
Bioscience Reports (2020) 40 BSR20200759
https://doi.org/10.1042/BSR20200759

Received: 17 March 2020
Revised: 23 June 2020
Accepted: 13 July 2020

Accepted Manuscript online:
14 July 2020
Version of Record published:
21 July 2020

Research Article

Bioinformatics analysis of key genes and pathways
in Hashimoto thyroiditis tissues

Long Zheng1, Xiaojie Dou2, Huijia Song2, Pengwei Wang1, Wei Qu1 and Xianghong Zheng1

1Department of Nuclear Medicine, The Second Affiliated Hospital of Xi’an Jiaotong University, Xi’an 710004, Shaanxi, China; 2Xi’an Jiaotong University Health Science Center, Xi’an
710061, Shaanxi, China

Correspondence: Xianghong Zheng (zhengxianghong66@126.com) or Wei Qu (nm xjtu2h@163.com)

Hashimoto thyroiditis (HT) is one of the most common autoimmune diseases, and the in-
cidence of HT continues to increase. Long-term, uncontrollable HT results in thyroid dys-
function and even increases carcinogenesis risks. Since the origin and development of HT
involve many complex immune processes, there is no effective therapy for HT on a patho-
genesis level. Although bioinformatics analysis has been utilized to seek key genes and
pathways of thyroid cancer, only a few bioinformatics studies that focus on HT pathogen-
esis and mechanisms have been reported. In the present study, the Gene Expression Om-
nibus dataset (GSE29315) containing 6 HT and 8 thyroid physiological hyperplasia samples
was downloaded, and differentially expressed gene (DEG) analysis, Gene Ontology analysis,
Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis, protein–protein
interaction analysis, and gene set enrichment analysis were performed. In total, 85 DEGs,
containing 76 up-regulated and 9 down-regulated DEGS, were identified. The DEGs were
mainly enriched in immune and inflammatory response, and the signaling pathways were
involved in cytokine interaction and cytotoxicity. Moreover, ten hub genes were identified,
and IFN-γ, IFN-α, IL6/JAK/STAT3, and inflammatory pathways may promote the origin and
progression of HT. The present study indicated that exploring DEGs and pathways by bioin-
formatics analysis has important significance in understanding the molecular mechanisms
of HT and providing potential targets for the prevention and treatment of HT.

Introduction
Hashimoto thyroiditis (HT), also called autoimmune thyroiditis, is a lymphocyte-related chronic inflam-
mation of the thyroid gland [1,2]. HT has been defined for more than a hundred years and has become
the most common autoimmune disease [1]. According to previous reports, more than 20–30% of people
suffer from HT, and the incidence of HT continues to increase [3,4].

The most common characteristic of HT is elevation of the following two thyroid autoimmune antibod-
ies: anti-thyroperoxidase antibody (TPOAb) and anti-thyroglobulin antibody (TGAb). TPOAb or TGAb
is detected in 95% of HT patients but rarely in healthy people [5]. Diagnosis of HT is mainly dependent
on serum markers and sonography [6–8]. Although some patients are asymptomatic, long-term and un-
controlled HT may not only cause hypothyroidism or subclinical hypothyroidism in most cases, but also
lead to hyperthyroidism in some cases [5,9]. However, there are other consequences of HT. Some studies
have reported that HT causes severe cardiac effusion or cardiac tamponade independently or synergis-
tically with other disease [10]. Excessively high titer of TPOAb and TGAb may cross blood–fetal barrier
and lead to antenatal and neonatal disorders in pregnant patients [11].

Moreover, HT is considered to increase the risk of thyroid cancer. Silva et al. performed a prospective,
cohort study containing 9851 consecutive patients with 21,397 nodules, and they found that the malignant
risk of nodules in HT patients is 1.6 times higher than that in non-HT patients. Another study has shown
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that HT leads to a 3-fold increase in malignant risk compared with non-HT thyroid diseases and that the lymph node
metastasis risk is four times greater than that in non-HT patients [12,13]. Therefore, blockade of HT at the source
has important significance on decreasing prevalence and progression of thyroid cancer.

