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Background: Meta-analysis is a widely used tool in which weighted information from
multiple similar studies is aggregated to increase statistical power. However, the
exponential growth of publications in key areas of medical science has rendered manual
identification of relevant studies increasingly time-consuming. The aim of this work was
to develop a machine learning technique capable of robust automatic study selection
for meta-analysis. We have validated this approach with an up-to-date meta-analysis to
investigate the association between diabetes mellitus (DM) and new-onset atrial fibrillation
(AF).

Methods: The PubMed online database was searched from 1960 to September 2017
where 4,177 publications that mentioned both DM and AF were identified. Relevant
studies were selected as follows. First, publications were clustered based on common
text features using an unsupervised K-means algorithm. Clusters that best matched
the selected set of potentially relevant studies (a “training” set of 139 articles) were
then identified by using maximum entropy classification. The 139 articles selected
automatically on this basis were screened manually to identify potentially relevant studies.
To determine the validity of the automated process, a parallel set of studies was also
assembled by manually screening all initially searched publications. Finally, detailed
manual selection was performed on the full texts of the studies in both sets using standard
criteria. Quality assessment, meta-regression random-effects models, sensitivity analysis
and publication bias assessment were then conducted.

Results: Machine learning-assisted screening identified the same 29 studies for
meta-analysis as those identified by using manual screening alone. Machine learning
enabled more robust and efficient study selection, reducing the number of studies
needed for manual screening from 4,177 to 556 articles. A pooled analysis using the most
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Xiong et al.

AF Risk in Diabetes Patients

conservative estimates indicated that patients with DM had ~49% greater risk of
developing AF compared with individuals without DM. After adjusting for three additional
risk factors i.e., hypertension, obesity and heart disease, the relative risk was 23%. Using
multivariate adjusted models, the risk for developing AF in patients with DM was similar
for all DM subtypes. Women with DM were 24% more likely to develop AF than men with
DM. The risk for new-onset AF in patients with DM has also increased over the years.

Conclusions: We have developed a novel machine learning method to identify
publications suitable for inclusion in meta-analysis.This approach has the capacity to
provide for a more efficient and more objective study selection process for future such
studies. We have used it to demonstrate that DM is a strong, independent risk factor for

AF, particularly for women.

Keywords: atrial fibrillation, diabetes mellitus, meta-analysis, machine learning, risk factor

INTRODUCTION

Meta-analysis is a powerful epidemiological tool that is
increasingly used in all fields of scientific research. It seeks to
amplify statistical power by aggregating weighted information
from multiple similar studies (Moher et al., 2009). This approach
is driven by the view that common trends, masked by potential
error in individual scientific investigations, will be revealed if
sufficient numbers of conceptually similar studies are combined
and different sources of error are appropriately accounted for.
The exponential growth of publications in key areas of medical
science offers important new opportunities to extend the scope
of meta-analyses, however, it has also rendered conventional
manual identification of relevant studies increasingly time-
consuming. Furthermore, the selection of studies for meta-
analysis must be based on objective criteria and bias that is
introduced from manual selection can affect results.

Atrial fibrillation (AF) is the most commonly sustained
arrhythmia that is associated with substantial morbidity and
mortality (Colilla et al., 2013). In the developed world, one in
five strokes in people aged over 60 years is associated with AF
(Colilla et al., 2013; Krijthe et al., 2013). The overall prevalence
of AF is currently ~2% of the general population worldwide and
is projected to more than double in the next four decades due
to the aging population and the increasing incidence of other
concurrent diseases (Colilla et al., 2013; Krijthe et al., 2013). Risk
factors of AF include age, hypertension, obesity, valvular heart
disease, heart failure and obstructive sleep apnea (Movahed et al.,
2005). The relationship between AF and diabetes mellitus (DM)
is complex since both diseases are associated with confounders,
such as hypertension, obesity and vascular disease (Schoen et al.,
2012). Some (Krahn et al., 1995; Kannel et al., 1998; Movahed
et al., 2005; Aksnes et al., 2008; Huxley et al., 2011) but not all
epidemiological studies (Frost et al., 2005; Fontes et al., 2012;
Huxley et al., 2012; Johnson et al., 2014) have suggested that
DM represents an independent risk factor for AF. However, these
studies have been limited by their diverse research designs and
lack of a sufficient number of enrolled patients. Individually, no
study has established overwhelming evidence of the association.

The causality of the relationship between DM and AF was
initially investigated by a small-scale meta-analysis (Huxley et al.,
2011) that included only six prospective cohort studies and four
case—control studies with significant heterogeneity selected from
482 publications searched in 2010. Over the past 8 years, more
than 2,000 additional publications have reported the association
between DM and AF. These additional data samples enhance the
statistical power of meta-analyses to determine the association
between DM and AF, but they also amplify the burden of selection
at the same time. The aims of this study were therefore to develop
a novel machine learning technique to provide a more efficient
and robust study selection method for meta-analysis, and to
perform an up-to-date meta-analysis to determine the association
between DM and new-onset AF.

