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Abstract

Introduction: The placenta is one of the least understood, yet arguably one of the most important 

organs for human health and development. While there have been numerous research efforts 

dedicated to understanding the placenta’s critical role, these studies and the data they produced 

remain separated and largely disparate. In order to facilitate placental research, the Eunice 
Kennedy Shriver National Institute of Child and Human Development (NICHD) released in 

October 2018 the Placental Atlas Tool (PAT) (https://pat.nichd.nih.gov/), an internet-based 

platform offering users a centralized placental database of molecular datasets, analytic tools, and 

images.

Methods: PAT is a cloud-based system developed by the business requirements defined by 

NICHD leadership and extramural placental researchers. PAT employs a metadata-driven web 

interface to provide curated placental datasets and images, enriched with structured, descriptive 

metadata to enhance data discoverability. PAT also incorporates open source molecular data 

analytical tools to provide a flexible analytics workflow for placental researchers.

Results: PAT launched with 426 analyzable molecular placental datasets consisting of over 

12,500 samples from 10 distinct species, all systematically annotated and processed for enhanced 

research utility. 828 placental images, consisting of 7 imaging modalities across 47 species, and 

nearly 300 annotated linked publications supplement the datasets to facilitate knowledge 

integration and hypothesis generation across disparate molecular studies.
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Discussion: PAT will maximize the NICHD’s investment in placental research by reinforcing 

open scientific inquiry, facilitating reuse of datasets, promoting novel research and testing of new 

hypotheses and analytic methods, and facilitating education of new researchers.

Introduction

The placenta is one of the least understood human organs, yet is considered to be one of the 

most important organs for human health and disease [1–3]. The placenta is implicated in 

many pregnancy disorders and even subtle placental abnormalities can impact the health of 

both mother and her fetus later in life [1,3]. The Eunice Kennedy Shriver National Institute 

of Child and Human Development (NICHD) launched the Human Placenta Project [2,4,5] as 

a collaborative research effort dedicated to addressing the critical need for a better, real-time 

assessment of human placental structure and function in health and disease during the course 

of pregnancy [6]. While this and other efforts are fueling much-needed attention and funding 

for placental research [2,4,7], there is no substantial, internet-based resource for the robust 

existing molecular placental research data and analytic tools [8], as there are for other 

research fields [9–12]. This effectively slows the progress of placental research by placing 

the responsibility on researchers to spend precious time and resources scanning through 

disparate data resources to perform rigorous scientific investigations.

The Placental Atlas Tool (PAT) (https://pat.nichd.nih.gov/) has been developed to create, 

maintain, and update a shared research analytics platform to serve as an important resource 

for the placental research community. This effort relies heavily on input from a panel of non-

government, placental researchers, called the External Scientific Consultant Panel (ESCP), 

to align development of PAT with the needs and expectations of the placental research 

community. The ESCP is made up of scientists and clinicians who are experts in placental 

biology and creative thinkers in adjacent fields, such as biotechnology, imaging, and data 

science. The ESCP members are listed in the Acknowledgements section. Together the panel 

provides subject matter expertise throughout the PAT development process, evaluates 

progress, and assists with refinement of the system.

PAT provides technologies that allow researchers to visualize molecular characteristics of 

placental function and development, from gross anatomy to the molecular biology. PAT 

leverages existing resources to identify knowledge gaps, develop new hypotheses to address 

those gaps, and identify potential therapeutic targets and biomarkers. PAT has been created 

as a cloud-based resource for the scientific community leveraging applicable components, 

both technical and non-technical, of another NICHD internet-based resource called the Data 

and Specimen Hub (DASH) [13,14], as well as developing new functionality to enable 

molecular data investigation.

PAT addresses a need for scalable and agile systems integration, supporting NICHD’s 

organizational goals and their user community, and maximizing research investment through 

data discoverability and reuse. This work closely aligns with goals of the new National 

Institutes of Health (NIH) Strategic Plan for Data Science [15]. This paper details the system 

functionality that users will encounter when accessing the PAT system and sheds light on the 
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software, terminology, and content development processes to better inform the placental 

research community of users.

