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Abstract
As developments in artificial intelligence and machine learning become more widespread in healthcare, their potential to 
transform clinical outcomes also increases. Peripartum cardiomyopathy is a rare and poorly-characterised condition that 
presents as heart failure in the last trimester prior to delivery or within 5–6 months postpartum. The lack of a definitive 
understanding of the molecular causes and clinical progress of this condition suggests that bibliometrics will be well-suited 
to creating new insights into this serious clinical problem. We examine similarities and differences between peripartum 
and its closely related familial dilated cardiomyopathy and idiopathic dilated cardiomyopathy. Using PubMed as the source 
of bibliometric data, we apply artificial intelligence–supported natural language processing to compare extracted data and 
genes association with these cardiomyopathies. Gene data were enhanced with additional metadata from third-party datasets 
and then analysed for their impact and specificity for peripartum cardiomyopathy. Artificial intelligence identified 14 genes 
that distinguished peripartum from both dilated and familial dilated cardiomyopathy. They are as follows: CTSD, RLN2, 
MMP23B*, SLC17A5, ST2*, PTHLH, CFH*, CFI, GPT, MR1, Rln1, SRI, STAT5A* and THBD. We then used the Human 
Protein Atlas website that uses affinity-purified rabbit polyclonal antibodies to identify genes that are expressed at the pro-
tein level (bold), or as RNA transcripts (*) in healthy human left ventricles. Additional analysis focussed on the full set of 
peripartum genes on linkage and specificity to cardiomyopathy yielded a different set of thirteen genes (bold font indicates 
those expressed in cardiomyocytes: PRL, RLN2, PLN, ST2, CTSD, F2, ACE, STAT3, TTN, SPP1, LGALS3, miR-146a, 
GNB3, SRI). This type of analysis can highlight new avenues for research, aimed at improving genomics-driven peripartum 
cardiomyopathy diagnosis as well as potential pathological and clinical sub-classification. We expect that this will allow for 
future improvements in identification, treatment and management of this condition. The first step in the application of these 
bibliometric-based artificial intelligence methods is to understand the current knowledge, and it is the aim of this paper to 
show how this might be achieved.

Keywords Artificial intelligence · Genomics · Bibliometrics · Machine learning · Peripartum cardiomyopathy

Introduction

This study focuses on the use of novel computer-based 
approaches, such as artificial intelligence (AI) and machine 
learning (ML), to understanding the current landscape of 
diseases such as peripartum cardiomyopathy (PPCM). Our 
aim is to provide personal and precise insights for patients 
and their healthcare providers to identify causes, targeted 
treatments, improved management and outcomes based on 
a patient’s genome.

The computer-aided analysis in this review has been done 
as a bibliometric study, which uses quantitative methods to 
describe characteristics of publications to assess the current 
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state of a field and provide insight into its overall structure 
(Okubo 1997). The statistical techniques have been fur-
ther refined and the methodology also includes enhanced 
AI based topic extraction, disambiguation and network and 
feature analysis (Wu et al. 2021).

The clinical focus of this study is peripartum cardiomyo-
pathy (PPCM—also known as postpartum cardiomyopathy). 
PPCM is a rare form of heart failure that occurs during the 
last month of pregnancy or within 6 months of delivery 
(Elliott et al. 2007). A common hypothesis is that PPCM 
is caused by a combination of hemodynamic and metabolic 
stress (Bello and Arany 2015), leading to myocardial dam-
age where the underlying triggers that cause the onset of this 
disease are still not established.

PPCM falls in the diagnostic class of cardiomyopathies 
which are a major cause of the cardiovascular burden on 
the health system. A recent and exhaustive study in France 
(Lannou et al. 2020) indicated that, in patients under the age 
of 40 years, cardiomyopathies accounted for 71% of all heart 
transplants, 51% of all cardiac assist devices, 63% of patients 
requiring circulatory support and 23% of heart failures.

Dilated cardiomyopathy (DCM), familial DCM (FDCM) 
and PPCM are often linked in the literature and often share 
clinical signs (ventricular dilation, impaired systolic func-
tion and arrhythmias), but there are clear reasons why PPCM 
should be considered a separate class of disease (Bollen 
et al. 2015). PPCM typically presents in a younger cohort 
of patients, with signs of heart failure commonly not recog-
nised until the last month of pregnancy or more commonly 
within 6 months of delivery (Fig. 1), in the absence of other 
causes.

Apart from being a relatively rare, there are also dif-
ferences in prevalence across different ethnic groups. 
The global incidence of PPCM (Sliwa et al. 2017; Isogai 
and Kamiya 2019) is significantly increased in women of 
African descent (Davis et al. 2020). PPCM is also often 

under-reported because its symptoms resemble the normal 
course of pregnancy (Lewey et al. 2020). These differences 
and the link to the third trimester of pregnancy led to pos-
sible familial causes of PPCM, and it is possible that the 
whole class of PPCM or one or more potential subtypes 
may fulfil the criteria of Mendelian disease.