MATERIALS AND METHODS

Data Sources and Searches

We conducted this study in accordance with Preferred Reporting
Items for Systematic Review and Meta-Analysis (PRISMA)
guidelines (Moher et al., 2009) (refer to the PRISMA 2009 Flow
Diagram in Figure S1). A strategic search was conducted on
the PubMed online database of publications from 1960 to 1
September 2017. The search included any studies that contained
the keywords “diabetes”/“diabetic” and “atrial fibrillation” in any
field without language restriction. This identified a wide range of
research studies that involved both DM and AF.

Study Selection Criteria

Study selection was limited to cohort studies, randomized
trials and case-control studies in adult populations (participants
aged >18 years old) where an association between DM and
AF was reported. Patients with established comorbidities such
as cardiac disease, hypertension and obesity/body mass index
(BMI) were included so that the potential influence of these
conditions on AF could be evaluated and the adjusted risk ratios
were calculated. To reduce publication bias, previous review
and meta-analysis papers were excluded. Furthermore, where
multiple findings were reported from the same or overlapping
patient datasets, the most contemporary study was used.
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Machine Learning Assisted Study

Selection and Validation

Conventionally, study selection is a two-stage process. During the
first stage, titles and abstracts of all articles returned from the
initial strategic search are manually screened to decide whether
they potentially meet the study selection criteria. Full texts of the
subset of studies identified are then reviewed in detail and those
that meet the criteria are selected. Decisions are made by two
experts at both stages. Any conflict was referred to a third expert
and resolved by discussion and consensus. A novel machine
learning approach was developed to automate the first-stage
screening process and to facilitate the process of study selection.
This was implemented in R, an open-source environment for
data mining, text processing, machine learning and statistical
analysis (R Core Team, 2013). The approach used is outlined
schematically in Figures 1, 2, where a more detailed description
is provided in the Supplementary Methods.

Articles returned by the PubMed search were grouped into
clusters with common attributes (Figure 1). A well-established
feature detection method was used to assign weighting factors
based on the frequency of occurrence of words and word
combinations in the PubMed texts (including titles and
abstracts). An unsupervised K-means clustering algorithm was
utilized to group publications with similar content (based on
these weightings) and sort them into a limited number of clusters.
This was done by iteratively removing the smallest cluster of
publications and re-clustering the remainder until the number of
remaining publications was <250. The residual studies were then
grouped as a remainder cluster.

A subset of articles from the initial search was extracted
as a training set for machine learning-assisted screening. First,
articles most likely to be relevant were identified by searching
for the keywords “diabetes”/“diabetic” and “atrial fibrillation” in
the title. Titles and abstracts of these articles were then screened
manually and labeled as potentially meeting or not meeting
the selection criteria. Supervised machine learning (maximum
entropy classification) was used to fit a predictive model to
the labeled training set and this was applied across all clusters
to identify clusters of articles that best matched this selection
(Figure 2). Titles and abstracts of the articles in these clusters
were then screened manually to select relevant studies for further
study. Finally, full texts of the studies identified were reviewed
and selections were made according to the stated criteria,
removing any duplicate studies in the process.

To validate our machine learning assisted screening approach,
study selection using this approach was compared to the
results of conventional manual selection (see Figure 1). Identical
manual screening and selection procedures were used in
both study arms. The Newcastle-Ottawa or modified Jadad
Scale was used to evaluate the quality of the included
studies.

Data Synthesis and Analysis

Baseline ~ demographics  collected  from  individual
studies included the nature of the study (cohort/case-
control/randomized), year of subject’s enrolment, country

of the study, number of subjects, AF subtypes, DM subtypes,
sex, age, year of follow up and comorbidities. Quantitative
estimates of the association between DM and AF were also
extracted from the original publications together with their
respective confidence intervals (CIs). These included either
hazard ratios (HR) for cohort/randomized studies or odds
ratio (OR) for retrospective case-control studies. Age-and/or-
gender/none adjusted (minimal adjusted) estimates were
extracted from individual studies as well as other multivariate
adjusted estimates when provided. Relative risk (RR) was
estimated using the DerSimonian and Laird random-effects
model across different studies and subgroups such as men vs.
women.

The most conservative estimates provided in individual
studies were used in the meta-analysis to take advantage
of all included studies. Multivariate adjusted estimates were
applied wherever possible using a subset of these studies by
utilizing the studies with age, sex, and additional multiple
adjustments for various reported risk factors. Furthermore, risk
estimates for AF were adjusted separately for hypertension,
obesity and various heart diseases in addition to other
adjustments.

Sensitivity Analysis and Publication Bias
The effects on RR of CIs, publication year, year of the study,
age, mean follow-up years and number of adjusted factors were
investigated using polynomial regression analysis with Pearson’s
correlation. Throughout this study, statistical significance was
assessed using the 2-tailed T-test. Publication bias was assessed
using the Egger regression test and is presented as a funnel
plot.