Methods

PAT Technical Implementation

The PAT system employs a microservice architecture methodology to be scalable, 

extensible, and data-driven to adapt to changing scientific and business needs of the 

placental research community. The technical components utilize an Amazon Web Services 

(AWS) cloud environment, ElasticSearch for data cataloging, metadata indexing and rapid 

querying, and a JavaScript-based User Interface using open source software for analytics and 

visualizations. An Apache Jena Triple database is used as the semantic framework for 

terminologies, and a Postgres database is used to store metadata describing scientific content 

as well as information related to workspaces and user management.

Terminology-based Placental Content Integration

PAT was designed to be metadata-driven and built around standardized terminologies of 

concepts relevant to placental research. The process of content extraction, annotation and 

validation is described in Figure 1. All terminologies utilized in PAT were either extracted 

from publicly available resources, developed by a PAT ESCP member, or developed by the 

PAT content team. The Placental Pathology Lesion Classification terminology was provided 

by placental pathologist Dr. Raymond Redline as a continuation of the Amsterdam Placental 

Lesion Consensus Group [16,17]. Custom PAT terminologies were developed by the PAT 

content team based on existing ontological resources, supplemented with additional 

placental concepts, and vetted by members of the ESCP. Following annotation of data 

entities, modifications to existing terminologies were informed by rounds of manual 

annotation validation. Additional terminologies were extracted from external ontological 

sources including the NCI Thesaurus and BioPortal [18]. These external source ontologies 

were pared down to focus on terms most relevant to placental research. See Table 1 for a full 

listing of the placental terminologies developed and implemented as of November 2018.

After terminologies were developed and loaded into the semantic database, the terminology 

concepts were used to query publicly available databases for relevant placental content 

(Figure 1b). PAT datasets were derived from the National Center for Biotechnology 

Information (NCBI) Gene Expression Omnibus (GEO) [19,20] through a query for all 

datasets containing placenta-related terminology terms such as “placenta”, 

“choriocarcinoma”, and “trophoblast”. For inclusion in PAT, datasets were required to be 

from placental species, have at least two samples for each of at least two experimental 

conditions, and have identifiable transcribed genes associated with each microarray probe. 

Thresholds for methodological rigor or data quality are not considered in selection of 

datasets for PAT. Publications associated with extracted molecular datasets were derived 

from the PubMed repository and linked in PAT to provide context for those datasets. Images 

were extracted from National Library of Medicine (NLM) Open-i [21] using terminology 

concepts as query terms. Additional images were provided by Dr. Raymond Redline from 

the recent Placental and Gestational Pathology textbook [22].
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Programmatic Annotation of Placental Content

Datasets, images, and publications were annotated using the terminologies described above. 

Terminologies were grouped into broad categories, such as Disorders or Anatomy, and 

annotations of data entities for each category followed a distinct set of business rules (Figure 

1c). For example, when annotating datasets with Investigative Technique concepts only the 

Experiment Type, Overall Design, and select Sample metadata fields were considered. 

Annotation began at the most granular concepts of each terminology and proceeded in 

reverse topological order. Parental lineage nodes were excluded for found concepts to 

represent ideas by the most granular terminological concepts. If “microRNA Microarray” 

and “Microarray” were both annotated for a single dataset, only the “microRNA 

Microarray” annotation was kept as it is a descendant of “Microarray”. Equivalent concepts 

from other terminologies were automatically added to the set of annotations.

Following text annotation, a selection step filtered out irrelevant images and datasets based 

on an inclusion score calculated by the automated annotation tool (Figure 1d). Annotated 

concept sets were then augmented via a custom set of cross-category rules which considered 

the resource metadata other than text, such as image modality or dataset experiment type. 

Across all manual validation efforts, automated annotation errors were recorded, and 

annotation business rule and terminology refinements were implemented to improve 

subsequent rounds of data ingest and annotation (Figure 1e).