DCM is defined as left and/or right ventricular dilation 
and cardiac muscle dysfunction without abnormal load-
ing conditions (such as hypertension or valve disease), or 
coronary artery disease, sufficient to impair global heart 
function (McKenna et al. 2017). DCM is often cited as 
the most prevalent cardiomyopathy (McKenna and Judge 
2021; Charron et al. 2018). A recent study from Sub-Saha-
ran Africa (Fundikira et al. 2021) identifies it as the most 
prevalent in that community (incidence of 1:2,500), com-
pared to the results in Europe (Lannou et al. 2020) where 
DCM was second to hypertrophic cardiomyopathy (HCM).

FDCM is clinically defined by the presence of DCM in 
an index patient who shares the disease with family mem-
bers. Elliott et al. (2007) modified the DCM classification 
to include FDCM defined by the presence of mutations in 
the following functional gene categories: (1) sarcomeric 
genes; (2) sarcoplasmic genes (muscle LIMP Cytoskel-
etal genes, dystrophin, desmin, metavinculin, sarcoglycan 
complex, CRYAB, epicardin); (3) nuclear membrane genes 
(lamin A/C, emerin); (4) intercalated disc gene mutations; 
and (5) mitochondrial cytopathies.

Conventional approaches to identifying mutated genes 
that form the current scientific understanding of disease 
and their corresponding proteins are typically identified 
by inserting keywords (linked by “AND”) into a PubMed 
search. Instead, we will use AI and ML to identify mutated 
genes and their corresponding proteins that are potentially 
involved PPCM, as well as its relationship to selected 
other cardiomyopathies.

Fig. 1  The human pregnancy 
cycle with PPCM incidence 
where the columns represent the 
incidence; orange illustrates the 
circulating levels of prolactin 
(Prl) and soluble fms-like 
tyrosine kinase-1 (sFlt-1) during 
a normal pregnancy (Arany and 
Elkayam 2016)
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The most recent definition by the United States National 
Library of Medicine (US NLM) lists cardiomyopathy (CM) 
as a group of diseases in which the dominant feature is the 
involvement of disease in the cardiac muscle, impacting the 
function of the heart. The library provides a clear hierarchy 
of classification of these diseases, shown in Table 1.

Here, we review the potential use of an AI-empowered 
assessment of the PPCM literature in the context of DCM 
and FDCM. We focus on their genetic aspects of the litera-
ture to see whether the disorder can be identified through 
the analysis of the genetic and genomic literature to improve 

our understanding of the predisposition, pathogenesis and 
potential therapeutic targets for this disorder. Specifically, 
we use intelligent bibliometrics and computational models 
and elaborating AI and data science techniques with biblio-
metric indicators (e.g. citation counts, contents and author-
ships) (Zhang et al. 2020).

The absence of FDCM and PPCM in the NLM classifi-
cation suggests that improvements are required in the clas-
sification of journal articles to account for the emergence of 
newly recognised clinically important diseases, particularly 
those that are rare. The current lack of classification of these 
two categories (Elliott et al. 2007) increases the risk that the 
absence of structured classification may obscure “signals” in 
the exponentially growing scientific literature, particularly 
the increasingly complex understanding of digital searching. 
This lack of classification may also obscure analysis and 
identification of new insights into the underlying biology, 
when seeking improved diagnostics, treatments and manage-
ment of patients with these diseases.

We will illustrate how bibliometrics, empowered by AI 
based methods, can assist researchers to better understand 
and potentially differential DCM, FDCM and PPCM.

Our focus is to better understand the molecular causes of 
PPCM and how they can lead to pathways of healthy cellular 
function compared with potential disease pathways. Figure 2 
highlights the main locations of main contractile proteins 
and where mutations of some genes may be important in 
PPCM.

The genes relating to the list of proteins shown in Fig. 2 
include the following: the super family of myosin heavy 
chains (MYH6, MYH7, MYH7B), myosin light chains 
(MYL2, MYL7), actin (ACTC1, ACTN2), myosin binding 
protein C (cMyBP-C), cardiac troponins (TNNT2, TNNC1, 
TNNI3), titin (TTN) and cardiac tropomyosin (TPM1). 

