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Abstract
Objectives: To maximize the proportion of relevant studies identified for inclusion in systematic reviews (recall), complex timeconsuming Boolean searches across multiple databases are common. Although MEDLINE provides excellent coverage of health science
evidence, it has proved challenging to achieve high levels of recall through Boolean searches alone.
Study Design and Setting: Recall of one Boolean search method, the clinical query (CQ), combined with a ranking method, support
vector machine (SVM), or PubMed-related articles, was tested against a gold standard of studies added to 6 updated Cochrane reviews and
10 Agency for Healthcare Research and Quality (AHRQ) evidence reviews. For the AHRQ sample, precision and temporal stability were
examined for each method.
Results: Recall of new studies was 0.69 for the CQ, 0.66 for related articles, 0.50 for SVM, 0.91 for the combination of CQ and related
articles, and 0.89 for the combination of CQ and SVM. Precision was 0.11 for CQ and related articles combined, and 0.11 for CQ and SVM
combined. Related articles showed least stability over time.
Conclusions: The complementary combination of a Boolean search strategy and a ranking strategy appears to provide a robust method
for identifying relevant studies in MEDLINE. Ó 2016 Elsevier Inc. All rights reserved.
Keywords: Information retrieval; Systematic reviews; Support vector machine; Clinical query; PubMed similar articles; Searches; Updating; MEDLINE

1. Introduction
Systematic review searches need to have high recall.
Mechanisms to achieve this usually include expansive
Boolean searches of multiple databases. This approach
leads to long development times for the searches [1], necessitates accessing multiple sources that may not be accessible in some institutions [2], and entails time-consuming
removal of duplicate records for articles indexed in more
than one of the databases searched [3].
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MEDLINE gives excellent coverage of most biomedical
topics, in particular, intervention studies. However, in 1994,
a landmark article by Dickersin et al. [4] established that only
about half the studies included in systematic reviews were
identified through MEDLINE. Recent research has demonstrated that a much higher percentage is present in MEDLINE, but sometimes their retrieval is problematic [5e8].
Successful retrieval through a Boolean search is operator
dependent, with search performance being influenced by
skill of the indexer and the searcher. The search of multiple
databases can therefore be helpful. The target records may
be indexed differently in the second, third, or subsequent
source searched, increasing the probability of a match between the search terms entered and the indexing of the additional records. A text search, querying terms appearing in the
title or abstract, may help improve retrieval, as may the use
of indexing terms that are broader (less specific) than, or
related to, the single best indexing term. These tactics on
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What is new?
Key findings
 Searches using known relevant studies and the
similar articles feature of PubMed will identify
and rank additional articles of potential relevance.
 For a given question, if the Boolean search has low
recall, the ranking search tends to have higher
recall, and vice versa. The two approaches complement each other.
 The precision of this complementary paired
method appears better than the precision of
exhaustive Boolean searches.
What this adds to what was known?
 The paired approach performed well regardless of
which of two tested similarity searches were used.
It is the use of independent retrieval methods that is
important.
What is the implication and what should change
now?
 Using the simple and universally available PubMed
similar feature makes this paired approach practical for most systematic review teams.
 If the paired complementary approach is used, the
recall may be sufficient to consider using only
MEDLINE.