To date, daily, lifelong and oral levothyroxine administration is the main treatment for HT with permanent hy-
pothyroidism or subclinical hypothyroidism. However, this is a therapy according to the symptoms rather than patho-
genesis of HT [1]. Since the mechanisms of autoimmune diseases are complex and omnifarious, there are no available
strategies for curing HT. Therefore, it is essential for clinicians to seek effective therapies to treat HT on a pathogenesis
level and to prevent HT progression before the emergence of carcinogenic effects and other complications.

At present, bioinformatics analysis that combines medicine together with computational biology has become one
of the hot fields of biomedical research. Large numbers of differential expression genes (DEGs) have been found,
especially in cancer [14] or chronic diseases [15]. However, no previous HT-related bioinformatics analysis report
has been published. In the present study, we searched the Gene Expression Omnibus (GEO) database and obtained
the GSE29315 dataset, which contains gene expression data for HT and thyroid physiological hyperplasia (TPH),
aiming to explore the hub genes and relevant signaling pathways functioning in HT.

Materials and methods
Dataset selection
The search words “Hashimoto thyroiditis” OR “autoimmune thyroiditis” AND “human” AND “Expression profiling
by array” were applied for dataset retrieval. Most of the current databases, such as TCGA and Oncomine, mainly pro-
vide high-throughput microarray data on cancer-related research, and few databases, such as GEO database, provide
data on nontumor diseases. Therefore, only one dataset (GSE29315) belonging to GEO was selected to perform the
following bioinformatics analysis. Since the GSE29315 dataset contains 8 TPH samples and 6 HT samples without
normal samples, we selected TPH as the control group in the present study.

Identification of DEGs
The expression matrices of the GSE29315 and GPL8300 platform files were downloaded from the GEO website and
were transformed into expression matrix data and grouping data by using manual sorting and Perl language software.
R language was utilized for standardization of all expression data. The analysis of DEGs was performed using limma
R package. Genes with an expression fold change >4 and P<0.05 were regarded as DEGs. The volcano and heatmap
plots were generated by R packages.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analyses of DEGs
GO and KEGG enrichment analyses were executed using Database for Annotation, Visualization and Integrated Dis-
covery (DAVID) (https://david.ncifcrf.gov). All DEG symbols were input as a list into the DAVID website, and the
“homo sapiens” sample type was selected. The results of GO enrichment and KEGG pathway analyses were provided
by bioinformatics tools in the website. There are three main processes in GO analysis as follows: biological processes,
molecular functions, and cellular components. The main pathways of KEGG included metabolism, genetic informa-
tion processing, environment information-related processes, cell physiological processes, and drug research. Bar plots
were drawn using R commands based on data acquired from GO and KEGG enrichment results.

Protein–protein interaction network analysis
Protein–protein interaction (PPI) analysis was performed using the searching tool for retrieval interacting genes
(STRING) 10.0 (https://string-db.org/), which is software used to explore interactions among proteins. All the sym-
bols of DEGs were input, and the “homo sapiens” sample type was selected. The primary data of interactions among
proteins were downloaded. Cytoscape is an excellent application for network visualization of proteins and was used
to generate the PPI network plot constructed by nodes and edges. The top 10 hub genes were predicted by Cytohubba,
which is a plugin of Cytoscape to screen hub genes from numerous candidates. The ranks of the 10 hub genes in the
network were determined by the value of “Degree”, which is an algorithm provided by Cytohubba. Because the degree
value of a gene is directly related to its importance, genes with a high degree value are more likely to be hub genes.

Gene set enrichment analysis (GSEA)
GSEA is a microarray data analysis tool that is used to analyze biological information. In the present study, all DEGs
were used for GSEA analysis. Pathways with P<0.05 were considered as significant signaling pathways.
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Figure 1. Standardization of gene expression data in samples

(A) Before standardization; (B) After standardization. The blue bar represents the data before normalization, and the red bar repre-

sents the data after normalization.

