.waikato.ac.nz/ml/weka/
http://www.cs.waikato.ac.nz/ml/weka/
http://www.cs.waikato.ac.nz/ml/weka/
http://www.cs.waikato.ac.nz/ml/weka/
http://www.cs.waikato.ac.nz/ml/weka/


A. Sarker et al. / Artificial Intelligence 

Table  1
Accuracies, 95% confidence intervals, and best performing classifiers for various
feature sets.

Features Accuracy (%) 95% CI Classifier

Journal, pub. year, title and
pub. type

63.636 58.5–68.5 C4.5

Pub. type and pub. year 66.578 61.6–71.3 C4.5
Pub. type and title 67.380 62.4–72.1 C4.5
Pub. type and journal 63.904 58.8–68.8 C4.5
Journal, pub. year and title 50.802 45.6–56.0 SMO
Journal and pub. year 46.257 41.1–51.5 SMO
Title only 51.070 45.9–56.2 SMO
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Pub. year only 47.594 42.4–52.8 Bayes net
Journal only 47.326 42.2–52.5 Bayes net
Pub. type only 68.717 63.8–73.4 IBk

ur multi-class problem using pairwise (1-vs-1) classification. We
se an RBF kernel for the SMO  classifier, normalising all attributes
nd using a grid search to find good values for the parameters � and
. For the C parameter, we searched through all powers of 2 from
−5 to 215; for the � parameter, we searched through all powers
f 2 from 2−15 to 23. To find the best value of k for the k-nearest
eighbour algorithm, we search through all odd values of K from 1
o 101. For the C4.5 decision tree classifier, we search between 2−5

nd 2−1 to find the best value for the confidence factor parameter.
Using only manually specified publication types as a feature set,

e obtain classification accuracies of approximately 66–69% (over
0% improvement over the majority-class baseline) with various
lassifiers on our held-out test set. We  found no statistically signif-
cant difference between the accuracies of the different classifiers,

eaning that the most important role to determine classification
ccuracy is played by the features used, not the type of classifier.
dding features such as journal names, publication years and article

itles to the publication types does not significantly influence the
ORs. Table 1 shows the highest accuracies obtained using various
ombinations of feature sets, the 95% confidence intervals,8 and
he classifiers producing these results. From the table it is evident
hat the absence of publication types as a feature set causes signif-
cant drops in accuracy. Although incorporation of article titles as a
eature set produces marginally better accuracies compared to our
aseline, no significant improvements are achieved when this fea-
ure set is combined with publication types. The other feature sets,
lone or in combination with each other, do not give a statistically
ignificant improvement over the baseline.

We also experimented to verify the usefulness of several other
eatures for automatic SOR classification, but found none that could
nfluence classification accuracies. For example, we attempted to
scertain if there is a correlation between the number of publica-
ions associated with an evidence and the quality of the evidence,
ut there was none. Based on our manual inspection of the data, it
ppeared that some topics may  be associated with high quality evi-
ence, perhaps due to the significant amount of research performed
n those topics. However, due to the large number and diversity of
opics present in the corpus, incorporating topic information (e.g.,
rom the question) and using them as features leads to data sparse-
ess. In conclusion, only the publication types showed a strong
ssociation with the SOR grades, and the article titles produced
mall improvements in classification accuracies.

.2. Identifying publication types of medical articles
Because of the importance of publication types in SOR classifica-
ion, as revealed by our preliminary analyses, we first focus on the

8 Calculated using the package R’s binom.test function (http://www.r-project.org)
accessed 10.11.14].
in Medicine 64 (2015) 89–103 93

automatic identification of publication types. As mentioned earlier,
the PubMed XML  files of the abstracts contain associated meta-
data, including the publication types of the articles. However, not
all publication types that we require are present in the PubMed
articles. For example, PubMed does not have a specialised tag for
systematic reviews. The Review tag is used to represent both sys-
tematic reviews and non-systematic reviews. In many cases, simply
the default Journal Article tag is used for the articles. There is also no
specialised tag for cohort studies, although a large number of arti-
cles in our data set belong to that broad category. Because of these
reasons, we cannot rely fully on the meta-data associated with the
articles to identify the publication types.

We apply a simple rule-based approach to automatically
identify several important publication types. We  have reported pre-
liminary results of our regular expression-based approach in the
past [39], and here we  provide a comprehensive description of the
task. We  combine the publication types identified by this approach
along with the publication type information provided as meta-data.
In our approach to identify the publication types, we only use texts
from the article titles and abstracts. Abstracts, and often titles, of
medical articles contain information about the types of studies,
and therefore, provide evidence of their publication types. Fig. 3
presents three examples of evidence of randomised controlled tri-
als. The first example shows evidence from the title. The second and
third are examples of sentences from article abstracts that contain
evidence.

Our approach relies on regular expressions to identify relevant
patterns (evidence) from titles and abstracts. In addition to devel-
oping regular expressions for publication types that do not have
specific tags in PubMed, we implemented some expressions for
publication types that have specific tags. This is for two reasons:

i often multiple publication types are assigned to a single article,
and our expressions are aimed at detecting the most relevant tag
for an article; and

ii in some cases, the tags assigned on PubMed are not consistent,
and applying our regular expression-based classifier, the pub-
lication type can be detected with more accuracy for certain
publication types.

An example of (i) may  happen when an article is tagged as a
randomised controlled trial, controlled clinical trial, and clinical trial in
the PubMed meta-data. Using our rule-based approach, if the article
is found to be a randomised controlled trial, only that tag is kept
and the others are discarded. Details of this are provided later in
this section when we discuss our features for the machine learning
classifiers in detail. As an example of (ii), we found a number of
cases where an article was tagged as multi-centre study only, while it
was actually a multi-centre randomised controlled trial. The intent
of the rule-based approach, in this case, is to tag the article as a
randomised controlled trial since that is the most relevant for our
work.