the part of the searcher lead to large retrievals with low precision [9]. These resulting problems may be particularly
challenging for complex or newly emerging interventions
with highly variant terminology, where alternatives to traditional Boolean searches have been sought [10].
Most recent systematic review information retrieval
research has focused on text mining approaches [11e14].
These approaches often harvest an intentionally overinclusive set of records and then use machine learning, similarity
ranking and other techniques to refine the set to identify the
material most likely to be relevant, thereby reducing human
screening effort. These methods show promise, but are not
yet widely available to reviewers.
We examined one method, support vector machine
(SVM), and compared it with a simple and readily available
method based on the PubMed similar articles feature. We
call this method related articles to distinguish the method
from the similar articles feature itself. We paired both
with a focused Boolean search within MEDLINE. We
tested this approach in an updating context where studies
included in the original review comprise the reference
standard for SVM and seed articles for the PubMed-
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related articles search. We therefore sought to determine
if a focused Boolean search paired with one of the search
methods that does not depend on operator skill could provide consistently complete retrieval of relevant new studies.
Comparison of a number of searches, including two
tested here, has been previously reported [15]. In this current article, two of the most successful methods in a larger
sample of 72 journal-published systematic reviews, clinical
query (CQ), and PubMed-related articles are tested in a
cohort of six updated Cochrane reviews, as well as in a previously unreported sample of 10 Agency for Healthcare
Research and Quality (AHRQ) evidence reports. The
Cochrane reviews provide a true gold standard as updates
were made by the review team based on evidence identified
through comprehensive searches; however, the new relevant
studies proved fairly easy to find. The replication in the
AHRQ cohort, of more complex interventions, provided a
means to validate the generalizability of the approach
[16]. All records were assessed for eligibility by two reviewers, and this complete screening allowed the precision
of the methods to be calculated for the first time.
Other research [17,18] suggests that searches using the
PubMed similar articles feature are effective in increasing
recall of relevant items for reviews or more general clinical
searching when combined with a Boolean-type search of
MEDLINE. We tested an additional search method, SVM,
in the Cochrane and AHRQ samples to permit comparison
with our PubMed-related articles search and assess whether
the complementary effect generalized beyond the PubMed
similar articles method.
The aim of this article was to test whether the combined
approach of a focused Boolean search paired with a second
search using the similar articles feature of PubMed or SVM
can yield high recall with reasonable precision.

2. Methods
2.1. Formation of the study cohorts
This analysis uses a data set created for an updating
study sponsored by AHRQ [16]. Methods for the selection
of the cohorts, search approaches tested, and rigorous
mechanisms to screen search results for relevance have
been previously reported, along with the criteria to determine if a review was in need of update [16].
Briefly, Cochrane reviews were identified through a
search of the ACP Journal Club database (Ovid) using the
strategy:
1. review$.ti. 2. meta-analy$.mp. 3. data sources.ab. 4.
(search$ or MEDLINEÒ).ab. 5. or/1-4 6. limit 5 to articles
with commentary.
AHRQ reports were identified through the PubMed
query ‘‘Evid Rep Technol Assess (Summ)’’[Journal:__
jrid21544]. Screening was undertaken in two phases with
two reviewers reaching consensus on eligibility. Screening
continued until the predetermined sample size was reached.
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For inclusion, all reviews must have included randomized controlled trials (RCTs) and provided meta-analysis
for at least one outcome. The MEDLINE search strategies
had to be reported in enough detail to permit replication.
Fifteen AHRQ evidence reports thought likely to have
important new evidence were selected and used to validate
the updating methods used in the main cohort.
Cochrane reviews were selected to meet minimum quality and relevance standards, as defined by ACP Journal
Club [19]. We also required that the review had been updated and that the text of both the original review and an
updated version was available. The search for the original
review must have included MEDLINE and at least one
other electronic bibliographic database and one or more
nondatabase method such as hand searching or checking
reference lists. Such comprehensive searching was likely
to identify most relevant literature and form a useful
training set of included examples. At least 10 RCTs or
quasi-RCTs must have been included in the original review
to give an adequate training set for SVM.
2.2. Test searches
2.2.1. Clinical query
Boolean searches were developed by a librarian experienced in systematic review searches using a protocol
(Appendix A at www.jclinepi.com). Search strategies were
deliberately simple, usually consisting of two or three
Medical Subject Heading (MeSH) terms representing the
population and intervention of the review. This search
was limited by a CQ filter to ‘‘therapy (best balance of
sensitivity and specificity)’’ that is, ‘‘Randomized
controlled trial.pt. or randomized.mp. or placebo.mp.’’
[20]. Boolean searches were run in OVID MEDLINE.
2.2.2. Related articles
Searches using the PubMed similar articles feature were
performed using the PubMed unique identifiers (PMID) of
the three newest and three largest studies included in the
original review as seed articles. There was no replacement
in the event of overlap between the largest and newest sets,
or if one of those studies was not indexed in MEDLINE.
(All studies included in the original reviews were checked
for indexing status in MEDLINE.) The resulting set was
limited to the publication type RCT and date limited to
the period since the search date of the original review.
2.2.3. Support vector machine
The SVM searches used for this project have not been
previously described so the methods will be reported in
more detail. SVM is a well established and broadly applied
classification method from machine learning [21,22]. A
classification task is closely related to an information
retrieval task, once the task is framed as predicting a ‘‘relevant’’ vs. ‘‘nonrelevant’’ label to instances (documents) in
the collection. As SVM is a supervised algorithm, it