Table 1  Hierarchy of cardiomyopathies in the US NLM (https:// 
www. ncbi. nlm. nih. gov/ mesh/ 68009 202)

Cardiovascular Diseases
Heart Diseases

  Cardiomyopathies
    Arrhythmogenic Right Ventricular Dysplasia
    Cardiomyopathy, Alcoholic
    Cardiomyopathy, Dilated
    Cardiomyopathy, Hypertrophic

        Cardiomyopathy, Hypertrophic, Familial
    Cardiomyopathy, Restrictive
    Chagas Cardiomyopathy
    Diabetic Cardiomyopathies
    Endocardial Fibroelastosis
        Isolated Noncompaction of the Ventricular Myocardium
    Endomyocardial Fibrosis
    Glycogen Storage Disease Type IIb
    Kearns-Sayre Syndrome
    Myocardial Reperfusion Injury
    Myocarditis
    Sarcoglycanopathies

Fig. 2  Schematic summary 
of the key cardiac contractile 
proteins (adapted from Peng 
et al. 2014)

https://www.ncbi.nlm.nih.gov/mesh/68009202
https://www.ncbi.nlm.nih.gov/mesh/68009202
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These genes were generated by extracting the related genes 
linked to the heart proteins from the Human Protein Atlas 
(Thul and Lindskog 2018) Table 2.

With the aid of intelligent bibliometrics, we address the 
following research questions:

• Which genes are most commonly mutated in PPCM and 
how do they compare with DCM, FDCM and unspecified 
cardiomyopathy?

• What are the major institutions and who are the authors 
of PPCM research?

• How can AI and ML review of other cardiomyopathies 
to understanding PPCM?

• What are the challenges that arise when reviewing a lim-
ited researched space?

• Based on the potential genes involved, what future oppor-
tunities arise for research directed towards improved 
diagnosis and therapy of PPCM?

Methods and materials

The bibliometric review framework of this study is given 
in Fig. 3.

Data collection

Falagas et al. (2008) recommend PubMed as the optimal bib-
liometric database for medical and life sciences. It enables 
biomedical information retrieval for use in specialized meta-
classification data like Medical Subject Heading (MeSH) 
search and biomedical filters (including the humans filter 
we used in this work) to return precise results.

A naïve search strategy was used on title and abstracts 
which is a common screening approach in bibliometrics. We 
use the “gene*” (where * captures all terms commencing 
with “gene”) criterion; we gather articles with high specific-
ity to the genomics focus of this research. The fha[filter] and 
human[filter] ensure a focus on human-based research that 
has an abstract (fha).

Figure 4 illustrates that bibliometrics review is growing 
rapidly. While this approach has strengths and weaknesses 
(Penning de Vries et al. 2020; Linnenluecke et al. 2020), we 
intend to show that a computer-aided bibliometric approach 
is a good first step in understanding the research landscape 
on a topic.

The additional AI methods in bibliometrics empower 
cleaning, filtering and sentiment algorithms and allow 
easier extraction of higher quality topic extraction and 
structural information, such as gene information, disease 

Table 2  Sarcomeric proteins identified in the literature being involved in DCM

SARCOM-
ERIC

Body part Location Gene T = trunc:
M = missense

Disease # Impact on Action Reference

BCL2 Assoc 
athogene 3

Cardiac Z disc BAG3 T PPCM, FDCM 1 Hsp70, small 
Hsps

Co-chaperone, 
autophagy

Goli et al. 2021

Myomesin 1 Skeletal M line MYOM1 pE247K PPCM, FDCM 1 Obscurin, titin Stretch sensor Marston et al. 
2015

Myosin bind-
ing protein 
C3

Skeletal C zone 
within A 
band

MYBPC3 M PPCM, 
FDCM, 
HCM

Actin, myosin, 
titin

Regulates 
actomyosin 
force

Morales et al. 
2010

Myosin heavy 
chain 6

Skeletal A band MYH6 T, M PPCM, HCM, 
AF

2 Actin, titin Motor protein Ware et al. 2016

Myosin heavy 
chain 7 beta

Skeletal A band MYH7 M, nN16499K PPCM, 
FDCM, 
HCM

2 Actin, titin Motor protein Ware et al. 2016

Obscurin Skeletal A band OBSCN M, pV2161D PPCM Titin Thick fil/
myofibrillo-
genesis

Marston et al. 
2015

Troponin C1 Skeletal I band TNNC1 M PPCM, DCM TNNI3, actin Ca regulation van Spaen-
donck-Zwarts 
et al. 2010

Troponin I3 Cardiac only I band TNNI3 M, pK36Q PPCM, FDCM TNNC1 Ca regulation Marston et al. 
2015

Troponin T2 Cardiac I band TNNT2 M PPCM, HCM Tropomyosin Ca regulation Spracklen et al. 
2021a, b

Tropomyosin Cardiac I band TPM T PPCM, FDCM Actin, 
MYBPC3, 
TNNT

Strong loss-of-
function

Spracklen et al. 
2021a, b
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classification and chemical interactions. Using the specific 
naïve search strategies below, we assembled a dataset of 
the gene-related research performed on CM, DCM, FDCM 
and PPCM from PubMed, between 2005 and 2022. We 
included cardiomyopathy as a broad category to give a 
scale to the total research landscape universe:

CM Search query: (("Cardiomyopathy"[Title/
Abstract] AND "gene*"[Title/Abstract]) AND 
((fha[Filter]) AND (humans[Filter])) Yielded: 9285 
papers.