We developed regular expressions to classify articles by man-
ually studying the titles and abstracts of articles belonging to
several publication types. We  collected our development set from
a mixture of sources. For articles which have associated Publica-
tionType tags in PubMed (e.g., randomised controlled trials and
meta-analyses), we retrieved about two hundred of each type. We
studied each article individually, identified the evidence of publi-
cation type and developed patterns to pick up the evidence. During
the development of the rules, we  used an incremental approach
similar to the ripple down rules [40] philosophy – after adding a

new regular expression we tested its effect on our development
set and added more expressions based on the articles that are not
correctly identified. We  utilised this strategy for meta-analyses,
randomised controlled trials, consensus development conferences,

http://www.r-project.org
http://www.r-project.org
http://www.r-project.org
http://www.r-project.org
http://www.r-project.org
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Fig. 3. Examples of evidence of publication type in title and abstract texts. The first example shows how the title can provide evidence of the publication type. The second
and  the third examples show how abstract sentences can provide evidence about the publication type.
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Fig. 4. Sample patterns used for detecting randomised controlled trials. Sample

ractice guidelines, and reviews. For example, in the case of ran-
omised controlled trials, we primarily developed expressions to
etect evidence of randomisation in the abstracts. Once evidence of
andomisation is found, the expressions attempt (from false posi-
ives) to detect evidence(s) of unacceptable randomisation.9 Some
f the expressions we use to identify randomised controlled tri-
ls and unacceptable randomisation techniques are shown in Fig. 4
the list is not exhaustive).

For articles without an associated PublicationType tag in PubMed
e.g., systematic reviews), obtaining a large development set was
onsiderably more difficult. We  therefore used a mixture of sec-
ndary sources of evidence such as the Journal of Family Practice

nd the Cochrane Library for obtaining approximately fifty of each
nd developed our expressions from that set. In these sources,
he publication types are manually specified. In our corpus, the

9 Details about unacceptable randomisation techniques for randomised con-
rolled trials and other publication types can be found at http://www.nlm.nih.gov/

esh/pubtypes2004.html [accessed 10.11.14].
rns used for detecting unacceptable randomisation techniques are also shown.

publication types of the cited articles are often given, and we
used those annotations as our gold standard. Furthermore, we
studied search techniques suggested by PubMed10 for the efficient
retrieval of systematic reviews and developed expressions based
on their suggestions. We  also developed expressions based on
search keywords and techniques suggested in the literature for
obtaining articles of specific publication types [41,42]. Developing
rules was  easier for publication types of higher qualities (e.g.,
systematic reviews). This is primarily because articles belonging to
these publication types often have standard discourse structures,
and also, almost invariably, clearly state the type of publication in
the abstract or the title. The same is not true for publication types
of lower qualities.
We  applied this approach for systematic reviews and cohort
studies. We  also attempted to apply this technique for case series,
case control studies, and some other publication types. However,

10 The techniques can be found at http://www.nlm.nih.gov/bsd/pubmed subsets/
sysreviews strategy.html [accessed 10.11.14].

http://www.nlm.nih.gov/mesh/pubtypes2004.html
http://www.nlm.nih.gov/mesh/pubtypes2004.html
http://www.nlm.nih.gov/mesh/pubtypes2004.html
http://www.nlm.nih.gov/mesh/pubtypes2004.html
http://www.nlm.nih.gov/mesh/pubtypes2004.html
http://www.nlm.nih.gov/mesh/pubtypes2004.html
http://www.nlm.nih.gov/mesh/pubtypes2004.html
http://www.nlm.nih.gov/mesh/pubtypes2004.html
http://www.nlm.nih.gov/bsd/pubmed_subsets/sysreviews_strategy.html
http://www.nlm.nih.gov/bsd/pubmed_subsets/sysreviews_strategy.html
http://www.nlm.nih.gov/bsd/pubmed_subsets/sysreviews_strategy.html
http://www.nlm.nih.gov/bsd/pubmed_subsets/sysreviews_strategy.html
http://www.nlm.nih.gov/bsd/pubmed_subsets/sysreviews_strategy.html
http://www.nlm.nih.gov/bsd/pubmed_subsets/sysreviews_strategy.html
http://www.nlm.nih.gov/bsd/pubmed_subsets/sysreviews_strategy.html
http://www.nlm.nih.gov/bsd/pubmed_subsets/sysreviews_strategy.html
http://www.nlm.nih.gov/bsd/pubmed_subsets/sysreviews_strategy.html
http://www.nlm.nih.gov/bsd/pubmed_subsets/sysreviews_strategy.html
http://www.nlm.nih.gov/bsd/pubmed_subsets/sysreviews_strategy.html
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ue to the inconsistent nature of the abstracts of articles belonging
o these publication types, and the variety of ways in which the
bstracts are written, the accuracies achieved by our preliminary
xperiments are low. Therefore, for such lower quality publication
ypes, we primarily rely on the PublicationType tags provided by
ubMed. Fig. 5 shows some of the regular expressions used for
etecting systematic reviews, meta-analyses, and some other pub-

ication types (the list is not exhaustive).
We apply a decision list to identify the publication types

f articles. Each article is initially assigned an empty tag and
assed through a sequence of tests, each responsible for check-

ng for patterns indicating a specific publication type. At any stage
f the sequence, both the PubMed PublicationType tag and the
egular expressions corresponding to a specific publication type
re utilised to check if an article belongs to that category. For
he regular expression matching, the title of the article is first

hecked, and, if no evidence is found, the abstract is checked.
in Medicine 64 (2015) 89–103 95

If sufficient evidence of a particular publication type is found
(with no further evidence of negation), the article is tagged and
removed.