-

(2016)

-

3

requires training examples with known labels. It then places
these training examples in a high-dimensional vector space
in such a way that examples of one class are separated from
examples of the other class with the greatest distance to the
separating boundary. Predicting the class of a new instance
happens by placing it in the same space and determining on
which side of the boundary it falls. The distance to the
boundary is an indication of the prediction confidence and
is used to rank instances (documents) as is essential in information retrieval tasks or to provide a cutoff threshold.
In our setup, the training set consisted of search results
from the original review formed with included instances
being the studies included in the review (the relevant retrievals) and excluded instances being the studies found
by the search used in the original review but excluded from
the review (irrelevant retrievals). The new examples to be
classified were articles indexed since the date of the search
performed in the original review.
SVM searches were run on MEDLINE data stored
locally at the National Research Council of Canada.
MEDLINE was refreshed before running the searches.
The MEDLINE records were represented as bags of features, where features consisted of lowercased words and
word combinations (up to four words) from the title and abstract fields, full MeSH terms, and contents of all other
fields in the MEDLINE record. Features were uniformly
weighted. The SVM implementation used was SVM Light
[23] used with a linear kernel.
The approach was piloted with one AHRQ evidence
report, and various configurations were tried, observing
the placement of several known new relevant studies within
the retrieval. The MEDLINE set was filtered with the
revised Highly Sensitive Search Strategy (HSSS) [24]. Preliminary testing indicated that this filter would retrieve
99.1% of MEDLINE-indexed relevant new evidence from
the larger cohort of journal-published systematic reviews
(n 5 72) and Cochrane reviews (n 5 27). This HSSS filter
was added primarily to improve processing speed, relative
to running the classifier against all of MEDLINE. With
the filter, processing for one systematic review took about
10 minutes. Next, a coarse-grained filter was applied;
included and excluded instances were combined in a single
set labeled POS. Adjacent PubMed IDs (the next higher
PMID to each member of POS, as long as that higher number was not itself a member of POS) were combined in a set
to represent WORLD. The model was trained on POS vs.
WORLD, using words and phrases from title, abstract,
author names, and journal name. This model was run
against the records passing the HSSS filter.
Four different subsets of the SVM retrieval were
examineddone set included all records with a relevance
score of 0.5 or more, up to a maximum of 200 retrievals
(SVM200point5). Other sets consisted of all records with
relevance scores of 0.95 or more (SVM95), 0.90 or more
(SVM90), and 0.80 or more (SVM80). PubMed ID and
relevance scores were recorded, and PubMed IDs were
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incorporated into the database of records for the reviewers
to screen. Only the results from SVM200point5 are reported here and are described as SVM.
2.3. Determining performance of the test searches
For the updated Cochrane reviews, reference standard articles were those studies included in the updated review that
were not in the original and which entered MEDLINE after
the search date of the original review. For the AHRQ evidence reports, the full retrieval set was screened. Records
found relevant by the consensus of reviewers were considered reference standard articles. Recall was the proportion
of reference standard articles identified by the search:
Number of reference standard articles found
Total number of reference standard articles
BioVenn software was used to analyze the overlap between the retrieval of relevant articles from the three
searches and to create Venn diagrams [25].
All included reviews were classified into clinical area
based on factors such as ISI journal classification, the Cochrane Collaboration Review Group where the topic might
be placed and the high level MeSH term under which the population (condition) would be indexed. Performance of the
searches in different clinical areas was displayed graphically
for the searches both alone and in combinations, to allow examination of differences in parallelism, level, and flatness.
Precision is the proportion of all retrieved records that
are relevant:
Number of reference standard articles found
Total number of records retrieved
The inverse of precision is the number needed to read to
find one eligible study, thus precision influences the work
of the review. Precision was calculated only for the AHRQ
evidence reviews. Because not all candidates retrieved by
the Cochrane searches were assessed, precision could not
be established in that sample.
2.4. Determining stability of results over time
The CQ and related article searches, originally run in
March 2008, were repeated in February 2015 in the AHRQ
cohort. Recall of relevant items was compared with the
original retrievals to determine if any changes introduced
by National Library of Medicine might invalidate findings.
As SVM configuration is under the control of the investigators, it was not retested.