Results
Identification of DEGs between HT and TPH
The expression data of the 8 TPH samples and 6 HT samples in GSE29315 were standardized (Figure 1). In total, 85
DEGs, containing 76 up-regulated and 9 down-regulated genes, were identified by limma R package, and the replicate
gene symbols were deleted. A volcano plot was used to show the cluster of DEGs (Figure 2), and the heatmap plot was
constructed by the pheatmap R package to visually show all DEGS in the TPH and HT samples (Figure 3). Among
the identified DEGs, the top 10 up-regulated genes were IGLC1, IGJ, CXCL9, CD52, RGS1, EVI2B, CD48, LCP1,
CD53, and CD37. In addition, the 9 down-regulated genes were LMO3, HSD17B6, ANXA3, LRRN3, MT1G, IGSF1,
FCGBP, PLCE1, and MT1X. The detailed information for all DEGs is shown in Supplementary Tables S1 and 2.

Gene and pathway enrichment analysis
The GO terms of the DEGs were divided into three groups as follows: biological process, molecular functions, and
cellular components (Figure 4A). The DEGs in our study were mainly enriched in biologic processes and molecular
functions. In biologic process, these identified genes were mainly enriched in immune response, defense response,
cell surface receptor-linked signaling transduction, inflammatory response, leukocyte activation, and lymphocyte
activation. The genes were also enriched in plasma membrane, extracellular region, and extracellular space in cellular
components. Moreover, we also submitted the DEGs to KEGG pathway enrichment analysis. As shown in Figure 4B,
the involved pathways were mainly enriched in chemokine, cytokine-to-cytokine interaction, cell adhesion molecules,
natural killer cell-mediated cytotoxicity, antigen processing, and antigen presentation. In addition, the KEGG results
indicated that the DEGs of HT may also function in other immune-related diseases, such as asthma, graft-versus-host
disease, Type 1 diabetes mellitus, and viral myocarditis.

Investigation of HT hub genes by PPI network analysis
The identified DEGs were submitted into the STRING database to acquire PPI data. We applied Cytoscape 3.6.1
to construct the PPI network. After removal of isolated nodes, a PPI network of DEGs was generated (Figure 5A).
The top 10 hub genes were identified by Cytohubba, a plugin of Cytoscape software (Figure 5B). All hub genes were
up-regulated DEGs, including LCP2, PTPRC, HLA-DRA, CD3D, HLA-DPB1, HLA-DPA1, CD247, ITK, CD53 and
ITGB2.
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Figure 2. Volcano plot of DEGs between HT and TPH

Red points represent up-regulated genes, and green points represent down-regulated genes. Genes with no significant difference

are shown in black. The differences are set as |logFC|>2 and P<0.05.

Table 1 Results of GSEA analysis

Pathway P value Gene number

IL6/JAK/STAT3 0.045082 77

Inflammatory response 0.038306 177

Interferon-α response 0.022403 65

Identification of significant pathways of HT by GSEA
We performed GSEA to further explore the key pathways of HT. With P<0.05 as the inclusion criteria, we confirmed
that four candidate pathways (IL6/JAK/STAT3, IFN-γ, IFN-α, and inflammatory pathways) may be related to the
origin and development of HT (Table 1 and Figure 6).

Discussion
In the present study, 85 DEGs of HT were identified, including 76 up-regulated and 9 down-regulated genes. The
DEGs are mainly enriched in biological processes and cellular components. Inflammatory response and immune
receptor-related signaling were the enriched pathways of the DEGs. LCP2, PTPRC, and eight other genes were iden-
tified as hub genes that may affect HT origin and development, and four pathways (IL-6/JAK/STAT3 pathway, IFN-α
signaling, IFN-γ signaling, and inflammatory response) were identified to be potential key pathways in HT.

The incidence of HT continues to increase. Studies on the pathogenesis and diagnostic biomarkers are essential
for the early diagnosis and treatment of HT. HT is an autoimmune disease, and its specific thyroid antibodies are
generated by disorder of T and B cells [16,17]. Because the origin and development of HT involve many immune

4 © 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).



Bioscience Reports (2020) 40 BSR20200759
https://doi.org/10.1042/BSR20200759

Figure 3. Heatmap of the DEGs

Up-regulated genes are shown in red, while down-regulated genes are shown in blue.

molecules and signaling pathways, it is difficult to completely understand the pathogenesis of HT. Our present find-
ings may provide ideas for the further HT studies.