DCM Search query: (("Dilated cardiomyopathy"[Title/
Abstract] AND "gene*"[Title/Abstract]) AND 

Car diomyopathy 

9285 Papers

Dilat ed 

Car diomyopathy 

2372 Papers

Familial Dilat ed 

Car diomyopathy 

151  P apers

Peripart um 

Car diomyopathy 

121 Paper s

Pubmed ID 

analysis

Extr acted t erms 

authorship, mesh, 

meta entit ies

Ident ified bio-

ent ities

Scientific 

evolut ionar y 

pat hways (SEP )

Co-occurren ce 

analysis 

VOSViewer

Bio-ent ity 

net work an alysis

Gene map 

Impor tance vs 

Specificit y

Network 

visualisation

Topic 

evolut ionar y 

pat ter ns

Raw  In put

P re -pro cesse d 
Data

Metho ds
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Gene ID analysis

Fig. 3  Review framework showing the process steps used in this review
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Fig. 4  The number of articles per year obtained from on Bibliometrics in PubMed indicates that this is a rapidly growing field of research
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((fha[Filter]) AND (humans[Filter])) Yielded: 2372 
Papers.

FDCM Search query:  ( ("Famil ial  Di lated 
cardiomyopathy"[Title/Abstract] AND "gene*"[Title/
Abstract]) AND ((fha[Filter]) AND (humans[Filter])) 
Yielded: 151 Papers.

P P C M  S e a r c h  q u e r y :  ( ( " P e r i p a r t u m 
cardiomyopathy"[Title/Abstract] AND "gene*"[Title/
Abstract]) AND ((fha[Filter]) AND (humans[Filter])) 
Yielded: 121 Papers.

Search date: 28/11/2021.
We then performed the following steps: (1) analysis of the 

PMID and gene overlap of each dataset; (2) terms, authors 
and bio-entities were extracted from each dataset; (3) analy-
sis of the overlap of genes in each dataset; (4) comparison of 

evolution patterns of each dataset; (5) development of net-
work visualisation of co-authorship, co-terms, gene-disease 
co-occurrence and gene-chemical co-occurrence for PPCM; 
and (6) a focus on the PPCM data produced a map of gene 
importance vs specificity.

The use of AI and ML to identify key topics and themes 
in a bibliometric review is also a growing field in healthcare 
(Tran et al. 2019). Computer-aided techniques are not only 
limited to the natural language processing of scientific litera-
ture but are also being extended into detection (Adedinsewo 
et al. 2021; Awan et al. 2018), prediction (Angraal et al. 2020) 
and prognostication (McNamara et al. 2015) of the disease 
itself. The integration of these methodologies (Krittanawong 
et al. 2019) using data from the clinical records, genomics, 
transcriptomics and epigenetics will only improve over time.

Fig. 5  The timeline of journal 
articles published in PubMed 
(note the log scale)
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Fig. 6  Venn diagram showing the overlap of CM, DCM, FDCM, and 
PPCM journal articles by PMID in the literature

Fig. 7  Venn diagram showing the overlap of CM, DCM, FDCM and 
PPCM genes in the literature
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Results

Figure  5 summarises the research output describing 
genomic-based investigations into the four types of cardio-
myopathies that are exponentially increasing. It is clear that 
the total papers in genomics research on cardiomyopathy 
is greater than the aggregation of the DCM, FDCM and 
PPCM because other major classes of cardiomyopathies 
such as hypertrophic and restrictive CMs are also included. 
These areas suggest future topics for genomics comparative 
research. We also applied a year range filter between 2004 
and 2021 to the search results to reflect recent developments 
in genomics. This time range was selected because genom-
ics is a rapidly expanding field, particularly since the com-
pletion of the human genome sequencing project in 2001 
(Venter et al. 2001).

PubMed ID analysis

Each article in PubMed carries a PubMed ID (PMID), 
which was used as a first step to compare the outputs of 
the four searches which were then analysed based on PMID 

overlap. This was performed via extraction and analysis 
in R. The Venn diagram (Fig. 6) highlights the overlap of 
papers based on the four search strategies. Several publica-
tions (e.g. Arany and Elkayam 2016; Ersbøll et al. 2016, 
Pearson et al. 2000) discuss how PPCM is closely corre-
lated to both FDCM and DCM, but the data shown in this 
analysis (88 PPCM papers not linked to FDCM and DCM, 
compared with 11 linked to FDCM and DCM and 22 linked 
to DCM alone) suggest that there may be more differences 
than similarities between these classes of cardiomyopathy. 
This is contrary to the suggestion in recent papers covering 
these fields.