Genetic Analysis of Placental Datasets

Molecular datasets were run through a backend preprocessing pipeline, followed by 

ingestion of experimental data and metadata that is served up to cloud-based analytical tools 

and user interface. Placental gene expression datasets were preprocessed using a 

combination of open-source R software packages, Snakemake, and Python. For example, 

Figure 2 illustrates the process for RNA sequencing (RNA-Seq) datasets. Preprocessed data 

were then loaded into the PAT database to be easily discovered and analyzed by users with 

embedded web-based analytical tools.

The private analytics backend microservice serves up R functions as API calls to the public 

analytics frontend microservice, allowing for seamless integration of R computations and 

JavaScript visualizations. This type of architecture is highly extensible, allowing for easy 

implementation of additional open source packages, tools, and quantitative analysis 

algorithms. A full list of external software libraries and tools utilized for PAT analytics can 

be found under Resources on the PAT website.

Results

PAT was released in October 2018 as a resource freely accessible to all researchers. PAT is 

based on user-centric design principles and places emphasis on a flexible, data-driven 

experience that enables discovery from multiple user perspectives. All users are welcomed 

by the PAT homepage when visiting the site (Figure 3). From the homepage, users may 

navigate to the resource that best fits their needs. Placental researchers can view the 

Terminology Browser to explore standardized placental terminologies and their associated 

Ilekis et al. Page 4

Placenta. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



data, view images related to specific placental diseases through the Image Explorer or 

analyze placental gene expression datasets through the Dataset Explorer. In addition, there 

are educational and informational resource pages available to aid placental researchers.

Terminology Browser

The terminologies within the Terminology Browser form the basis of the metadata-driven 

explorers and content utilized throughout the site. These concepts are used to query and 

extract relevant datasets and images, to annotate extracted data entities, and can be used by 

researchers to create informative linkages between distinct data entities. The terminologies 

within cover an array of broad terminological categories including clinical, structural, 

molecular, and methodological terms. Each terminology contains a list of concepts. When a 

user selects a given concept, they are presented with information on that concept including a 

definition, term source, and synonyms. The preferred terms and synonyms are used for 

annotation of all data entities in the PAT system, thereby semantically linking them to a 

given concept. Datasets and images that have been tagged with a given concept can be 

accessed through the concept page in the terminology browser. See Table 1 for a complete 

breakdown by terminology grouping.

Future functionality will include global search across all terminologies in the PAT system 

and explicit linkages between concepts of different terminologies to help streamline the 

automated annotation process and increase the knowledge integration functionality of 

metadata annotations.

Image Explorer

The PAT Image Explorer contains 828 placental images from 47 different placental species. 

Seven broad categories of image types, including microscopy and ultrasound images, are 

annotated with concepts from the PAT Terminologies. Enriched metadata allows users to 

search and sort through images of everything from images of a trophoblast cell line 

expressing markers of interest to histological cases of placenta previa. These images are 

currently derived from either the Placental and Gestational Pathology textbook [22] or NLM 

Open-i [21], with plans to expand to additional images sources.

Planned future functionality for the image explorer includes secondary analysis of whole-

mount immunofluorescence (IF) images by segmenting and quantitating images, displaying 

them in the browser, and adding an overlay for selection and analysis. Additional plans 

include development of an interactive 3D placenta for visualization of gene expression in the 

healthy and diseased placenta.

Dataset Explorer

The Dataset Explorer presently allows users to search through 426 analyzable molecular 

datasets through either direct query or faceted browsing. These datasets contain data from 

more than 12,500 individual samples produced on nearly 180 different molecular profiling 

platforms. The dataset overview page contains basic information on each dataset, including 

dataset title and overall design, linked publications details, dataset sample data, and a PCA 
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overview widget to aid sample selection for analytics. New datasets will be added monthly 

as they become available.

Currently, PAT only supports analysis of microarray and RNA-Seq datasets, but 

functionality will continue to expand to support additional dataset types in the future, 

including chromatin immunoprecipitation sequencing (ChIP-Seq) and single cell RNA-Seq. 

PAT will also integrate datasets from other sources, such as summary level transcript 

abundances from the database of Genotypes and Phenotypes (dbGaP).