By PPI network analysis, we identified the top 10 hub genes that may affect the origin or development of HT.
According to the interaction degree score calculated by Cytohubba, LCP2, PTPRC, HLA-DRA, and CD3D may play
important roles. Lymphocyte cytosolic protein 2 (LCP2) is located on Chromosome 5q33.1 and encodes a 76 kD
leukocyte protein, which enhances the IL-2 promoter and functions in T-cell activation [18]. However, other functions
of LCP2 are not well known. Protein tyrosine phosphatase receptor type C (PTPRC) is a member of the PTP family
and promotes autoimmune diseases. A previous study has found that PTPRC activates JAK and STAT proteins by
suppressing JAK kinase, leading to autoimmune disorder in systemic lupus erythematosus [19]. Lee et al. performed
a meta-analysis using eight studies with a total of 3058 patients, and they demonstrated that PTPRC polymorphisms
result in poor response to anti-TNF therapy in treatment of rheumatoid arthritis [20]. CD3D, a T-cell receptor, was
first reported in 1989 [21]. Aparicio et al. found CD3D polymorphisms in type 1 diabetes mellitus and indicated it
as a potential gene marker [22]. Leaky mutation of CD3D may lead to a T-cell immune defect, but the consequence
of its upregulation has not been reported [23]. Thus far, no study has reported the function of the above three genes
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Figure 4. GO and KEGG enrichment analyses of DEGs in HT

(A) GO analysis divided DEGs into three groups as follows: biological processes (red bars), cell components (green bars), and

molecular functions (blue bars). (B) Bar plot of KEGG pathway enrichment analysis.

Figure 5. PPI network and hub genes in HT

(A) PPI network. (B) Hub genes and interaction in HT. Circles represent genes, and lines represent interaction among DEGs.
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Figure 6. GSEA of enriched pathways in HT

(A) IL-6/JAK/STAT3 pathway; (B) IFN-γ response pathway; (C) inflammatory response pathway; (D) IFN-α response pathway.

(LCP2, PTPRC and CD3D) in HT. Human leukocyte antigen (HLA) class II genes and their alleles are considered as
the pivotal factors of HT. HLA and its alleles may confer the strongest susceptibility to autoimmune poly-glandular
syndrome 3 variant (APS3v), which is associated with the occurrence of HT [24,25]. In the present study, we identified
not only classic HT susceptibility genes, but also several novel unreported gene markers, thereby supporting the
credibility of our bioinformatics analysis.

Apart from the hub genes, the present study also identified several key pathways in HT. According to the GSEA, four
pathways (IL-6/JAK/STAT3, IFN-α, IFN-γ, and inflammatory response) were identified in HT. The IL-6/JAK/STAT3
pathway plays a pivotal role in immune regulation and secretion of cytokines, which affects the generation or devel-
opment of HT. Overactivation of STAT3 may enhance susceptibility and elevate thyroid autoantibody titers in HT
patients [26–28]. Some cases have reported that administration of IFN-α or IFN-γ to treat other diseases leads to
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autoimmune thyroid disorders [29,30]. Excessive interferon levels trigger HT through various immune response pro-
cesses, such as lysosomal-dependent degradation of thyroglobulin [31]. In the future, drugs or therapeutic strategies
targeting these pathways may effectively prevent the occurrence or progression of HT.

High-throughput sequencing analysis has been widely applied to seek potential targets in human cancer. Moreover,
this technology has also been used in nontumor diseases, such as diabetes mellitus [32], coronary artery disease, and
ischemic cardiomyopathy [15]. Until now, no relevant study identifying the hub genes and pathways of HT has been
reported. The results of our bioinformatics analysis will be helpful in future studies on HT.

There are some limitations in the present study. First, only one dataset containing high-throughput sequencing data
for HT was selected from the GEO database. In addition, we did not retrieve high-throughput data for HT in other
databases because most of the current databases, such as TCGA and Oncomine, mainly provide high-throughput
microarray data on cancer-related research and few databases provide data on nontumor diseases, such as coronary
artery disease, and diabetes mellitus. Thus, additional microarray and high-throughput sequencing studies needed
to study HT. Second, we selected TPH as the control group because the selected GSE29315 database did not include
microarray data for normal thyroid tissues. Considering the potential analysis bias, further molecular biology exper-
iments to verify the function of hub genes on a cell or specimen level will be performed in our subsequent work.