Gene analysis

Using natural language processing methodologies, we 
extracted the structured bio-entity data from the titles and 
abstracts of each query dataset. Further analysis in R was 
performed, and the Venn diagram (Fig. 7) highlights the 
genes and their overlap between CM, DCM, FDCM and 
PPCM in the literature. The genes listed for PPCM are as 
follows: TTN, HSP90B2P, PRL, CRP, CFH, CFI, THBD, 
CTSD, MMP23B, MMP1, MMP10, TIMP1, TIMP2, 

Table 3  The unique fourteen PPCM genes not identified in DCM or FDCM research, their protein classes and location of expression

MappedID Name Protein class Main location of expression

CFH Complement factor H; CFH; ortholog Liver and gallbladder, Muscle tissues, 
female tissues

CFI Complement factor I; CFI; ortholog Serine protease (PC00203) Liver and gallbladder, Kidney and urinary 
bladder, female tissues

CTSD Cathepsin D; CTSD; ortholog Endocrine tissues, kidney and urinary 
bladder, Muscle tissues

GPT Alanine aminotransferase 1; GPT; 
ortholog

Transaminase (PC00216) Liver and gallbladder, Muscle tissues, 
female tissues

MMP23B Matrix metalloproteinase-23; MMP23B; 
ortholog

Metalloprotease (PC00153) Respiratory system, muscle tissues, female 
tissues

MR1 Major histocompatibility complex class 
I-related gene protein;MR1; ortholog

Major histocompatibility complex pro-
tein (PC00149)

Respiratory system, endocrine tissues, 
kidney and urinary bladder, bone marrow 
and lymphoid tissues

PTHLH Parathyroid hormone-related protein; 
PTHLH; ortholog

Peptide hormone (PC00179) Endocrine tissues, female tissues, proximal 
digestive tract

RLN1 Prorelaxin H1; RLN1; ortholog Peptide hormone (PC00179) No female tissues (male tissues)
RLN2 Prorelaxin H2; RLN2; ortholog Peptide hormone (PC00179) Female tissues, endocrine tissues, bone 

marrow and lymphoid tissues
SLC17A5 Sialin;SLC17A5; ortholog Secondary carrier transporter (PC00258) Endocrine tissues, kidney and urinary 

bladder, female tissue
SRI Sorcin; SRI; ortholog Calmodulin-related (PC00061) Gastrointestinal tract, brain, female tissues
ST2,IL1RL1 Interleukin-1 receptor-like 1; IL1RL1; 

ortholog
Transmembrane signal receptor 

(PC00197)
Female tissue, respiratory system, kidney 

and urinary bladder
STAT5A Signal transducer and activator of tran-

scription 5A; STAT5A; ortholog
DNA-binding transcription factor 

(PC00218)
Connective and soft tissue, liver and 

gallbladder, bone marrow and lymphoid 
tissues

THBD Thrombomodulin; THBD; ortholog Transmembrane signal receptor 
(PC00197)

Respiratory system, skin, bone marrow and 
lymphoid tissues



388 Biophysical Reviews (2022) 14:381–401

1 3

TIMP4, ST2, LGALS3, SPP1, F2, KCNMB1, VEGFA, 
SLC17A5, GPT, ACE, RLN2, RLN1, STAT5A, STAT3, 
ADRB1, INS, EGFR, PLN, GNB3, EIF3K, BAG3, TNNC1, 
MYH7, IL6, IFNG, KCNH2, PTHLH, SCN5A, PSEN2, 
MYH6, TNNT2, MYBPC3, MR1, SRI and the miRNA 
gene, miR-146A. Of the above 48 genes (Fig. 7), 14 are 
not expressed in either FDCM or DCM and are there-
fore likely to be PPCM-specific: CFH, CFI, CTSD, GPT, 
MMP23B, MR1, PTHLH, RLN1, RLN2, SLC17A5, SRI, 
ST2(IL1RL1), STAT5A and THBD.

Once the gene data were extracted and identified from the 
three sets, a simple co-occurrence analysis was performed, 
and the genes peculiar to PPCM, but not DCM and FDCM, 
were highlighted. By using PANTHER (Mi et al. 2021) and 
the Human Protein Atlas (Thul and Lindskog 2018) expression 
services, RNAs expressed in tissues were identified in these 14 
genes that were not expressed in DCM and FDCM (Table 3). 
They provide an opportunity to achieve novel insights into our 
understanding of the genes highlighted by Ware et al. (2016).

Contractile protein genes in the literature

The structural gene data extracted for each search strategy 
allowed a comparison with the proteins listed from Fig. 2. In 

addition to the list of major genes identified from the Human 
Protein Atlas, other family genes were identified from the 
literature itself. It was interesting to note that actin, myo-
sin light chains, cardiac and troponin I did not appear to be 
researched in the PPCM but were researched in the other 
cardiomyopathies.