RESULTS

Validation of Machine Learning-Assisted

Study Selection

The initial PubMed search yielded a total of 4,177 publications
and these were automatically sorted into 14 groups using
unsupervised clustering. The training dataset consisted of 139
articles of which 26 were labeled as potentially relevant and 113
not relevant (Figure 1). Using machine learning, it was found
that one cluster (#5) had substantially greater similarity to the
26 studies identified as potentially relevant in the training set
than all others (Figure 2B, Figure S2). Manual screening of the
titles and abstracts of the 416 articles in this cluster resulted in 38
being selected as potentially relevant compared to the 45 selected
following direct manual screening of all 4,177 articles. Manual
review of the full articles in both cases yielded the same 29 final
selections (Details of these studies are provided in Tables SI,
S2).

The 29 articles selected for meta-analysis (Tables S1, S2) had a
study population of 8,037,756. Further details of the 9 studies that
were excluded following machine learning assisted screening are
given in Table S3. Scores for the quality assessment (Newcastle-
Ottawa quality assessment scale (NOS)/modified Jadad score)
ranged from 5 to 9 for the cohort/randomized/case-control
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Flowchart of Study Selection Process

PubMed search
“atrial fibrillation”
and “diabetes/diabetic”
(all fields)

>

PubMed search
“atrial fibrillation” and .
“diabetes/diabetic” in the

139 articles

title

Manual selection
for study selection

4,177 articles

Unsupervised
machine learning

Study selection
aided by machine
learning

26 “Yes”
113 “No”

!

A 4
manual screening
for study selection

45 articles

‘ 14 clusters ’

Train machine
learning algorithm

Classification of
similarity to training set

v

Most similar cluster
#5 (416 articles

<

Manual screening
for study selection

38 articles

Manual selection from full articles

2
@ articles selec@

manual selection approach.

r . . . .
.Machine learning efficiently selected all relevant papers,
Jfor meta-analysis as the conventional manual screening

FIGURE 1 | Flowchart of search and selection strategy used in this study. The study selection flowchart is displayed here, in which a machine learning approach was
developed to facilitate the publication selection. Articles from searched publications were first grouped into 14 clusters by unsupervised machine learning. Then
supervised machine learning was used to identify clusters of articles with greatest relevance to the labeled training set identified based on a subset of articles from the
initial search. Full texts of the studies identified were then reviewed and 29 articles were selected for the meta-analysis which was validated by the conventional

studies (9 representing the highest quality). The overall average
score was 7.4 (Tables S4, S5).

Risk Estimates of New-Onset AF in
Patients With DM
Baseline Estimates

Analysis of the combined cohort, randomized and case-
control studies identified that patients with DM had ~49%

greater risk of developing AF (RR 1.49, 95% CI 1.24-
1.79) compared to individuals without DM (Figure 3).
The forest plot shows a significantly lower risk in the
cohort/randomized studies (RR 1.28, 95% CI 1.22-1.35)
compared to the eight case control studies (OR 1.97, 95%
CI 1.53-2.55, p < 0.01). Funnel plot assessment (Figure
S3A) provided evidence for no publication bias (p = 0.87,
z=0.16).
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A The Number of Searched Publications
Associated with both AF and DM by Year

No. of Publications
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FIGURE 2 | (A) 4,177 articles from originally searched publications were used in the meta-analysis. (B) Cluster #5 containing 416 articles was automatically identified
with greatest relevance to the labeled training set. DM, diabetes milieus; AF, atrial fibrillation.
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Estimates Adjusted for Confounding Risks

Nine studies were adjusted for risk estimates based only on age-
and/or-gender/none, while 20 included adjustments for multiple
risk factors including different combinations of hypertension,
BMI, height, smoking, blood pressure, alcohol consumption,
various cardiac diseases and race (Figure S4). The levels
of adjustment used in different publications influenced the
calculated RRs. For studies with minimal adjustments (only age-
and/or-gender/none), the summary estimate of risk of AF was
significantly higher (RR 2.28, 95% CI 1.95-2.67), compared with
studies that included adjustments for additional risk factors (RR
1.25,95% CI 1.12-1.41).

Hypertension, cardiac disease, and obesity are known risk
factors for AF (Movahed et al., 2005). Analysis of the studies that
reported risk of AF after adjusting for at least one of the three
common risk factors yielded lower RRs (1.20, 95% CI 1.15-1.26;
1.27,95% CI 1.11-1.45; 1.22, 95% CI 1.09-1.38) (Figures 4A-C).
Nine publications with reduced study heterogeneity of 82.8%
(I? statistic) included adjustments for all the three factors and the
estimated overall risk of AF in patients with DM was lower (RR
1.23,95% CI 1.03-1.46) (Figure 4D).