3. Results
Six Cochrane reviews and 10 AHRQ evidence reports
met all inclusion criteria (Appendix B at www.jclinepi.
com). Characteristics of the included reviews are shown
in Table 1.
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Table 1. Characteristics of the included reviews
Characteristic

Cochrane
reviews; N

Therapy evaluated
Medications
5
Medical devices
1
Procedures
d
Clinical topic area
Cardiac and cardiovascular
d
systems
Critical care
1
Endocrinology and
d
metabolism
Infectious disease
3
Clinical neurology
d
Obstetrics and gynecology
d
Oncology
d
Peripheral vascular
d
diseases
Psychiatry
d
Respiratory systems
1
Urology and nephrology
1
Publication period
March 1997eApril 1999
3
May 1999eJune 2001
1
July 2001eAugust 2003
2
September 2003e
d
December 2005
Median included trials
17 (IQR, 14e20)
Median included
participants
MEDLINE coverage of
included articles

AHRQ evidence
reports; N
9a
1
3
3
d
1
d
1
2
1
1
1
d
d
d
3
3
4

96 (IQR,
31.75e121.5)
8,679 (IQR,
22,830 (IQR, 14,
4,085e50,109)
172e49,687)
99/107 (92.5%) 969/980 (98.8%)

Abbreviations: AHRQ, Agency for Healthcare Research and Quality; IQR, interquartile range.
a
Some AHRQ reviews included more than one class of therapy.

Recall of new relevant studies is shown in Table 2. The
updated Cochrane reviews had 20 new studies identified by
the review authors and added in the updates. Recall of these
20 ranged from 1.00 for the related articles method to a low
of 0.80 CQs (Table 2). Our team identified 277 new studies
as relevant for inclusion in the 10 evidence reports that
were updated. All test searches showed lower recall for this
cohort than for the Cochrane reviews and here the CQ outperformed both ranking searches (Table 2).

3.1. Recall of CQ combined with a ranking method
Of the 297 new relevant studies identified, the combination of CQ and related articles searches identified 270
(overall recall of 0.91). Recall was 1.00 (20/20) in
the Cochrane cohort and 0.90 (250/277) in the AHRQ
cohort.
The combination of CQ and SVM identified 263 studies
(overall recall of 0.89). Recall was 1.00 (20/20) in the
Cochrane cohort and 0.88 (243/277) in the AHRQ cohort.
When all three methods were used together, recall was
0.997 with 296 of the 297 studies identified.
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Table 2. Recall of eligible studies by the search methods
Cochrane reviews

AHRQ evidence
reports

Retrieval method

N

Recall

N

Recall

Clinical query
Related articles
SVM
Total

16
20
19
20

0.80
1.00
0.95

188
176
129
277

0.68
0.64
0.47

Abbreviations: AHRQ, Agency for Healthcare Research and Quality; SVM, support vector machine.
Across the two cohorts, the overlap and unique component from
the retrieval of relevant records by the test searches was examined
(Fig. 1).

3.2. Consistency across clinical areas
Thirteen clinical areas were represented in the larger
study that included 72 journal-published reviews, but only
eight of those clinical areas had two or more new relevant
studies in the smaller Cochrane and AHRQ cohorts. Fig. 2
shows recall of new studies by the three types of searches,
for these eight clinical areas.
Combined recall of the CQ Boolean search paired with a
ranking search is shown in Fig. 3. The combination showed
complete recall of relevant new studies in three of eight
areas when CQ was paired with related articles and recall
of 0.67 or higher in all areas. Four of eight clinical areas
had complete recall for the combination of CQ and SVM,
and recall was 0.80 or higher in all areas. Even for peripheral vascular disease, where all three searches performed

Fig. 2. Recall of new studies by clinical area for each search method.
Abbreviations: SVM, support vector machine.

fairly poorly individually, recall was 0.76 for the CQ/
related articles and 0.90 in the CQ/SVM pairing.
3.3. Search precision
Precision, across the 10 AHRQ reviews, was 0.11 for the
CQ, 0.22 for related articles, and 0.19 for SVM (Table 3).