Using the Human Protein Atlas, the following list of 
genes were identified as are expressed proteins in cardiomy-
ocytes: TTN, CTSD, LGALS3, KCNMB1, VEGFA, STAT3, 
ADRB1, EGFR, PLN, GNB3, EIF3K, BAG3, TNNC1, 
MYH7, KCNH2, PTHLH, SCN5A, MYH6, TNNT2, TPM1 
and MYBPC3 (note: THBD is expressed in endothelial cells 
that are closely associated with cardiomyocytes). Addition-
ally, the following were detected in healthy human LV tissue 
as RNA transcripts but are not detected at the protein level: 
CFH, MMP23B, SRI, F2, STAT5A, STAT3, TIMP1, TIMP2 
and TIMP4.

The following genes were not detected in healthy 
human LV tissue at either the protein or RNA level: PRL, 
CRP, SLC17A5, CFI, MMP1, MMP10, GPT, IFNG and 
HSP90B2P. An example of the importance of identifying 
novel genes in the research is the PTHLH gene (Horne et al. 
2011) that was shown by genome-wide association (GWAS) 
to provide a potential genetic basis for PPCM.

Fig. 8  Overview of the 23Strands’ Biblioengine V2.2
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Once the analysis of overlap was completed between 
the different cardiomyopathies, a more detailed analysis of 
PPCM literature was performed.

Peripartum cardiomyopathy‑specific insights

The set of 121 PPCM related genomics papers was then ana-
lysed using techniques developed by the team and described 
in detail in Zhang et al. (2017, 2020) and Wu et al. (2021). 
This analysis was completed using the 23Strands’ BiblioEn-
gine (Fig. 8), a set of natural language processing AI and ML 
empowered tools designed specifically for the extraction, 
cleaning and analysis of scientific journal articles.

Research locations

The first descriptive data extracted from the set of journal 
articles was the cleaned primary affiliations of the authors, 
which were then geo-located using ESRI services (Fig. 9). 
The map shows that PPCM genomics research is spread 
across most of Asia, Africa and Europe, but more research 
is needed if we are to understand differences in the incidence 

of PPCM, particularly in women of African descent (Irizarry 
et al. 2017).

Scientific evolution pathways

Once terms were extracted from the papers and cleaned, a 
Scientific Evolutionary Pathway (Zhang et al. 2017) was 
generated. Even though the number of papers was limited 
to 121 articles, the technique was useful for understanding 
the development of concepts around PPCM and molecular 
and genomic links over time.

The scientific evolutionary pathway of MeSH terms in 
PPCM (Fig. 10) shows how the initial topic of “pregnancy 
complication, cardiovascular” (van Mook and Peeters 2005) 
evolved systematically into specific insights into “hyperpro-
lactinemia” (Shelly et al. 2012), “puerperal disorders” (e.g. 
Morales et al. 2010), “cardiac myocytes” (Harakalova et al. 
2015), “registries” (Haghikia et al. 2013), “mutation” (Fish 
et al. 2016) and “hypertension, pregnancy-induced” (Kat-
suragi et al. 2019).

The topic of pregnancy-induced hypertension (otherwise 
known as pre-eclampsia) was particularly of interest because 

PPCM FDCM 

DCM 

Fig. 9  The global locations of primary author affiliations in genomics research shown across PPCM, FDCM and DCM, the size of bubbles rep-
resent counts of publications
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the definition of DCM clearly states that the heart cannot 
be under undue stress or load for DCM to be diagnosed, 
indicating a possible point of difference between PPCM and 
DCM classification.

Co‑occurrence analysis and visualisations

Following the geolocation mapping of the cleaned affili-
ations, further co-occurrence analysis was performed on 
authors collaborating on papers, affiliation collaborations 
(authors institutions), gene plus sub-disease links and gene 
plus chemical co-occurrence.

It is clear from Figs. 11 and 12 that the research on PPCM 
is led by key individuals and their affiliations. In particular, 
Hilfiker-Kleiner (Sliwa et al. 2021) and Sliwa (Spracklen 
et al. 2021a, b) have made significant contributions to the 
genomics of PPCM and had a global impact and collabo-
ration across Africa, Europe and the Americas. A smaller 
cluster of research occurred in Japan led by Ikeda (Kamiya 
et al. 2016) and his team.

The co-occurrence analysis (Fig. 13) shows the link 
between genes and sub-categories of diseases resulting in a 
significant number of clinical entities and/or comorbidities 

connected with PPCM. Apart from the expected links of 
heart disease, heart failure and death there are interesting 
comorbidities including arrhythmias, pre-eclampsia, respira-
tory disease, inflammation, autoimmunity, anaemia, lupus 
and pregnancy-related symptoms such as lactation, gesta-
tional diabetes and orthopnoea.