Analytics Workflow

PAT makes bioinformatic analysis of large molecular datasets accessible to all users from the 

placental research community, regardless of bioinformatic experience. After dynamically 

selecting two groups of samples, users can run the dataset analytics, which provides 

bioinformatic outputs including differential gene expression, interactive Clustergrammer 

[23] gene expression heatmaps, enriched gene sets, as well as visualizations of enriched 

Reactome pathways [24]. Users can download results, tables and images for each analytics 

process for reuse in applications such as scientific talks, publications, or grant applications. 

While the PAT analytics service has been designed to facilitate analysis of a wide variety of 

datasets and datatypes the quality of datasets is not directly assessed as a prerequisite for 

inclusion. For this reason, users are encouraged to treat these services as supportive for 

hypothesis generation for designing more tailored experiments and analyses to better test 

these hypotheses for their own research purposes.

In the future, we plan to support the ability to perform multiple pair-wise comparisons 

within a single dataset and meta-analysis of samples across multiple datasets. Coupled with 

the Workspace functionality discussed below, this will further enhance the investigative and 

integrative nature of the PAT platform.

Workspace

Users can save entities of interest from the Image and Dataset Explorers by adding them to 

their personal Workspace. Once saved to the Workspace users can assign personalized titles, 

descriptions, and annotations to each of their saved items for subsequent reference. In the 

future, the workbench will provide storage and annotation of analytic results as well as 

storage and reuse of previous search parameters. This will allow users to more easily 

monitor changes to their area of interest throughout periodic content expansions. We expect 

that future enhancements will enable researchers to form shared workspaces that facilitate 

collaboration and interactive discovery.

Informational Resources

While the focus of PAT is on allowing users to access a wealth of bioinformatic and 

secondary research utilization resources, PAT has also incorporated additional resources to 

aid broader aspects of the placental research community. These include information on 

upcoming events, such as conferences and webinars, information on obtaining placental 

biospecimens for reuse in their own research, and placental knowledge resources to help 

scientists, professionals, and students new to the placental research space.
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Discussion

PAT is poised to maximize the investment NICHD and the broader research community has 

made in placental research by reinforcing open scientific inquiry, expediting formation of 

new insights by combining data sources, promoting the testing of new or alternative 

hypotheses and analytic methods, and facilitating education of new researchers. PAT 

accomplishes this by coupling cutting-edge data-driven, flexible development principles 

with rigorous content curation practices, ultimately creating a fluid, accessible, and robust 

investigational resource. The placental terminologies form the backbone of the system and 

create connections between previously disparate entities, exposing links between concepts or 

between datasets and images from separate studies. The Image Explorer allows users to 

explore placenta-related images and compare anatomical and molecular properties in a 

streamlined manner not previously possible. The Dataset Explorer brings the vast genomic 

resources produced by the placental research community into one accessible platform 

equipped with built-in analytics and visualization, thereby enriching secondary utility of 

datasets and facilitating discovery and hypothesis generation. All aspects of discovery and 

hypothesis generation are further amplified through the dedicated Workspace, which allows 

users to track datasets and images of interest and annotate their findings for future inquiries.

At present, the NICHD has envisioned a 5-year timeline for PAT development. Now, at the 

start of the third year of development the focus is shifting to ongoing system enhancements, 

operations and maintenance, and integration into the placental research community. In 

addition to new content added through monthly updates, existing content will be continually 

reannotated and updated as the terminologies and tools evolve over time. New focus is being 

placed on developing site administration and moderation features to allow for functionality 

such as user terminology suggestions, networking features, and Q&A sessions. See Table 2 

for an overview of planned system enhancements. These planned enhancements are subject 

to change pending feedback from the user community and the availability of funds. Future 

PAT functionality is also liable to benefit from advances in machine intelligence (MI) and 

machine learning (ML). At present, ML is used to score and rank images for inclusion and 

could be further utilized to score relevance of publication annotations or detect placenta-

related anomalies in clinical images. We will keep a close eye on the rapidly evolving MI 

space, and welcome feedback and ideas for future implementation.