Impact of Study Demographics on AF
Incidence

Impact of Major Demographical Components

The effects on RR of the width of the CIs (number of
enrolled patients), publication year, study location, year of
patient enrollment, AF subtype, DM subtype, sex, age and
mean follow-up year were also investigated. Continental location
(Figure S3B) had no significant impact on RRs (p = 0.8),
and mean follow-up duration displayed a minor impact
(Figure S3C). Furthermore, we observed an inverse relationship

between the number of adjusted risk factors and estimated
RRs, as well as between the CI widths and RRs. Removing
the study with the largest population (Pallisgaard et al,
2016) (narrowest CI) or the paper with relative higher/lower
risk estimate led to negligible changes in the overall risk
estimates. Polynomial regression analysis yielded a positive linear
correlation between age and the RR (Pearson’s correlation:
R? =0.32, p = 0.049).

Impact of AF and DM Subtypes

There were only 4 studies exploring the linkage between DM and
a specific AF subtype, compared with 27 studies reporting the
relationship between DM and AF (all subtypes). Our results with
multivariate adjustment for confounders found no significant
difference (p = 0.5) between the risks of the different AF
subtypes (RR 1.4, 95% CI 1.0-1.8; RR 1.3, 95% CI 1.0-1.8; RR
1.3, 95% CI 1.0-1.9 for paroxysmal/persistent/permanent AF,
respectively) in patients with DM, compared with all subtypes of
AF (RR 1.3, 95% CI 1.1-1.5). Similarly, using the multivariate
risk model, no significant difference in the AF risk estimate
(p = 0.4) was observed in the studies grouped by undefined DM
subtypes (N = 6,543,691), DM type 2 (N = 1,012,628), and DM
type 1 (N = 216,238) (Dahlqvist et al., 2017) (Figure5). The
estimated RRs were 1.2 (95% CI 1.2-1.3), 1.3 (95% CI 1.0-1.7)
and 1.3 (95% CI 1.0-1.7) for the three subgroups, respectively
(Figures S5, S6).

Impact of Gender and Enrolment Date

Our results with multivariate adjustment for confounders
show a higher risk of AF in women (RR 1.38, 95% CI
1.19-1.60) compared to men (RR 1.11, 95% CI 1.01-1.22,
p < 0.001) (Figure6). Analysis of the median year of
patient enrolment in the 23 studies from the past 35 years
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RR Estimates Using the Most Conservative Risks
Provided by Included Individual Studies
Author(s) and Year % Weight RR [95% Cl]
Cohort/Randomized Studies
Kannel et al (Female) (1982) - 2.86% 2.80[2.31, 3.40]
Kannel et al (Male) (1982) . 2.86% 2.30 [1.89, 2.80]
Krahn et al (Male) (1995) —a— 2.64% 1.82[1.25, 2.64]
Ruigémez et al (2001) —a—] 2.72% 0.80[0.58, 1.10)]
Frost et al (Female) (2005) } P»  1.09% 2.67 [0.65, 10.90]
Frost et al (Male) (2005) <4 ] 1.05% 0.39[0.09, 1.65]
Watanabe et al (2008) —a— 2.77% 1.44 [1.09, 1.90]
Aksnes et al (2008) [ 2.79% 1.38[1.06, 1.80]
Nichols et al (Female) (2009) | 2.90% 1.26 [1.09, 1.46]
Nichols et al (Male) (2009) | = 2.92% 1.09 [0.96, 1.24]
Rosengren et al (Male) (2009) . 2.46% 1.49[0.92, 2.41]
Smith et al (Female) (2010) b 2.63% 1.67 [1.15, 2.43)
Smith et al (Male) (2010) —a— 2.73% 1.39[1.02, 1.90]
Thacker et al (2012) —a— 2.69% 0.94[0.67, 1.32]
Schoen et al (Female) (2012) B 2.76% 1.37[1.03, 1.83]
Huxley et al (2012) (R 2.90% 1.09[0.94, 1.27]
Fontes et al (2012) Coom 2.67% 1.03[0.73, 1.46]
Perez et al (Female) (2013) s 2.94% 1.55[1.41, 1.70]
Johnson et al (Female) (2014) I 2.24% 1.21 [0.66, 2.22]
Johnson et al (Male) (2014) . 2.88% 0.91[0.77, 1.08]
Son et al (2015) ™ 2.94% 1.05[0.97, 1.14]
Zethelius et al (2015) 2.95% 1.36 [1.29, 1.43]
Thijs et al (2015) b———a— 213% 2.53[1.30, 4.94]
Staszewsky et al (2015) | ] 2.96% 1.32[1.30, 1.34]
Pallisgaard et al (Male) (2016) ™ 2.96% 1.19[1.18, 1.20)
Pallisgaard et al (Female) (2016) [ ] 2.96% 1.16 [1.14, 1.18]
Alves-Cabratosa et al (2016) ] 2.95% 1.11[1.06, 1.16]
Estimated Risk for Subgroup (I? = 99.8%, p = 0.000) ¢ 71.33% 1.28 [1.22, 1.35]
Case-Control Studies
Kannel et al (Female) (1998) f—a— 2.72% 1.60 [1.16, 2.20]
Kannel et al (Male) (1998) . 2.66% 1.40[0.98, 2.00]
Alverez et al (1999) f—a— 2.56% 1.90 [1.24, 2.90]
Movahed et al (2005) w 2.96% 2.13[2.10, 2.16]
Johansen et al (2008) } »  1.06% 3.86 [0.92, 16.25]
Dublin et al (2010) . 2.84% 1.45[1.16, 1.81]
Mendez-Bailon et al (Female) (2016) [ ] 2.96% 4.27 [4.21, 4.33]
Mendez-Bailon et al (Male) (2016) [ ] 2.96% 3.24 [3.18, 3.30]
Sun et al (2016) b— | 213% 2.33[1.20, 4.54]
Dahlqgvist et al (Female) (2017) |- 291% 1.50[1.31, 1.72]
Dahlqvist et al (Male) (2017) 5 3! 2.93% 1.13[1.02, 1.25]
Estimated Risk for Subgroup (> = 93.5%, p = 0.000) ’ 28.67% 1.97 [1.53, 2.55]
Estimated Risk (I = 99.9%, p = 0.000) ‘ 1.49 [1.24,1.79]
Diabetes D AF T T T T T ] Diabetes AF
033 05 1 2 3 4 8
Relative Risk