Additionally, the gene plus chemical co-occurrence 
(Fig. 14) shows two main clusters relating to treatments for 
hyperprolactinemia, decreasing the amount of prolactin in 
the body and possible links with inflammation compared 
with the second cluster relating to cardiogenic shock treat-
ments, such as dobutamine.

Figure 15 illustrates early analysis on the extracted genes 
from the PPCM literature, a process described in detail in 
Wu et al. (2021). This graph allows us to differentiate genes 
based on an analysis of the geometries in co-occurrence in 
the literature. From this analysis, we identified two main 
clusters; the group highlighted in the red box indicates genes 
that have a range of specificity with PPCM and other dis-
eases but are central to the PPCM topic. The genes outside 
the red box also have a range of specificity to the PPCM 
topic but are less central to the topic. This method of mul-
tivariate co-occurrence analysis allows us to use a different 

Fig. 10  Scientific Evolution-
ary Pathway of PPCM and 
genomics, note how the topic 
evolution extends up and down 
from the first topic of pregnancy 
complications (Cardiovascular 
(2005))
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lens to classify genes extracted from the PPCM literature. 
Through this method, we can see a marked difference in 
genes that are unique to PPCM (Table 1), and genes high-
lighted with the additional centrality analysis.

An example of a gene identified as unique to PPCM 
research publications (compared with DCM and FDCM) 
is CFI (complement factor I highlighted by a green box in 
Fig. 15) that encodes a serine protease that is essential for 
regulating the complement cascade. CFI is referred to in a 
single paper, Amari Chinchilla et al. (2020), and was iden-
tified in this GWAS study as having a possible association 
with PPCM. In the paper, it was also linked to other diseases 
such as pregnancy-associated haemolytic uremic syndrome 
(P-aHUS), thrombotic thrombocytopenic purpura, preec-
lampsia/haemolysis, elevated liver enzymes, low platelets 

(HELLP) and systemic lupus erythematosus/antiphospho-
lipid syndrome. The analysis highlights how CFI differs 
significantly from the prolactin gene (PRL also highlighted 
by a green box in Fig. 15). The most outstanding gene from 
the centrality analysis is described in eight papers, includ-
ing Ersbøll et al. (2016), which all focus specifically on how 
PRL impacts PPCM.

In Table 4, we provide a total list of the 48 genes shown 
in Fig. 15 and again used the Human Protein Atlas (Thul and 
Lindskog 2018) to describe the protein classes and tissue 
RNA expression values in heart muscle (Heart RNA), as 
well as specific expression in cardiomyocytes (CMy RNA).

In summary, this study has identified genes for further 
investigation. For example, the vasculo-hormonal patho-
genesis hypothesis of PPCM (Fig. 16) proposed to explain 

Fig. 11  A study of author co-occurrence revealed clusters around 
Sliwa (purple), Hilfiker-Kleiner (grey), Elkayam (green), Ricke-Hoch 
(orange) and Ikeda in the top left (light orange). The size of the bub-

bles matches the number of articles published. The grid numbers have 
been used to disambiguate the authors
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the pathophysiology of PPCM (Adapted from Bello and 
Arany 2015), namely, that during the peripartum period, 
there is an increased secretion of hormones from the pitui-
tary (e.g. prolactin) and from the placenta (sFLT1). These 
changes are believed to contribute to the underlying car-
diac dysfunction in PPCM.

Discussion, conclusion and future work

By performing an AI, including ML, empowered semi-
automated analysis of the scientific literature, it became 
clear that a large amount of data could be processed quickly 
that produced new insights into this rare disease and the 
connection between PPCM and genomics. This would be 
hugely time-consuming using manual systematic reviews. 
It would be almost impossible to do a similar quantitative, 
comparative analysis of the gene research across the set 
of 9,285 CM papers and genomics-related journal articles 
within a useful timeframe. Using only publicly available 
data extracted from PubMed, we have shown how it is pos-
sible to answer questions as shown below.

What specific genes should be considered, based 
on current knowledge for PPCM?

PPCM is a subset of cardiomyopathy albeit with a low 
number of genomics research articles in the US NLM lit-
erature (n = 121). It is clear that we are only in the early 
stages of understanding the disease-gene relationships. 
Fourteen genes closely associated in the current literature 
with PPCM have been identified by the centrality analysis 
(PRL, RLN2, RLN1, PLN, ST2, CTSD, F2, ACE, STAT3, 
TTN, SPP1, LGALS3, GNB3, SRI) and help to form the 
basis of future studies regarding how they may or may 
not play a part in the development of PPCM. Such work 
could also help improve the diagnosis and management 
of this disease.

Using this big data approach, it is not only possible to focus 
on the signals that provide an alternative method for identify-
ing the number of key genes in the research, but also it is pos-
sible to look at the full dataset of current CM-related genes. 
These computer-aided AI techniques allowed us to quickly 
explore interrelationships such as potential chemical interac-
tions, as well as the transcriptome and proteome in the context 
of PPCM and other cardiomyopathies.