The sequence in which the operations are applied is very impor-
tant as the number of false positives may  increase significantly
if the sequence is changed. For example, if systematic reviews
and meta-analyses are not removed before searching for ran-
domised controlled trials, many of the former are falsely tagged
as the latter. This is because abstracts of systematic reviews
and meta-analyses are often produced by collecting information
from multiple randomised controlled trials, and they usually men-
tion the number and types of studies being reviewed/analysed
(e.g., We  conducted a systematic review of five double-blind, ran-
domised controlled trials to investigate, etc.). Thus, both these
publication types generally mention other publication types
and must be detected early on in the sequence. The follow-
ing list elaborates the actions performed at each stage of the
sequence:
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Fig. 5. Sample patterns used for detecting specific systematic reviews, cohort stud-
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types of publications mentioned in Fig. 2, we  further condense the
number of publication types and only use the ones mentioned in
the previous subsection for automatic detection. Abstracts that are

11 We have experimented with other features, but this combination produced the
best  results.

12 http://metamap.nlm.nih.gov/ [accessed 10.11.14].
es, practice guidelines, consensus development conferences, and non-systematic
eviews.

In all cases, the meta-data is checked first (if available), then the
itle and finally the abstract text. While checking the abstract of an
rticle for evidence, each sentence is searched separately. We  have
ttempted other approaches such as searching the whole abstract
nd using a sliding window. However, we have found sentence level
earching to produce the best results primarily because evidence of
ublication or study type is usually stated or described in a single
entence of an article abstract. Once a pattern match occurs, the
ntire abstract is searched again to identify patterns that negate
he evidence in specific cases (such as unacceptable randomisation
echniques in the case of randomised controlled trials), and the
rticle is only tagged if no evidence of negation is found. The results
f the evaluation process are provided in the next section.

.3. Automatic SOR classification

.3.1. Features and methods for SOR classification
For our fully automatic classification approach, we use the data

rom the 2011 ALTA shared task [43]. The task was  based on the
roblem of automatic grading of evidence, and the data set was
repared from our corpus. The data for the shared task consisted of

 set of ‘evidences’ with the SORT grade for each. Each evidence was
epresented as a list of publications (PubMed IDs) from which the
vidence had been generated. Information for each publication was
rovided in the form of an XML  file per publication obtained from

ubMed. Two sets of such data were provided initially for training
677 evidences) and development time testing (178 evidences),
nd an additional set was used for testing the final system (183
Fig. 6. Sample data from the 2011 ALTA shared task.

evidences). Bottom-line summaries with no associated abstracts
and abstracts containing no text were not included in this data set.

Fig. 6 illustrates how the data in the shared task was provided.
In the figure, the first column is the instance ID, the second column
is the grade, and the following columns represent the PubMed IDs
of the abstracts associated with each instance.

Based on the findings of our preliminary experiments, we use
publication types and article titles as feature sets. In addition, we
introduce word n-grams from the article abstracts as a feature set.11

We  now provide a description of these feature sets.
N-grams. The most important information contained in the arti-

cles lies in the text of the abstracts. These include types of studies,
sizes of studies, background information, results and outcomes. To
attempt to capture this information, we  generate n-grams (n = 1, 2,
3 and 4) for each of the abstracts in the training set. The abstracts
contain larger volumes of texts compared to the titles, therefore, up
to 4-grams is possible without introducing data sparseness issues.
Prior to generating the n-grams we  perform some preprocessing of
the text. It is common for medical concepts to have different lexi-
cal representations. For example: hbp, hypertension, and high blood
pressure represent the same medical concepts. The concepts can
further be generalised into broad categories representing classes of
these concepts. In our approach, we  replace specific medical con-
cepts in the texts with generic ‘sem type’ tags. We  use MetaMap12

[44] to identify domain specific concepts as defined in the uni-
fied medical language system (UMLS).13 The UMLS provides a vast
vocabulary of the medical concepts and the broad semantic groups
into which the concepts can be classified. For example, all disease
names fall under the semantic category disease or syndrome (dsyn).
Replacing each occurrence of a disease, syndrome, or any medical
problem mention with the generic tag ensures that the mention
does not have an influence on the classifiers used and reduces over-
fitting. To represent all medical problems, we  use a set of semantic
types previously used for similar text classification tasks [45].14 We
also preprocess the n-grams by stemming using the Porter stemmer
[33], lowercasing, and removing stop words.

Publication types. We  employ the approach described in the
previous section to automatically identify the publication types of
the articles. Due to the difficulty of accurately identifying all the 11
13 http://www.nlm.nih.gov/research/umls/ [accessed 10.11.14].
14 pathological function, disease or syndrome, mental or behavioral dysfunction, cell

or  molecular dysfunction, virus, neoplastic process, anatomic abnormality, acquired
abnormality,  congenital abnormality, and injury or poisoning.