FIGURE 3 | Estimated risks of AF in patients with DM using the most conservative risk estimates provided in the individual studies. Subgroup summaries for

cohort/randomized and case-control studies are in bold at the bottom of each subgroup. DM, diabetes milieus; AF, atrial fibrillation; RR, relative risk; Cl, confidence

interval.

identified an increasing risk of AF over time in patients DISCUSSION
with DM using the most conservative adjustment (Figure 7).
The RR estimated for the most recent studies (2001-2016)  This systematic review and meta-analysis systematically analyzed

was significantly higher than for the studies prior to 2001 29 studies with a total of 8,037,756 participants from three
(RR 1.62, 95% CI 1.18-2.23 vs. RR 1.30 95%, CI 1.05-1.61, continents, selected from 4,177 articles returned from an initial

p < 0.05). strategic search. To our knowledge, this is the largest study of
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A Risk Estimated with Hypertension Adjusted

Author(s) and Year %Weight RR [95% CI]
Kannel et al (Female) (1998) L 1.80% 1.60 [1.16, 2.20]
Kannel et al (Male) (1998) ] 1.48% 1.40[0.98, 2.00]
Frost et al (Female) (2005) b pp» 0.11% 2.67 [0.65, 10.90]
Frost et al (Male) (2005) - 0.10% 0.39[0.09, 1.65]
Aksnes et al (2008) I 2.43% 1.38[1.06, 1.80]
Nichols et al (Female) (2009) - 5.43% 1.26 [1.09, 1.46]
Nichols et al (Male) (2009) ‘. 6.22% 1.09 [0.96, 1.24]
Dublin et al (2010) . 3.21% 1.45[1.16, 1.81]
Thacker et al (2012) b 1.62% 0.94 [0.67, 1.32]
Schoen et al (Female) (2012) R 2.12% 1.37[1.08, 1.83]
Huxley et al (2012) —.— 5.21% 1.09[0.94, 1.27]
Fontes et al (2012) e 1.54% 1.03[0.73, 1.46]
Perez et al (Female) (2013) L3 8.12% 1.55[1.41, 1.70]
Johnson et al (Female) (2014) [ — 0.56% 1.21[0.66, 2.22]
Johnson et al (Male) (2014) m 4.55% 0.91[0.77, 1.08]
Son et al (2015) |m| 8.70% 1.05[0.97, 1.14]
Staszewsky et al (2015) [ ] 11.83% 1.32[1.30, 1.34]
Pallisgaard et al (Male) (2016) [ ] 11.93% 1.19[1.18, 1.20]
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Author(s) and Year %Weight RR [95% CI]
Kannel et al (Female) (1998) N 4.50% 1.60 [1.16, 2.20]
Kannel et al (Male) (1998) [ 4.22% 1.40[0.98, 2.00]
Ruigémez et al (2001) [ 4.50% 0.80[0.58, 1.10]
Frost et al (Female) (2005) I P 0.77% 2.67 [0.65, 10.90]
Frost et al (Male) (2005) B 0.74% 0.39[0.09, 1.65]
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Aksnes et al (2008) R 4.88% 1.38 [1.06, 1.80]
Nichols et al (Female) (2009) - 5.65% 1.26 [1.09, 1.46]
Nichols et al (Male) (2009) - 5.74% 1.09 [0.96, 1.24]
Thacker et al (2012) . 4.34% 0.94 [0.67, 1.32]
Schoen et al (Female) (2012) o 4.71% 1.37[1.03, 1.83]
Huxley et al (2012) - 5.62% 1.09 [0.94, 1.27]
Fontes et al (2012) . 4.27% 1.03[0.73, 1.46]
Perez et al (Female) (2013) - 5.90% 1.55[1.41, 1.70]
Son et al (2015) | 5.93% 1.05[0.97, 1.14]
Staszewsky et al (2015) | | 6.07% 1.32[1.30, 1.34]
Pallisgaard et al (Male) (2016) [ ] 6.07% 1.19[1.18, 1.20]
Pallisgaard et al (Female) (2016) ] 6.07% 1.16[1.14, 1.18]
Sun et al (2016) b 2.39% 2.33[1.20, 4.54]
Dahlqvist et al (Female) (2017) - 5.70% 1.50[1.31, 1.72]
Dahlqvist et al (Male) (2017) i 5.87% 1.13[1.02, 1.25]
Estimated Risk (I* = 99.6%, p = 0.000) 0 1.27 [1.11, 1.45]
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FIGURE 4 | Continued.
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Aksnes et al (2008) . 7.82% 1.38 [1.06, 1.80]
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Huxley et al (2012) - 10.51% 1.09[0.94, 1.27]
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Perez et al (Female) (2013) - 11.79% 1.55[1.41, 1.70]
Johnson et al (Female) (2014) [ E———— 2.99% 1.21[0.66, 2.22]
Johnson et al (Male) (2014) BB 10.07% 0.91[0.77, 1.08]
Son et al (2015) - 11.96% 1.05[0.97, 1.14]
Zethelius et al (2015) [ ] 12.40% 1.36 [1.29, 1.43]
Sun et al (2016) e 2.58% 2.33[1.20, 4.54]
Estimated Risk (I* = 83.1%, p = 0.001) ® 1.22 [1.09, 1.38]
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0.33 D1. . .3;,.,2 3 4