Fig. 1. Overlapping and unique retrieval of relevant studies by each
search method. The size of the circle is proportional to the size of
the retrieval, but the overlap and unique portions are approximations.
Exact figures for the components are labeled. Abbreviations: SVM,
support vector machine.

Fig. 3. Recall of new studies by clinical area for search methods in
combination. Abbreviations: CQ, clinical query; SVM, support vector
machine.
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Table 3. Overall precision in the AHRQ Sample

Retrieval method
Clinical query
Related articles
SVM
Clinical query þ related
articles
Clinical query þ SVM
Clinical query þ related
articles þ SVM

No. of candidates
retrieved

Precision

187
176
128
250

1,637
814
659
2,318a

0.11
0.22
0.19
0.11

243
276

2,247a
3,264a

0.11
0.08

Abbreviations: AHRQ, Agency for Healthcare Research and
Quality; SVM, support vector machine.
a
Number of candidates after removal of duplicate records.

Precision for the individual reviews ranged from 0.0 to 0.38
for CQs, 0.004 to 0.80 for related articles, and 0.01 to 0.43
for SVM. Overall precision was 0.11 for CQ and either
related articles or SVM. Overall precision was 0.08 when
CQ and both related articles and SVM were used. For
ranked searches where a fixed number of records will be
screened, that number is always the denominator, so precision will tend to increase as the number of relevant records
increasesdthe maximum retrieval size for SVM was capped at 200 records.
3.4. Retrieval consistency over time
Searches were retested for the AHRQ cohort using
PubMed results obtained February 24, 2015. Recall of the
related articles searches across the 10 AHRQ reports was
0.64 originally and 0.50 when repeated (Fig. 4). Of the
three extreme cases, one rose from 0.00 to 0.80, one remained at 0.00, and one dropped from 1.00 to 0.60. CQ
had overall recall of 0.68 originally and 0.70 when
repeated. Changes in extreme cases were minimal. Overall
combined recall of CQ and related article was 0.90 originally, falling to 0.85 when repeated. Considering the
extreme values, all review with combined recall of 1.00
originally remained at 1.00, whereas the one review with
0.00 recall in combination showed recall of 0.80 when
repeated.
1.0
0.9
0.8
0.7
0.6
Original

0.4

2015

0.3
0.2
0.1
0.0
Clinical Query

Related ArƟcles

(2016)

-

4. Discussion

Eligible
studies
retrieved

0.5

-

Combined

Fig. 4. Recall of new studies for search methods, alone and in combination originally (left) and when retested in 2015 (right).