http://metamap.nlm.nih.gov/
http://metamap.nlm.nih.gov/
http://metamap.nlm.nih.gov/
http://metamap.nlm.nih.gov/
http://metamap.nlm.nih.gov/
http://metamap.nlm.nih.gov/
http://www.nlm.nih.gov/research/umls/
http://www.nlm.nih.gov/research/umls/
http://www.nlm.nih.gov/research/umls/
http://www.nlm.nih.gov/research/umls/
http://www.nlm.nih.gov/research/umls/
http://www.nlm.nih.gov/research/umls/
http://www.nlm.nih.gov/research/umls/
http://www.nlm.nih.gov/research/umls/
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papers only when making the final recommendations, and ignore
the lower quality articles presenting contrasting information. The
final grade assigned, therefore, will depend only on the papers on
A. Sarker et al. / Artificial Intelli

ot captured by our automatic approach are given the tag speci-
ed in the PubMed meta-data accompanying the abstract text. For
rticles with multiple publication types, we only keep the tag that
epresents the highest quality. For example, if an article is tagged as

 randomised controlled trial, a clinical trial and a journal article, we
nly keep the randomised controlled trial tag, since it has the high-
st quality among the three types. This approach produces a total of
3 publication types, including the automatically detected publica-
ion types. Articles that can neither be classified by our rule-based
pproach nor by the associated meta-data are given the default
ournal Article tag. For each instance of SOR in our data set, this
eature set is added as a vector of the counts of each publication
ype.

Titles. We  generate word uni- and bi-grams from the titles,
reprocessing them the same way as in the preliminary analysis
xperiments.

.3.2. Classification approach
We apply the same classifiers that we used for our prelimi-

ary research, and use the software package Weka. Namely, we
xperiment with the following classifiers: bayes net, support vector
achines (SMO), k-nearest neighbour (IBk), multinomial logistic

egression (Logistic) [35], and C4.5 decision tree (J48) [36]. We
lso use a naïve bayes classifier for comparison. The results are
resented in the next section.

In addition to the accuracy values, we add another measure,
hich we call the average error distance (AED). The intent of this
easure is to estimate the extent to which the predictions made

y our system differs from the actual grades. For an instance, if the
ctual grade is A and our system predicts B, then the Error Distance
ED) is 1. Similarly, if, for the same instance, the prediction by our
ystem is C, the ED is 2. For correct predictions the ED is 0. The
ormula to compute AED is as follows:

ED =
∑

g∈GED(gp, g)

(2 × (Na + Nc)) + Nb
(1)

here Na, Nb and Nc represent the number of instances with actual
rades A, B and C, gp is the predicted grade, g is the actual grade, and
he function ED(gp, g) gives the ED for that instance. Note that in
he equation, Na and Nc are multiplied by 2 because the maximum
D for these two classes is 2, whereas, for Nb, the maximum ED is
.The formula for AED ensures that, for a given data set, the worst
erforming system will obtain an AED of 1, while the best perform-

ng system will obtain an AED of 0. Thus, the lower the AED for a
ystem, the more likely it is to make accurate predictions. In other
ords, smaller AEDs mean that the classifier predictions are closer

o the actual predictions. The AED metric makes it easier to com-
are different systems on the same data set. The performance of
wo systems having comparable or equal accuracies may  be very
ifferent in practice. For example, a system which frequently clas-
ifies C grade evidence as B is better in practice than a system that
lassifies the same instances as A. In other words, the errors made
y the second system are bigger,  and the grades predicted are fur-
her from the actual grades. Although the accuracies of these two
ystems may  be equal, their AED values will indicate their relative
erformances.

.3.3. Combining classifiers
In an attempt to further improve the performance of our system

ver the performances of the single classifiers, we  apply a sequence
f classifiers, each of which is provided with a specific feature set

nstead of all the feature sets at the same time. The intent of each
lassifier in the sequence is to attempt to identify instances belong-
ng to the A and C classes with relatively high precision, at the
xpense of recall. Thus, each classifier in the sequence classifies
in Medicine 64 (2015) 89–103 97

only a small number of instances as A and C classes. When a num-
ber of such classifiers are utilised, the number of correctly classified
A and C grade evidences increases at each step, with a lower num-
ber of false positives for both these classes compared to the number
of false positives when all feature sets are combined in a single clas-
sifier. This approach is similar to the idea of boosting in machine
learning [46]. Based on the results of the single classifier experi-
ments, which are presented in the next section (Table 3), we use
the SMO  classifier for these experiments. The sequence in which
the classifiers are applied and specific details about each of them
are as follows:

Step 1: Classify all evidences as grade B (majority class).
Step 2: SMO with n-grams (n = 1, 2, 3, 4 and semantic types

replaced) as features. Parameters: c = 2.0 and � = 0.0.
Attribute selection: using the information gain measure to
select the top 400 n-grams.

Step 3: SMO  with publication types as features. For each instance,
the frequency of each publication type is used. Parameters:
c = 1.0 and � = 0.0.

Step 4: SMO  with titles as features. Parameters: c = 32.0 and
� = 0.002.

The parameters for the SMO  are tuned using the training set
for training and the development time test set for evaluation. Each
of the above classifiers and their parameters are chosen based on
their precision in classifying A and C grade evidences. Thus, in our
algorithm, each classifier classifies most instances as B but identi-
fies some A and C class instances with high precision. At each step,
instances classified as A or C are removed from the set, and the
new grades are assigned to these instances. Using this approach,
the classification accuracy increases with each step of the algo-
rithm as more instances are classified as A and C.15 Fig. 7 graphically
summarises our fully automating SOR classification model.