p Hypertension, BMI & Heart Diseases Adjusted

Author(s) and Year %Weight RR [95% CI]
Frost et al (Female) (2005) : > 1.40% 2.67 [0.65, 10.90]
Frost et al (Male) (2005) 1.34% 0.39[0.09, 1.65]
Aksnes et al (2008) e 12.24% 1.38[1.06, 1.80]
Thacker et al (2012) [ 10.37% 0.94[0.67, 1.32]
Schoen et al (Female) (2012) o= 11.62% 1.37[1.08, 1.83]
Huxley et al (2012) - 15.14% 1.09 [0.94, 1.27]
Fontes et al (2012) —a— 10.14% 1.03[0.73, 1.46]
Perez et al (Female) (2013) il 16.36% 1.55[1.41, 1.70]
Son et al (2015) L 16.52% 1.05[0.97, 1.14]
Sun et al (2016) e 4.86% 2.33[1.20, 4.54]
Estimated Risk (I* = 82.8%, p = 0.019) - 1.23 [1.03, 1.46]

T T T 1 Diabetes Increases AF

1 2
Relative Risk

Diabetes Decreases AF

0.33

FIGURE 4 | Risk estimates with different additional risk factor adjustments. (A) Forest plot of risk values adjusted for hypertension in addition to age-and/or-sex/none
and other included risk factors. (B) RR estimate adjusted for BMI in addition to age-and/or-sex/none and other included risk factors. (C) RR estimate adjusted for
various heart conditions in addition to age-and/or-sex/none and other included risk factors. (D) Summary estimate for RRs after adjusting for hypertension, BMI and
various heart conditions in addition to age-and/or-sex/none and other included risk factors. BMI, body mass index; DM, diabetes milieus; AF, atrial fibrillation; RR,

relative risk; Cl, confidence interval.

this kind to explore the association between AF and DM, and the
first to employ a machine learning approach to facilitate study
selection.

Benefits and Validation of Machine
Learning Approach for Study Selection

From our literature research, the total number of publications
related to the association investigated here has increased more
than 4-fold over the last 10 years. The growth in medical research
publications is accelerating across the board and we expect that it
will no longer be feasible in the near future to maintain current
manual study selection methods for large-scale meta-analyses
and systematic review. Therefore, there is an urgent need to
develop an intelligent automated approach, such as machine
learning, to facilitate identification and selection of relevant
articles for this purpose.

In this study, we have used machine learning to assist
the screening of potentially relevant articles for large-scale
meta-analyses and systematic review. To the best of our
knowledge, we are the first to employ such an approach to
facilitate study selection. With our approach, the burden of
manual screening is reduced from all the articles returned
by the initial online strategic search to those in the training
set and in the principal cluster(s) identified by supervised
machine learning. In this study, the number of publications
for which manual screening was needed reduced from 4,177
to 555 using machine learning assisted screening, ie., an
87% reduction. The iterative clustering approach (unsupervised
machine learning) utilized vastly improved the similarity of
the articles in individual clusters. Subsequent use of supervised
machine learning (maximum entropy classification) with a
representative training data subset enabled us to screen articles
more rapidly than conventional manual procedures.
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Automated methods of meta-analyses have been proposed in
previous studies; however, few have automated the most labour
intensive initial study screening stage. A study by Michelson

No Significant Difference for Diabetes Subtypes
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FIGURE 5 | No significant difference in risks of AF incidence in patients with
DM for undefined DM subtypes, type 2 DM and type 1 DM using the
multivariate model. DM, diabetes milieus; AF, atrial fibrillation; RR, relative risk.