We expected that the sophisticated SVM approach
would perform well when paired with more strippeddown, focused Boolean searches. Indeed, the two together
were able to replace the multidatabase, multimodel
searches used by the original review teams in updating
the Cochrane searches. The new relevant studies for the Cochrane reviews may have been relatively easy to find, but
the pairing was also effective in the AHRQ set, and there
showed better precision than is usually seen with traditional
searches for systematic review of RCTs [9]. The AHRQ set
was formed from the new studies identified for more complex interventions in a rigorous, well-funded study [16].
We were surprised that the related articles approach performed almost as well as SVM when used in combination
with the CQ. The related article search has advantages over
SVMdit requires far less data preparation, and no special
software is needed for its use. This makes it useful not only
in updating, but also, if appropriate seed articles can be
found, in original reviews.
That both SVM and related articles sometimes showed
poor recall when used alone, but consistently good recall
when used with a Boolean method suggests that there is
real benefit in using complementary search methods to
querying MEDLINE. The related article method is not very
time consuming, and easily added to other planned search
efforts, while the third method used here, SVM, is more
technical. The combined performance of all three methods
was surprising, but such a setup might become unpractical
in day-to-day use.
Other investigators have similar findings. Examination
of the supplemental material presented in the Appendix C
to the article by Waffenschmidt et al. [18] reveals that
across the 19 reviews tested, the combination of a simple
structured Boolean search (SSBS) and the first 50 retrieval
of PubMed similar articles showed complete retrieval of all
reference standard articles in 14 of 19 reviews and never
less than 0.90 recall (Appendix C at www.jclinepi.com presents data from the table by Waffenschmidt graphically).
Waffenschmidt concluded ‘‘the combination of these two
search techniques that are independent of each other seems
to compensate the respective weaknesses.’’
SSBS search by Waffenschmidt was constructed in
PubMed from search terms selected for the indication and
intervention with PubMed’s narrow CQ filter (category:
therapy). Their search using the similar articles feature (RelCits) did not use a set of seed articles; rather, the RelCits
function was applied for each relevant citation previously
identified in PubMed. Their test articles were the included
studies in 19 systematic reviews of drugs.
Agoritsas et al. also described search construction
methods for searches based on CQ and PubMed similar articles, tested for their ability to retrieve the included studies
of 30 Cochrane reviews [17]. Although their search construction methods differed from those used here, both
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searches were derived using standard methods. Their
approach to the structured Boolean search used terms from
the population, intervention, and comparison with the CQ,
limited to humans and English. Two clinicians selected the
PubMed similar articles seeds from the initial PubMed
retrieval. They noted that no one method provided consistently high retrieval [17].
Thus, the robust nature of this pairing of Boolean and
non-Boolean searches has been shown in several contexts,
giving support to the hypothesis that methods such as
related articles and SVM can compensate for the variation
inherent in selecting search terms or assigning subject
headings during indexing.
Considering stability of the searches over time, the
minimal change seen in the performance of the CQ is
likely explained by indexing changes of a few records.
The computation appears not to have changed. This suggests that indexing changes may also impact SVM results
over time; however, this is likely to result in improved
performance, as was seen with the CQ. The computation
of similar articles is still described by National Library
of Medicine as being based on the algorithm described
by Kim et al. [26]. That algorithm would suggest changes
over time in the nearest neighbor score as the frequency of
certain terms in the MEDLINE corpus changes. A full
exploration of the changes in nearest neighbor scores of
similar articles over time is beyond the scope of this
study. It should be noted that when the similar articles
feature was initially studied, it was simple to submit seed
articles, and then add limits such as date or RCT publication type. On retesting, such additional limits were more
complex to apply, and the elink utility seemed to be the
most practical approach to identifying the related articles
[27].
The benefit of the complementary searches, relative to
Boolean searching alone, was greatest for AHRQ evidence
reports and less for the simpler Cochrane reviews, suggesting that this approach may be particularly useful for more
complex evidence. There are examples of its utility in the
literature. For example, in a realist review of a multidisciplinary body of literature identifying six domains of
Clinical Practice Guideline implementability, the use of
PubMed’s similar articles feature as a third stage of searching identified 131 records of which 104 were relevant [28].
In a systematic review of evidence on the links between
patient experience and clinical safety and effectiveness,
the authors used PubMed similar articles to snowball on
articles identified through an EMBASE search to
overcome the limitations of predefined searches for complex evidence [29].
There is always the possibility that a search, or even a
pair of searches, will fail. One method to detect such
failures is to test whether the search strategies find known
relevant items [30]. In the updating case, this is easily done
using the included studies of the original review as a test
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set, allowing the review to determine the MEDLINE
coverage of their particular topic at the same time.
4.1. Limitations
There are two limitations to our proposed strategy. Other
databases should be searched in the unusual event that
numerous studies, representing more than a small proportion of the total N, are not included in MEDLINE. Second,
when it is important to find articles too new to be indexed
by MEDLINE, systematic reviewers may wish to conduct a
simple PubMed search limited to the nonindexed subsets
[31,32].

5. Conclusion
The general approach of a Boolean plus a ranking search
is effective in MEDLINE retrieval for systematic reviews.
Very high levels of identification of relevant MEDLINE records, with adequate precision, are possible using a focused
Boolean search complemented by a document similarity or
ranking method. The efficacy of a focused Boolean search
paired with a search using the PubMed similar articles
feature is in agreement with previous studies [17,18], and
this study shows that this complementary effect also occurs
when SVM is used as the additional method. The benefit of
using two complementary approaches to achieving high
recall in MEDLINE is a robust effect.
PubMed-related articles is a parsimonious method, as it
is readily available to all review teams without cost. The
approach is robust across clinical domains, and the effect
has now been demonstrated in several samples. The method
may be sufficient for updating systematic reviews of interventions and may be used for new reviews of interventions
when paired with a trials registry search. It is likely to work
in any type of search where MEDLINE provides good subject coverage even if retrieval through traditional search
methods has been challenging.
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