3.4. Human evaluation

To fully understand the applicability of our system in real life
grading of evidence, it is pertinent to compare its performance
against the performance of human experts on the same data. This
is particularly important for the following two reasons. Firstly, the
articles in the Clinical Inquiries section of the JFP are authored by dif-
ferent domain experts who follow the guidelines of EBM to answer
the clinical queries that are the topics of the JFP articles. For each
article, the authors retrieve the relevant literature available on the
topic, read and analyse them to identify the key recommenda-
tions, synthesise information from multiple relevant documents,
appraise the quality of the information they have gathered, and
then choose a grade based on the guidelines of the SORT. To specify
the final grade of evidence, they combine their domain knowledge
and the information available to them, and make the judgments
based on them. The authors are required to compare the informa-
tion available to them with the guidelines available and make the
judgments. In many cases, as expected, the information available
to the authors cannot be directly mapped on to the rules of the
guidelines. This may  happen, for example, when there are multiple
articles available on the same topic, with contrasting information
in some of them. The authors may  choose to refer to the best
15 For empirical reasons: we experimented by changing the sequence of classifiers,
but found no significant differences in performances.
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rule-based approach for detecting the publication types of medical
articles. Following that, we present the results of our classifica-
tion approaches, and finally, we discuss the results of our human
Fig. 7. The complete SOR classification model, includ

hich the authors chose to rely on. However, there is a strong pos-
ibility that if other experts were given the same set of documents
o make a decision, they would apply their own methodology to
erive the final grade for the evidence. As such, there is also a strong
ossibility that different experts, when faced with the same clinical
uery and the same set of supporting information, will choose dif-
erent grades to specify the qualities of the evidences, particularly
hen there are time-related constraints. It is crucial to compare the

greement levels among different experts in order to understand
ow good or bad the performance of our system is.

Secondly, the JFP contributors have access to more information
han our system. The experts can utilise information from the full
rticles, while our system has to rely on information present in the
bstracts only. Furthermore, in a number of cases (approximately
0%), the abstracts do not contain any text, making it harder for the
ystem to achieve its goal. Therefore, it is likely that the system’s
redictions are affected by the lack of information that is provided
o it.

We wanted to investigate the following two issues:

i The extent to which human experts agree with the gold standard
annotations in our corpus, given the same data that our system
receives.

i The extent to which human experts agree amongst themselves
regarding the evidence grades, given the same data that our sys-
tem receives.
To commence this experiment, we first selected a random set
f 100 instances from the text classification task described in the
revious section. Each instance consisted of a clinical query, a set of
rticle abstracts that were referenced to generate the bottom-line
ummary associated with the evidence, and a grade indicating the
e sequential, high precision supervised classification.

quality of evidence. Among the 100 instances, 38 were of grade A,
36 were of grade B, and 26 were of grade C.16

We  employed four human experts to perform the grading task
on this data set, using their own expertise. The human experts cho-
sen were from different backgrounds, but prior to introducing them
to the task, they were tested on their knowledge of EBM practice.
Three of the human experts were practising chiropractors who
graduated from Macquarie University, and the fourth expert was
a final year medical science student from the Australian National
University. For the task, we implemented a web-based tool that
enabled the experts to read the queries and the associated abstracts,
and choose a grade for each evidence based on the given informa-
tion. Each expert received one hour of training prior to the grading
task. During the training process, the experts were introduced to
the SORT guidelines, and they performed grading on a small set of
examples that was  separate from the 100 instances mentioned ear-
lier. Following the grading of this sample set, the JFP grades were
revealed to the experts, and the reasoning behind the grades were
also explained. Using the web-based tool, the experts were able
to access the instances at any time; the tool also allowed them
to revise the grades they assigned, and leave comments justifying
their decisions.

4. Evaluations, results and discussions

We  now present the results of the various experiments
described in the previous section. We  first discuss the results of our
16 The proportions for each of these three grade categories are not the same as in
the  full data set purely as a result of the random selection process.
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Table  2
Performance of the rule-based approach for the automatic classification of publica-
tion types.

Publication type Recall Precision F-score

Meta-analysis and systematic review 0.99 1.00 0.995
Randomised controlled trial 0.96 0.99 0.975
Cohort 0.81 0.78 0.795
Consensus development conference 0.76 0.92 0.832
Practice guideline 0.90 0.86 0.883
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Table 4
Average error distances for the best performing classifier (SMO) for individual fea-
tures and all features combined.

Features Average error distance

Abstract text n-grams 0.332
Title text n-grams 0.339

feature combination and classifier, our system obtains an aver-

T
I

Other clinical trials 0.84 0.79 0.814
Other 0.78 0.65 0.711

valuations. For each set of results presented, we  also provide dis-
ussions of the key findings and error analyses.

.1. Publication type detection results

To evaluate the performance of our rule-based approach, we
equired a set of test articles that were different from the devel-
pment set and at the same time reliably annotated. To achieve
his, we use the articles in our corpus whose publication types are
xplicitly mentioned by the JFP authors. Importantly, the chosen
rticles are not actually written by JFP authors, but are cited by
hem within the JFP articles and the publication types are also iden-
ified by these authors. These JFP classifications are considered to
e the gold standard in our evaluations. Relying on JFP for the test
ata also allows us to include articles from a wide range of medi-
al topics, thus ensuring that our approach is not topic dependent.
o further prevent bias, all articles identified are added to the test
et regardless of their structure/content, and the abstracts of the
rticles are not reviewed during the annotation process.