(2014) proposed a method in which numerical features from
different articles were first extracted into a matrix, and the
matrices from of different articles were then grouped using a
clustering algorithm to sort studies with similar content into the
same group. The initial features were extracted by creating a
program which carefully defined sets of rules based on patterns
in the wording of the articles. Although this study also used
an automated method, it differs significantly from our study.
Manually setting decision criteria for extracting specific features
about each article is time consuming, and does not generalize
well to new data with different formats; while on the other
hand, our proposed methods extracted generalized features not
dependent on any individual study. Previous studies have also
proposed automated methods of text mining to aid the initial
screening stage of meta-analyses (Ananiadou et al., 2009; Kim
etal, 2011; Thomas et al., 2011; Cohen et al., 2012; Garcia Adeva
et al.,, 2013) as we did in our systematic review. However, for
their proposed supervised machine learning, a manually selected
initial training set will still be required to automate the remaining
literature search (Ananiadou et al., 2009; Cohen et al., 2012;
Garcia Adeva et al.,, 2013). Furthermore, their studies were not
validated in a large scale meta-analysis. Our study utilizes an
ensemble of methodologies including text mining, clustering and
supervised machine learning to efficiently extract the relevant

A RR for Males Adjusted with Multivariate Confounders

Author(s) and Year %Weight RR [95% CI]
Kannel et al (Male) (1998) —— 5.66% 1.40 [0.98, 2.00]
Frost et al (Male) (2005) - 0.41% 0.39 [0.09, 1.65]
Nichols et al (Male) (2009) -, 20.46% 1.09 [0.96, 1.24]
Johnson et al (Male) (2014) - 15.73% 0.91[0.77, 1.08]
Pallisgaard et al (Male) (2016) | 33.61% 1.19[1.18, 1.20]
Dahlqvist et al (Male) (2017) - 24.13% 1.13[1.02, 1.25]
Estimated Risk (1> = 67.1%, p = 0.026) . 1.11 [1.01, 1.22]
Diabetes Decreases AF T T 71 1 Diab Increases AF
0.33 1 2 4
Relative Risk

B RR for Females Adjusted with Multivariate Confounders

0.33

Author(s) and Year %Weight RR [95% CI]
Kannel et al (Female) (1998) —— 10.31% 1.60 [1.16, 2.20]
Frost et al (Female) (2005) —— 1.02% 2.67 [0.65, 10.90]
Nichols et al (Female) (2009) i 16.78% 1.26 [1.09, 1.46]
Schoen et al (Female) (2012) e 11.27% 1.37[1.03, 1.83]
Perez et al (Female) (2013) N | 18.73% 1.55[1.41, 1.70]
Johnson et al (Female) (2014) - 4.50% 1.21[0.66, 2.22]
Pallisgaard et al (Female) (2016) ] 20.19% 1.16 [1.14, 1.18]
Dahlqyist et al (Female) (2017) - 17.19% 1.50 [1.31, 1.72]
Estimated Risk (1> = 87.4%, p = 0.000) - 1.38 [1.19, 1.60]

Diabetes Decreases AF T T T T T Diabetes Increases AF
1 2 4

Relative Risk

FIGURE 6 | Significant difference in the risk of AF incidence between men and women with DM using the multivariate model. Summary estimate for publications that
reported risk values for men (A) and for women (B). DM, diabetes milieus; AF, atrial fibrillation; RR, relative risk; Cl, confidence interval.
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FIGURE 7 | The increasing trend for RRs of AF in patients with DM grouped
by the median year of patient enrolment. The risk was estimated using the
most conservative risks provided in included individual studies. DM, diabetes
milieus; AF, atrial fibrillation; RR, relative risk.

literature, and was verified as the literature extracted from our
algorithm was the same as the literature identified through
manual search. Furthermore, our results were also validated by
comparing the risk estimates produced from the meta-analysis
which was consistent with prior clinical studies.

A further benefit of machine learning-assisted selection of
studies for meta-analysis is that identical screening can be
applied and consistent results will be obtained if the meta-
analysis is recapitulated with additional articles, minimizing
the introduction of time-related bias. Machine learning-assisted
screening therefore has the capacity to provide more efficient
and more objective study selection for future meta-analyses. We
expect that the novel automated approaches demonstrated will be
extended and refined in the future.

Impact of Comorbidities on Risk Estimate

AF is associated with several well-established risk factors
including age, hypertension, BMI and various cardiovascular
diseases. The RRs assessed for these established risk factors
have varied between studies and over time. Recent data from
the Framingham Heart Study indicate that mean systolic
blood pressures and evidence of left ventricular hypertrophy
have declined, likely as a consequence of improved therapy
for hypertension. In contrast, increasing BMI and DM have

contributed to increased risk of AF in the population (Schnabel
et al., 2015; Lau et al., 2017).