The NICHD hopes that PAT will facilitate the discovery of molecular targets that would lead 

to effective therapies to improve pregnancy outcomes and, ultimately, human health. As PAT 

has been built from the ground up as a resource for the placental research community, the 

PAT team encourages the community to not only utilize its resources, but also to become 

engaged in the evolution of the platform. Periodic user testing has been critical in guiding 

the development of the system, and the PAT team will continue soliciting and incorporating 

user feedback through the site Feedback feature and user surveys to improve functionality, 

scope, and user-friendliness. Frequent functionality feedback and terminology and content 

suggestions will be an integral part in shaping what PAT offers the placental research 

community over time.
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Highlights:

• The Placental Atlas Tool (PAT) is a free resource for the research community.

• PAT is a tool for studying molecular features of placental development and 

function.

• PAT bridges diverse datasets and images into a single research resource.

• PAT incorporates open source molecular analytical tools for analytics 

workflows.

• Investigators from all backgrounds can use PAT to generate and test new 

hypotheses.
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Figure 1. 
PAT Content Extraction, Annotation, and Validation Process. The PAT content ingest 

process starts with terminology development and involved manual validation of all steps in 

the process. Findings during the manual validation process are incorporated into revisions of 

the automated content identification, extraction, and annotation process for future iterations.
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Figure 2. 
PAT Genomic Dataset Preprocessing: RNA-Seq. RNA-Seq pre-processing begins with the 

identification of datasets that are of relevance to placental research through a structured 

query in GEO. The data and metadata for relevant datasets are extracted from GEO. High-

throughput data from SRA and output through PAT. This output includes the ability for users 

to download read/transcript quantification files, PCA widget data, and gene level abundance 

matrix data for analytics.
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Figure 3. 
PAT Homepage. Users will be brought to the PAT Homepage to start their journey. The 

panels of the homepage display important information such as the tutorials, placental related 

resources, and information on the PAT tool. The navigation bar at the top left allows users to 

explore different aspects of PAT functionality, including the Terminology Browser, Image 

Explorer, Dataset Explorer, and additional PAT resources.
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Table 1

: PAT Terminologies

Group Category Terminology Source

Clinical

Pathology Placental Lesion Classification Dr. Raymond Redline

Disorder

Disease Ontology http://disease-ontology.org/

NCI Thesaurus Placental Disorders https://ncit.nci.nih.gov/

NCI Thesaurus Pregnancy Disorders https://ncit.nci.nih.gov/

SNOMED Placental Disorders http://browser.ihtsdotools.org/

SNOMED Pregnancy Complications & Disorders http://browser.ihtsdotools.org/

SNOMED Trophoblastic Neoplasm http://browser.ihtsdotools.org/

Finding

Human Phenotype Ontology https://hpo.jax.org/app/

NCI Thesaurus Placental Findings https://ncit.nci.nih.gov/

NCI Thesaurus Pregnancy Findings https://ncit.nci.nih.gov/

SNOMED Placental Findings http://browser.ihtsdotools.org/

Structural
Anatomy

NCI Thesaurus Placental Anatomy https://ncit.nci.nih.gov/

SNOMED Placental Anatomy http://browser.ihtsdotools.org/

Cell Type PAT Cell Type Ontology PAT Content Team and ESCP

Molecular Function & 
Attributes

Genetic Variance PAT Genetic Variance PAT Content Team and ESCP

Biological Process NCI Thesaurus Biological Processes https://ncit.nci.nih.gov/

Methods, Procedures, & 
Techniques Investigative Technique PAT Investigative Technique PAT Content Team and ESCP
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Table 2

In Development and Planned Future Functionality

Group Functionality Status

Terminology Browser
Additional Terminologies In Development

Global Search Across Terminologies In Development

Image Explorer
Secondary image analysis Planned

3D placenta Planned

Dataset Explorer

New Datasets Updated Monthly

ChIP-Seq Datasets In Development

Single Cell RNA-Seq Datasets Planned

Dataset Analytics

ChIP-Seq Analysis In Development

Single Cell RNA-Seq Analysis Planned

Dataset Meta-analysis Planned

Workspace Collaborative Workspaces Planned

General Site Administration and Moderation Enhancements Planned
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