We use a total of 518 articles for evaluation, which includes 111
ystematic reviews and meta-analyses, 100 randomised controlled
rials, 78 cohort studies, 17 consensus development conferences,
1 practice guidelines, 92 non-randomised clinical trials, and 89
ther studies (other). Table 2 presents the performance of our
ule-based approach. Note that in the table we do not distinguish
etween systematic reviews and meta-analyses because these
wo publication types are essentially the same (i.e., meta-analyses
re types of systematic reviews). For systematic reviews and
eta-analyses, our approach produces perfect precision but fails

o identify one systematic review. Our approach tags a total of 97
rticles as randomised controlled trials, of which 96 are correctly
dentified. In the case of randomised controlled trials, the falsely
agged article is a review (non-systematic) which mentions ‘one
andomised, placebo-controlled study’ and is therefore picked up
y our rules. As for the four randomised controlled trials that
re missed, none of their abstracts contain any evidence of ran-
omisation although for one of the randomised controlled trials,
here is clear evidence of randomisation in the full article text
identified by manual inspection of the full text). In the case of
ystematic reviews and meta-analyses, the unpicked article is
 systematic review in which the abstract does not contain any
etail of the study type. It can be seen that the F-scores for the

ower quality publication types are lower than those for the higher

able 3
ndividual classifier accuracies and 95% confidence intervals for six classifiers using all th

Classifier Abstract (%) Title (%) 

Naïve bayes 48.3 (41–56) 45.2 (38–
Bayes  net 46.7 (39–54) 48.6 (41–
K-nearest neighbour 39.3 (32–47) 47.1 (40–
Logistic regression 44.2 (37–52) 48.1 (41–
C4.5  41.0 (34–48) 47.5 (40–
SMO  49.7 (42–57) 52.5 (45–
Publication types 0.300
All 0.289

quality publication types, indicating that automatic classification
gets increasingly difficult as the qualities of the articles decline.

The results indicate that a rule-based approach such as ours
is very effective in classifying high quality publication types, such
as systematic reviews, meta-analyses, and randomised controlled
trials. The high F-scores can be attributed to the fact that arti-
cles belonging to these three publication types are very structured
(since there are very specific guidelines that must be followed when
writing these articles), therefore, their titles and abstracts almost
invariably contain sufficient evidence of the type of publication,
which can be automatically identified. In contrast, lower quality
publication types such as non-randomised clinical trials and cohort
studies vary significantly in terms of abstract structure and content.
Thus, the rule-based approach is less accurate for these publication
types. However, for most of these publication types (other than
cohort studies), the PubMed PublicationType tag is generally cor-
rectly specified. Thus, with these two information types combined,
it is possible to detect the abovementioned publication types fairly
reliably.

4.2. Automatic SOR classification results

For these experiments, both the training set and the develop-
ment test (855 instances) from the ALTA shared task are used for
training, and the test set (183 instances) used for evaluation. Table 3
presents the performances of the different classifiers for each fea-
ture set, and all the feature sets combined, using automatically
extracted features. Consistent with our preliminary experiments,
publication types prove to be the best feature set, followed by
n-grams. The best performing classifier is SMO, which performs
better than the other classifiers when the feature sets are com-
bined. Table 4 presents the AEDs for the best performing classifier
for the different feature sets, showing that the AED is minimised
when all the features are combined.

Automatically extracted features do not provide as good a per-
formance as manually extracted features. Thus, despite the use of
more features, we are not able to obtain results as good as those
from our preliminary experiments. When performing analysis on
the training set to optimise various classifier parameters, we notice
that a major problem in this classification process is increasing the
recall and precision for the A and C classes. Attempting to improve
recall significantly decreases precision and vice versa. For the best
age precision and recall of 0.56 and 0.51 respectively. The B class,
being the majority class, has a recall of 0.89, while the A and C
classes have recalls of 0.39 and 0.24 respectively. Optimising the

ree feature sets. All features are automatically extracted.

Publication type (%) All (%)

53) 54.9 (47–62) 53.5 (46–61)
56) 55.7 (48–63) 56.1 (49–64)
54) 54.6 (47–62) 51.4 (48–63)
56) 55.9 (48–63) 56.6 (49–64)
55) 58.5 (51–66) 57.4 (50–65)
60) 57.4 (50–65) 60.1 (53–67)
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Table  5
Confusion matrix showing number of correctly and incorrectly classified instances
when the sequential classification approach is used. The rows show the actual classes
and the columns represent the system classifications.

A B C

A 25 29 2
B  6 79 4
C  5 22 11

Table 6
Classification F-scores for each of the three classes at each step of the sequential
classifier.

Class Step 1 Step 2 Step 3 Step 4

A NA 0.278 0.500 0.543
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Table 7
Accuracy values for the four experts, along with 95% confidence intervals, and our
system when compared to the gold standard annotations.

System Expert 1 Expert 2 Expert 3 Expert 4

Accuracy 0.61 0.58 0.69 0.71* 0.62

themselves regarding the grades. Using the same measure, our sys-
tem’s grades have an agreement of 0.40 with the gold standard
grades. These agreement values support the idea that there is not
complete agreement among the experts when it comes to assigning

Table 8
Pairwise agreements between each expert and the gold standard grades, along with
the mean and standard deviations.

Agreement (�)

Expert 1 0.37
Expert 2 0.54
B  0.486 0.666 0.706 0.721
C  NA 0.094 0.415 0.400

lassifier parameters to improve the recall values of the A and C
lasses also causes significant drops in the recall for class B. Also,

 number of A and C grade evidences are mis-classified as each
ther, resulting in high AED values overall. Interestingly, our post-
lassification error analysis showed that in some cases an instance
hat is correctly classified when a single feature set is used may
et classified incorrectly when all the feature sets are combined,
lthough the overall accuracy tends to increase. Due to this, we
pply our sequential classification approach, which attempts to
inimise mis-classifications at each step.