For reliable estimation of the independent risk of AF due
to DM, it is necessary to adjust for these established risk
factors of AF. In our study, patients with DM have an overall
adjusted RR of 1.49 (95% CI 1.24-1.79) for AF incidence
using the most conservative adjustments provided in each
individual study. After adjusting for three common risk factors
(hypertension/blood pressure, BMI and various cardiovascular
conditions) in addition to age, gender and possible others, the
estimated risk for AF is 1.23 (95% CI 1.03-1.46). Our results are
consistent with others, e.g., Dublin et al. estimated the RR for
AF is 1.40 (95% CI 1.15-1.71) after adjusting for confounders
including hypertension and BMI (Alves-Cabratosa et al., 2016)
and the previous 2010 meta-analysis by Huxley et al. (2011)
reported that patients with DM had a multivariate-adjusted
RR 1.24 (95% CI 1.06-1.44) of new-onset AF than individuals
without DM.

The association among DM, obesity and AF is complex, and
reported results vary. For example, obesity was demonstrated to
be more significantly associated with new-onset AF in Spanish
hypertensive patients compared with DM (RR 1.41, 95% CI 1.22-
1.64vs.RR1.11,95% CI 1.06-1.16) (Alves-Cabratosa et al., 2016).
Interestingly enough, another recent study indicated that DM
is an independent risk factor for AF, but not hypertension and
obesity in 11,956 subjects from rural Chinese areas (Sun et al.,
2015).

Trends of AF Incidence in Patients With DM

AF subtype was not analyzed in most of the studies. Only one
study reported an association between cumulative exposure to
DM and new-onset AF with all three AF subtypes (Dublin et al.,
2010) and 6 studies reported the association between DM and
one AF subtype. For the first time, our study has indicated that
the risk estimate is not significantly different for any AF subtype.
Since few studies have specifically addressed AF subtype and DM,
future studies are warranted.

Patients with type 2 DM were exclusively enrolled in 7 out of
the 29 selected studies, and there was only one study on the risk
estimate of AF in patients with type 1 DM. Twenty-one studies
did not explicitly define DM subtypes in their studies. Our study
found no significant risk difference among these sub-groups.
Interestingly enough, the study on type 1 DM by Dahlqvist
et al. (2017) reported a similar gender difference in AF risk.
Furthermore, they also observed the tendency of higher AF risk
in younger people with DM.

AF incidence and prevalence are lower in women than in men.
Sex hormones and delayed onset of cardiovascular disease in
women are likely to contribute to these differences. However, the
absolute number of women with AF exceeds that of men because
women live longer (Perez et al., 2013; Gillis, 2017). Furthermore,
women with AF are more likely to develop stroke than men
with AF (Dublin et al, 2010; Sun et al, 2015). Our analysis
confirms the increased risk of AF in women with DM compared
to men, even though the average age between the two (54.16 +
11.79 vs. 54.88 £ 12.87 year old) is the same. After adjusting
for multiple comorbidities, the risk estimates are reduced but the
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gender difference for AF risk have become more pronounced (an
increase from 17 to 24%).

The prevalence of AF in the general population is projected
to more than double in the next few decades, becoming a
global epidemic (Krijthe et al., 2013). On the other hand, DM
is a common chronic disease and an increasing public health
problem worldwide (Schnabel et al., 2015). Our study indicates
that the trend of AF incidence in patients with DM is also
increasing over time. The RR estimated for studies from 2001
to 2016 is significantly higher than the risk estimate for an
equivalent number of studies from 1982 to 2001 (Figure 7). This
potentially explains the reason why our overall risk estimate
is higher than the estimated risk in the previous 2010 meta-
analysis by Huxley et al. (2011). The increased AF incidence
in diabetic patients may reflect enhanced awareness of this
association and increased screening for AF. The trend also
likely reflects the growing epidemic of obesity particularly in the
developed world and the associated risk of developing metabolic
syndrome.

Nevertheless, there are some important findings that are yet
to be confirmed, such as the impact of median follow-up and
age from new-onset DM on AF risk estimate. Some individual
studies have suggested that the first 4-5 years after new-onset
DM is the most vulnerable period for developing AF (Aksnes
et al.,, 2008; Dublin et al., 2010; Pallisgaard et al., 2016); while
some studies reported that AF incidence in patients with DM
is most pronounced in young patients (Pallisgaard et al., 2016;
Dahlqvist et al., 2017). However, most individual studies and our
meta-analysis could not provide strong evidence to confirm these
findings.

Clinical Significance

The recent review paper by Lau and his colleagues has proposed
a promising integrated care model that incorporates risk factor
management, including DM, as the fourth pillar of AF care
alone with rate control, rhythm control and anticoagulation
therapy (Lau et al., 2017). The benefits of lifestyle and risk
factor modifications in atrial remodeling, disease progression
and recurrence were clearly demonstrated in their previous
studies (Pathak et al, 2014). The enriched knowledge with
regard to DM and AF generated from our study will provide
additional evidence to support and define a comprehensive
lifestyle and optimal risk factor management for AF as an
upstream therapy, as well as for stroke and mortality prevention
(Lau et al., 2017).
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