Fig. 12  Country co-occurrence; 
this clearly shows collaborative 
research across Europe, Africa 
and the United States and a 
number of islands of research 
including Japan
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Where are the major affiliations and who are 
the authors of PPCM research?

We clearly identified where the main research on PPCM is 
currently being performed and identified future collabora-
tive research possibilities across India, China and other parts 
of Asia Pacific. This exercise may help to develop a more 
equitable, global research effort on PPCM.

How can AI help in reviewing other 
cardiomyopathies and aid in understanding PPCM?

This research focused on the novel use of AI and 
ML technologies to produce a review compar ing 
the several cardiomyopathies.  The methods used 

in developing this research involve data extraction, 
Natural Language Processing, disambiguation, net-
work and graphical analysis that reveal the utility 
of these methods in investigating multidimensional 
diseases. We believe there are significant opportuni-
ties for the future application of other AI empow-
ered techniques and algorithms, such as other natu-
ral language processing of genomics-related deep 
neural networks as well as integrating other dimen-
sions such as medical records and data analysis of 
patients’ deep phenotype. Each of these methods 
has the potential to make a signif icant impact on 
discovering new pathways for researchers and deci-
sion support mechanisms for the clinicians manag-
ing these patients.

Fig. 13  Gene plus sub-disease co-occurrence shows the multitude of co-morbidities identified in the research title and abstracts and the co-
occurrence with the major genes
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What can we do to understand more clearly 
the challenges that arise in reviewing a limited 
researched space?

During this process, we identified a number of further 
research areas that could be undertaken in this space of 
genomics plus disease relationship analysis, and additional 
work is planned in linking other third-party datasets and 
simulation and modelling techniques.

The future of AI in disease‑genomics links

There remains significant potential to harness these 
computer-aided techniques for scientif ic knowl-
edge. However, before algorithms such as transfer 
learning can be used to gain deeper understanding 
of the relationships between genomics and rare dis-
eases, a first necessary step is to understand the cur-
rent published literature. The comparison of PPCM  

Fig. 14  Gene plus chemical 
co-occurrence highlighting two 
clusters of inflammation and 
cardiogenic shock

Fig. 15  Centrality analysis of 
PPCM Genes with relationship 
to cardiomyopathy, cardiac 
contractile proteins highlighted 
in red. Centrality is measured 
as a composite of the influence 
(degree centrality), topological 
distance (closeness centrality) 
and the shortest path (between-
ness centrality) of the gene 
nodes relating to the topic 
of “cardiomyopathy” in the 
scientific literature on PPCM 
(Freeman et al. 1979)
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genomics with other cardiomyopathies offers a good 
example of this, and it was the aim of this paper to 
show how this first step of AI empowered review of 
the current scientific landscape could be achieved.

Conclusions relating to PPCM

It is clear that PPCM is a disease that effects a complex 
system of both the heart, hormone and haemodynamic 
vascular systems of genes, transcriptome and epigenet-
ics. Using the AI-empowered bibliometrics approach, 
we extracted the titles and abstracts to identify the main 
genes and their relating proteins, involved in regulat-
ing dysfunction. In addition, this analysis automatically 
linked genes extracted with the developing hypothesis of 
hormonal and metabolic stress related causes of PPCM.

A discussion on the strengths and weaknesses 
of this review technique

This study is a prototype of Bibliometrics, empowered 
with AI algorithms to identify signals used to profile the 
research landscape on a disease such as PPCM.

This research highlighted both a number of strengths 
and weaknesses of this approach:

Strengths

1. A significant number of publications can be processed 
in a relatively short amount of time.

2. Extraction of structural features of these topics can be 
automated.

3. Related disease features can be compared with ease.
4. Linkages created though common authors, affiliations, 

publication and extracted features can be used to visu-
alise and analyse data.

5. This “big data” approach can provide a foundation for 
future algorithms for predicting future research and col-
laboration.

Weaknesses

6. The outputs of the analysis are highly dependent on the 
search strategy, and we believe that it is important to 
review the outputs of bibliometrics using manual expert 
validation.

7. Signal-to-noise is hard to determine and quantify, but 
will be critical to identify signals versus noise and other 
weaknesses in the algorithms.

8. There is a need to understand the correlation versus 
causation which is difficult to establish using Abstract 
alone.

Fig. 16  A vasculo-hormonal hypothesis of the pathophysiology of 
PPCM (adapted from Bello and Arany 2015), during the peripartum 
period there is an increased secretion of hormones from the pitui-

tary (e.g. prolactin (PRL)) and placenta (e.g. sFLT1). This change is 
believed to contribute to the underlying cardiac dysfunction in PPCM
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9. Access to the full text of journals is limited due to a large 
amount of research not accessible due to commercial 
access constraints.
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