.3. Combined classification results

For the final evaluation, we train our classifiers using the train-
ng set and the development test set, and evaluate the performance
sing test set instances. Among the 183 instances of the test set, our
lassifiers classify 36 as grade A, 130 as grade B, and 17 as grade
. This achieves an overall accuracy of 62.84%, meaning that 115

nstances out of the 183 were correctly classified. This is signifi-
antly better than the baseline of classifying all instances as grade
, which has an accuracy of 48.63% (CI: 41.50–55.83). The AED value

or this is 0.271, which is smaller than those of the previous exper-
ments. Table 5 presents the confusion matrix for this classification
trategy, and Table 6 presents the F-score for each class at each
tage of the sequence. From the table, it can be seen that the F-
cores for all three classes tend to increase with each step of the
equence. The average F-score for the three classes is 0.555, com-
ared to the average F-score of 0.506 when all feature sets are used

n a single classifier. Using the features separately in a sequential,
igh-precision classifier model ensures that once A and C grade
vidences are classified, with high precision at a specific step, they
annot be mis-classified at the later stages when other features
re used. Furthermore, since all instances are classified as B at the
eginning, large ED mis-classifications (i.e., A to C or C to A) are
educed. In addition to increasing accuracy and decreasing AED, an
dvantage of this approach is that more high precision classifiers
an be plugged into this pipeline. This can further increase accuracy
hile also ensuring that very few A grade evidences are classified

s C and vice versa.

.4. Human evaluations

We  compute a number of statistics which enable us to better
nderstand the performance of our system and the validity of our

upervised classification model. Fig. 8 shows the grade distribu-
ions for the gold standard, our system, and the four experts. The
nly significant distinctions between the distributions that can be
oticed from the figure is the high number of B grades assigned
95% CI 0.51–0.70 0.48–0.68 0.59–0.78 0.61–0.80 0.52–0.72

* Indicates statistical significance.

by our system and the low number of C grades. This is due to the
design of our system, as explained in the previous section.

By considering the grades in the gold standard as the correct
grades, we compute the accuracies for the four experts and our
system. Table 7 shows the accuracies obtained by the four expert
graders and our system on this small data set of 100 instances. Three
of the four experts obtain better accuracies than our system, and one
expert obtains a lower accuracy; only one of the expert’s accuracy is
statistically significantly better than that of our system. The results
are encouraging for our system because they suggest that the per-
formance of our approach is at least close to the performance of
human experts. Also, given the same data, our system’s grades and
the experts’ grades have similar differences to the gold standard
grades in terms of accuracy. However, the results do not explain
whether the reason behind this is the lack of available information,
or if there is a good amount of disagreement among the different
human authors on the same information. Therefore, we investigate
the agreements among the different experts.

We  use the Cohen’s Kappa [47] measure (shown below) to com-
pute inter-expert agreements.

� = Pr(a)  − Pr(e)
1 − Pr(e)

(2)

where Pr(a) is the relative observed agreement among two experts,
and Pr(e) is the hypothetical probability of chance agreement. We
apply this statistic in two different ways to obtain an understanding
of agreement between experts. In the first approach, we  compute
the pairwise agreements between the expert grades and the gold
standard grades. This gives us a better understanding of the extent
to which the experts employed by us agree with the JFP contribu-
tors. In the second approach, we compute the pairwise agreements
between the experts only, and this gives us an idea of the extent
to which the experts agree amongst themselves, based on the data
available to them.

Table 8 presents the pairwise agreements between each expert
and the gold standard grades along with the mean and standard
deviation. From the table, it can be seen that the agreement val-
ues for experts 1 and 4 are much lower than the agreement values
for the two other experts. The mean agreement is 0.47, which can
be regarded as moderate agreement [48]. The standard deviation
in agreement, at 0.09, is also relatively high. These agreement val-
ues indicate that experts only have moderate agreement amongst
Expert 3 0.56
Expert 4 0.42

Mean agreement 0.47
Standard deviation 0.09
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Table  9
Pairwise agreements between the experts.

Agreement (�)

Expert 1, Expert 2 0.50
Expert 1, Expert 3 0.42
Expert 1, Expert 4 0.46
Expert 2, Expert 3 0.54
Expert 2, Expert 4 0.61
Expert 3, Expert 4 0.60

Mean agreement 0.52
Standard deviation 0.08

Table 10
Average error distances for the experts’ grades and our system’s grades.

Average error distance

Expert 1 0.28
Expert 2 0.24
Expert 3 0.21

e
i

a
m
g
F
a
t
e
[
e
i

c
e
r
t
s
a

Table 11
Pairwise agreements between the experts and our system.

Agreement (�)

Expert 1, System 0.35
Expert 2, System 0.29
Expert 3, System 0.35
Expert 4, System 0.35
Expert 4 0.26

System 0.26

vidence grades. This also suggests that our system’s performance
s promising, given the information with which it is provided.

Table 9 presents the pairwise agreements between the experts,
long with the mean and the standard deviation. The mean agree-
ent, at 0.52, is slightly higher than the mean agreement with the

old standard, although this increase is not statistically significant.
rom the table, it can be seen that Expert 1 has particularly low
greement with the other experts, and if the grades assigned by
his expert are ignored, the mean agreement rises to 0.58. How-
ver, the level of agreement can still be considered to be moderate
48]. This further supports the possibility that, despite the pres-
nce of a clear and simple guideline for the SORT, experts still vary
n their assignment of grades.

To further compare our system against the expert grades, we
ompare the AEDs of our system on this data with the AEDs of the
xperts’ grades. Table 10 presents the AEDs, which are computed

elative to the gold standard grades. It can be observed from the
able that the AED values resemble the accuracy values, with the
ystem’s AED falling between the AEDs of the four experts’ grades,
nd Expert 3’s grades having the best (lowest) AED value. The

Fig. 8. Evidence grade distributions for the gold
Mean agreement 0.34
Standard deviation 0.03

comparable AED value of our system to the expert annotations fur-
ther shows the promise of our classification model and approach.