Conclusion
In conclusion, we identified 85 DEGs based on the GSE29315 dataset downloaded from the GEO database. Through
GO and KEGG enrichment analyses, we found that the DEGs were mainly enriched in biological processes and cel-
lular components. We obtained 10 hub genes and 4 key pathways that may be strongly associated with HT. In the
future, additional datasets and further experiments on a cell or specimen level are needed to validate our findings in
the origin and development of HT.

Data Availability
The raw data contained expression matrix and GPL information from the GSE29315 dataset downloaded from the GEO database.
The relevant codes are available upon request.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding
This research was supported by the National Natural Science Foundation of China [grant number 81903852] and Social Develop-
ment Project of Shaanxi Province [grant number 2015SF186].

Author Contribution
L.Z., W.Q., and X.Z. designed the idea of the article. L.Z., X.D., P.W., and H.S. analyzed the data and constructed the graphs. L.Z.
and W.Q. drafted the article and approved the version to be published. All authors provided useful advice in improving the study,
including providing professional instructions, addressing the data, modifying the article and approving the version to be pub-
lished.

Abbreviations
DEG, differentially expressed gene; GEO , gene expression omnibus; GO , gene ontology; GSEA, gene set enrichment analysis;
HT, Hashimoto thyroiditis; KEGG , Kyotoe ncyclopedia of genes and genomics; PPI , protein–protein interaction; TPH, thyroid
physiological hyperplasia.

References
1 Caturegli, P., De Remigis, A. and Rose, N.R. (2014) Hashimoto thyroiditis: Clinical and diagnostic criteria. Autoimmun. Rev. 13, 391–397,

https://doi.org/10.1016/j.autrev.2014.01.007
2 Antonelli, A., Ferrari, S.M., Corrado, A. et al. (2015) Autoimmune thyroid disorders. Autoimmun. Rev. 14, 174–180,

https://doi.org/10.1016/j.autrev.2014.10.016
3 Hollowell, J.G. (2002) Serum TSH, T4, and Thyroid Antibodies in the United States Population (1988 to 1994): National Health and Nutrition Examination

Survey (NHANES III). J. Clin. Endocrinol. Metab. 87, 489–499, https://doi.org/10.1210/jcem.87.2.8182
4 Mcleod, D.S.A. and Cooper, D.S. The incidence and prevalence of thyroid autoimmunity. Endocrine 42, 252–265,

https://doi.org/10.1007/s12020-012-9703-2

8 © 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

https://doi.org/10.1016/j.autrev.2014.01.007
https://doi.org/10.1016/j.autrev.2014.10.016
https://doi.org/10.1210/jcem.87.2.8182
https://doi.org/10.1007/s12020-012-9703-2


Bioscience Reports (2020) 40 BSR20200759
https://doi.org/10.1042/BSR20200759

5 Ragusa, F., Fallahi, P., Elia, G. et al. (2019) Hashimotos’ thyroiditis: Epidemiology, pathogenesis, clinic and therapy. Best Pract. Res. Clin. Endocrinol.
Metab. 33, 101367, https://doi.org/10.1016/j.beem.2019.101367

6 Pyzik, A., Grywalska, E., Matyjaszek-Matuszek, B. et al. (2015) Immune disorders in Hashimoto’s thyroiditis: what do we know so far? J. Immunol. Res
2015, 979167, https://doi.org/10.1155/2015/979167

7 Pishdad, P., Pishdad, G.R., Tavanaa, S. et al. (2017) Thyroid Ultrasonography in Differentiation between Graves’ Disease and Hashimoto’s Thyroiditis. J.
Biomed. Phys. Eng. 7, 21–26

8 Saraf, S.R., Gadgil, N.M., Yadav, S. et al. (2018) Importance of combined approach of investigations for detection of asymptomatic Hashimoto
Thyroiditis in early stage. J. Lab Physicians 10, 294–298

9 Gonzalez-Aguilera, B., Betea, D., Lutteri, L. et al. (2018) Conversion to Graves disease from Hashimoto thyroiditis: a study of 24 patients. Arch.
Endocrinol. Metab 62, 609–614, https://doi.org/10.20945/2359-3997000000086