As the final comparison between our system’s grades and the
experts’ grades, we  compute the pairwise agreements between our
system and the grades assigned by the experts. Table 11 shows the
agreement values, along with the mean and standard deviation. The
mean agreement is lower than the mean agreement between the
experts, and this can be considered to be fair agreement [48].

4.5. Human evaluation discussions

We have obtained some interesting results from the human
evaluations described in this section. We  can summarise the key
findings of this evaluation as follows:

1. From the agreement measurements we see that the mean � for
the agreements among the experts employed by us is marginally
higher than the mean � for the expert – gold standard agree-
ments;

2. The accuracies and AEDs of our system and the experts are com-
parable in general; and

3. There is significantly lower agreement between the experts and
our system compared to the agreement between the experts
only.

The most likely reason behind finding (1) is the fact that the JFP
contributors have access to the full articles, whereas the experts

employed by us had access to the abstracts only. When generating
evidence grades, it may  be beneficial to incorporate information
from full documents, rather than just the abstracts. However, the
performance of our supervised classification model and system

 standard, our system, and four experts.
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sing features derived from full articles can not be determined at
his point due to the unavailability of that data. Furthermore, the
FP contributors are likely to review more articles than those cited.
hus, if we provide our system with all the articles retrieved, its
erformance is likely to change.

Finding (2) shows the promise of our supervised classification
odel and the approach we use for the classification task. Since

ur system achieves accuracies and AED values comparable to the
uman experts, we can conclude that it is not possible to signif-

cantly improve the accuracy of our system with the data that is
urrently available. Comparable AED values also indicate that the
agnitude of error made by our system is similar to the amount of

rror human experts would make, given the same data.
Finally, finding (3) shows that, despite the good relative perfor-

ance of our system, there is still room for modifications that can
e made to our system, and which can perhaps provide marginal

mprovements. In other words, there is still a significant difference
n the way our system predicts a grade and how experts derive their
ecisions. There is only little agreement among the experts and
he system, showing that future research could focus on updating
he automatic grading process so that it can resemble the human
rading process more accurately.

. Conclusions

In this paper, we addressed the problem of automatic grading of
vidence on a chosen discrete scale. We  first discussed the grading
cale (SORT), the various grading criteria, and some research related
o ours. Following that, we described our analysis, which was car-
ied out with the intent of identifying useful factors that influence
vidence grades, and the suitability of a supervised machine learn-
ng model for this task. Our experiments produced significantly
etter results than the baseline, and suggested that supervised
achine learning has the potential for being applied to this task.
e also made some key discoveries regarding the importance of

arious factors in determining evidence grades. Specifically, we  dis-
overed that the publication types of individual articles are useful
redictors of evidence grades, and the titles of articles are also use-
ul. However, publication dates (years) and publication venues (i.e.,
ournal names) of individual articles are not useful predictors of
vidence grades according to our analysis. Due to the importance
f the information regarding the publication types of individual
rticles in the grade classification process, we attempted to devise
n automatic approach for identifying the publication types of
edical articles. We  showed that a rule-based approach can effi-

iently identify the publication types of high quality articles such
s systematic reviews and randomised controlled trials by utilising
nformation from the article titles, abstracts, and the associated

eta-data. Automatic identification of lower quality publication
ypes such as case studies is more challenging, since the article
itles and abstracts often do not contain the necessary information.

We applied supervised machine learning with automatically
xtracted features to perform the grading task. In our model, we
pplied a sequence of classifiers that attempted to separate A and

 grade evidences from B grade ones. We  obtained an accuracy of
2.84% using this approach, which was a significant improvement
ver the baseline. We  introduced an evaluation metric, AED, which
ttempts to estimate the closeness of a system’s grades to actual
rades, and we showed that our sequential classification model
chieves improved AEDs compared to the baseline.

To conclude our research on this topic, we conducted a human

valuation and compared the performance of our system with
uman experts. Our experiments revealed that when human
xperts are given the same data as our machine learning algo-
ithm, they only have moderate agreement regarding the grades.

[
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The experiments also revealed that although the performance of
the experts is comparable to our system when compared against
the gold standard, there are still significant disagreements between
the expert assigned grades and the grades assigned by our sys-
tem. Based on our findings, we  can conclude that supervised
classification is a promising approach for automatic grade rec-
ommendations. Considering the relatively low level of agreement
between human-generated and automatically-generated grades,
there is still room for modifications/adjustments to the system to
increase its agreement with human experts. Importantly, our eval-
uations suggest that it may  not be possible for an evidence grading
system to significantly improve its performance using the data that
is currently available.

Future research can benefit from the use of more annotated data.
The amount of data used in this supervised classification model is
relatively small, and this affects the performance of the classifier
particularly for the smaller classes such as C. Furthermore, in our
grading model we have only incorporated features from individ-
ual documents, and we have not utilised multi-document features
such as consistency. Automatic extraction of such multi-document
features is challenging, and current research in this area is limited.
We have explored document level polarity classification for this
domain [19], but the accuracies of such techniques are still not
sufficiently high to be applied as an intermediate step in the evi-
dence grading task. Future improvements to such techniques may
deem them suitable for use in the automatic grading task. Based
on the findings of our human evaluations, however, it appears that
the amount of improvement that can be achieved is limited. In the
future, we would like to extend our human evaluation by involv-
ing experienced medical practitioners rather than trained students.
Finally, we tested our feature sets and the sequential classification
approach using the SORT grading scale, which has three classes.
However, the same set of feature sets (e.g., publication types and n-
grams) and approach (e.g., a sequence of high-precision classifiers)
may  be applied for evidence grading using other similar scales with
more or fewer grades.
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