10 Lee, M.J., Kim, B.Y., Ma, J.S. et al. (2016) Hashimoto thyroiditis with an unusual presentation of cardiac tamponade in Noonan syndrome. Korean J.
Pediatr 59, S112–S115, https://doi.org/10.3345/kjp.2016.59.11.S112

11 Ozon, A., Tekin, N., Siklar, Z. et al. (2018) Neonatal effects of thyroid diseases in pregnancy and approach to the infant with increased TSH: Turkish
Neonatal and Pediatric Endocrinology and Diabetes Societies consensus report. Turk. Pediatri. Ars 53, S209–S223,
https://doi.org/10.5152/TurkPediatriArs.2018.01819

12 Liang, J., Zeng, W., Fang, F. et al. (2017) Clinical analysis of Hashimoto thyroiditis coexistent with papillary thyroid cancer in 1392 patients. Acta
Otorhinolaryngol. Ital. 37, 393–400

13 de Morais, N.S., Stuart, J., Guan, H. et al. (2019) The Impact of Hashimoto Thyroiditis on Thyroid Nodule Cytology and Risk of Thyroid Cancer. J. Endocr.
Soc 3, 791–800, https://doi.org/10.1210/js.2018-00427

14 Wu, H., Li, S., Hu, X. et al. (2019) Associations of mRNA expression of DNA repair genes and genetic polymorphisms with cancer risk: a bioinformatics
analysis and meta-analysis. J. Cancer 10, 3593–3607, https://doi.org/10.7150/jca.30975

15 Li, G.M., Zhang, C.L., Rui, R.P. et al. (2018) Bioinformatics analysis of common differential genes of coronary artery disease and ischemic
cardiomyopathy. Eur. Rev. Med. Pharmacol. Sci. 22, 3553–3569

16 Cui, X., Liu, Y., Wang, S. et al. (2019) Circulating Exosomes Activate Dendritic Cells and Induce Unbalanced CD4+ T Cell Differentiation in Hashimoto
Thyroiditis. Int J Endocrinol 104, 4607–4618

17 Hu, Y., Zhang, L., Chen, H. et al. (2019) Analysis of Regulatory T Cell Subsets and Their Expression of Helios and PD-1 in Patients with Hashimoto
Thyroiditis. Int. J. Endocrinol 2019, 5368473, https://doi.org/10.1155/2019/5368473

18 Sunden, S.L., Carr, L.L., Clements, J.L. et al. (1996) Polymorphism in and localization of the gene LCP2 (SLP-76) to chromosome 5q33.1-qter.
Genomics 35, 269–270, https://doi.org/10.1006/geno.1996.0354

19 Qian, D., Liu, L., Zhu, T. et al. (2019) JAK2 and PTPRC mRNA expression in peripheral blood mononuclear cells from patients with systemic lupus
erythematosus. Clin. Rheumatol. 39, 443–448, https://doi.org/10.1007/s10067-019-04778-w

20 Lee, Y.H. and Bae, S.C. (2016) Associations between PTPRC rs10919563 A/G and FCGR2A R131H polymorphisms and responsiveness to TNF blockers
in rheumatoid arthritis: a meta-analysis. Rheumatol. Int. 36, 837–844, https://doi.org/10.1007/s00296-016-3476-5

21 Malhotra, U. and Concannon, P. (1989) Human T-cell receptor CD3-delta (CD3D)/MspI DNA polymorphism. Nucleic Acids Res. 17, 2373,
https://doi.org/10.1093/nar/17.6.2373

22 Aparicio, J.M. (1991) HLA and non-HLA genetic factors in Japanese IDDM. Hokkaido Igaku Zasshi 66, 780–793
23 Gil, J., Busto, E.M., Garcillán, B. et al. (2011) A leaky mutation in CD3D differentially affects αβ and γδ T cells and leads to a Tαβ-Tγδ+B+NK+

human SCID. J. Clin. Invest. 121, 3872–3876, https://doi.org/10.1172/JCI44254
24 Li, C.W., Osman, R., Menconi, F. et al. (2017) Flexible peptide recognition by HLA-DR triggers specific autoimmune T-cell responses in autoimmune

thyroiditis and diabetes. J. Autoimmun. 76, 1–9, https://doi.org/10.1016/j.jaut.2016.09.007
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