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Abstract: In the Thomson Reuters Web of  Science database, the subject categories of  a journal are applied to 
all articles in the journal. However, many articles in multidisciplinary Sciences journals may only be represented 
by a small number of  subject categories. To provide more accurate information on the research areas of  articles in such journals, we can 
classify articles in these journals into subject categories as defined by Web of  Science based on their references. For an article in a multi- 
disciplinary sciences journal, the method counts the subject categories in all of  the article’s references indexed by Web of  Science, and uses  
the most numerous subject categories of  the references to determine the most appropriate classification of  the article. We used articles in 
an issue of  Proceedings of  the National Academy of  Sciences (PNAS) to validate the correctness of  the method by comparing the obtained re-
sults with the categories of  the articles as defined by PNAS and their content. This study shows that the method provides more precise 
search results for the subject category of  interest in bibliometric investigations through recognition of  articles in multidisciplinary sciences 
journals whose work relates to a particular subject category.  
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1.0 Introduction 
 
Web of  Science (WoS) from Thomson Reuters is a con-
venient platform for researchers to search for and retrieve 
articles related to their fields of  interest. In addition to the 
article title, abstract and keywords, it provides other in-
formation about the articles it has indexed, such as the au-
thors and their affiliations, publication name, DOI num-
ber, year published, financial support, research area, and 
WoS category. Based on these parameters, bibliometric re-
searchers have investigated research activities (for exam-
ple, Ardanuy et al. 2009; de la Moneda Corrochano et al. 
2013; Diem and Wolter 2013; Moppett and Hardman 
2011; Pinto et al. 2013; Wang et al. 2013), analyzed the re-

search trends in a specific field (for example, Chiu and Ho 
2007; Grossi et al. 2003; Krampen et al. 2011), examined 
knowledge diffusion (Chen et al. 2009), and studied para-
digm shifts (Marx and Bornmann 2010). 

In WoS, a research article is represented by the subject 
categories of  the journal in which it is published. An arti-
cle in a peer-reviewed journal is classified into the subject 
categories of  the journal by several experts, including its 
author(s), who select the journal for submission, and re-
viewers and the editorial board of  the journal, who accept 
the article for publication. WoS labels each journal with a 
maximum of  six subject categories. Those journals that 
publish articles in more than six subject categories are la-
beled and categorized as multidisciplinary sciences jour-
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nals; these include Science, Nature, and Proceedings of  the Na-
tional Academy of  Sciences (PNAS), for example. The work 
behind each article in these journals usually relates to a 
limited number of  subject categories, and does not en-
compass many disciplines. Thus, labelling articles in these 
journals as multidisciplinary sciences is not accurate. 

Bibliometric studies often investigate the distribution 
of  a certain topic in each related subject category to de-
termine that category’s contribution to the topic (for ex-
ample, Aleixandre et al. 2013; Chen et al. 2014; Chiu and 
Ho 2007; Liu et al. 2012; Naqvi 2014; Porter and Youtie 
2009; Yang et al. 2013; Wang et al. 2013; Zhuang et al. 
2013). Those subject categories which contain many arti-
cles published in multidisciplinary sciences journals will 
be underrepresented in such searches. For research areas 
that attract considerable attention among scientists all 
over the world, such as “Immunology,” many important 
articles are published in multidisciplinary sciences jour-
nals because of  the high influence of  such journals. 

This problem related to multidisciplinary sciences 
journals can be overcome by classifying individual articles 
published in such journals into subject categories. Glän-
zel et al. (1999) used reference analysis to classify the sub-
jects of  papers published in multidisciplinary and general 
journals, and this method was also utilized to improve 
SCImago Journal & Country Rank subject classification 
(Gómez-Núñez et al. 2011). These previous studies have 
demonstrated the feasibility of  the method. It remains a 
task to test the correctness of  the method. That was the 
aim of  present investigation, using a case study of  articles 
in an issue of  PNAS, which provides categories of  the 
articles on its website. 

The remainder of  this article is organized as follows. 
Section 2 provides the background of  this study. Section 
3 presents the data used in this study and a detailed de-
scription of  the methodology for classifying articles in 
multidisciplinary sciences journals into subject categories 
according to their references. Section 4 presents and dis-
cusses the results of  this case study of  the method under 
investigation. Conclusions and limitations are presented 
in the final sections. 
 
2.0 Background 
 
Classifying articles in multidisciplinary sciences journals 
can also be achieved by clustering articles (this procedure 
is not limited to articles in such journals) based on citation 
relations (Griffith et al. 1974; Small and Griffith 1974; 
Small and Sweeney 1985; Small et al. 1985; Small 1998; 
Lewison 1999; Gouvea Meireles et al. 2014). Using this 
method, Klavans and Boyack (2010) assigned more than 
5.5 million publications to over 84,000 research areas. 
Waltman and Van Eck (2012) recently clustered about 10 

million articles from the period 2001–2010. The clustering 
method can create a classification system other than the 
subject categories of  WoS. Clustering articles into subject 
categories may also adopt combinations of  co-citation 
and co-word analysis (Braam et al. 1991). Incorporating 
natural language processing techniques allows co-word 
analysis to utilize further linguistic relations as the basis 
for clustering (Ibekwe-SanJuan et al. 2002). 

To apply the clustering method for classifying articles 
into research areas, it is necessary to download information 
related to a large number of  articles from WoS to establish 
their co-occurrence relations. However, most WoS users 
can download only up to 500 records at a time, which 
makes it very difficult to download information on a large 
number of  articles. A more practical method for classifying 
articles in multidisciplinary sciences journals into subject 
categories is needed before the results of  clustering a large 
number of  articles can be readily available for ordinary us-
ers who cannot conveniently download information related 
to a large number of  articles. 

Ordinary WoS users can categorize individual articles 
in multidisciplinary sciences journals indexed by WoS ac-
cording to the articles’ references (Glänzel et al. 1999). 
This approach is effective in three main ways. First, the 
content of  an article is related to the content of  its refer-
ences; the references of  the article introduce the back-
ground or area of  applicability of  the article or the tool 
or principle adopted by the article. Thus, an article has 
the same, similar, or related subject categories as its refer-
ences (Glänzel et al. 1999; Gabel 2006). Second, the in-
tersection of  the subject categories of  the references can 
reflect the subject categories of  the article in which they 
are cited. One reference may cover several aspects, which 
correspond to different subject categories. However, the 
article in which that reference is cited relates to a subset 
of  those aspects: they belong to a subset of  the subject 
categories to which the research behind the citing article 
corresponds. For example, the journal Neurobiology of  Ag-
ing, which WoS labels with the subject categories “Geriat-
rics & Gerontology” and “Neurosciences,” publishes the 
results of  studies in which the primary emphasis involves 
the mechanisms of  changes in the nervous system asso-
ciated with age or age-related diseases. An article in the 
category “neurosciences” may cite articles (as its refer-
ences) in Neurobiology of  Aging because the former refers 
to the latter’s research on the mechanisms of  the nervous 
system; an article in the category “geriatrics & gerontol-
ogy” may cite articles (as its references) in Neurobiology of  
Aging because the former refers to the latter’s research 
into diseases associated with age. Suppose an article be-
longing to only one subject category has two references: 
one reference is labelled with subject categories A, B, and 
C by the database; the other is labelled with A and D. It 
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can then be inferred that the article belongs to subject 
category A. The subject categories B, C, and D of  the 
two references may not be related to the subject matter 
of  the citing article. Third, this method utilizes reliable 
classification of  the references into the subject categories 
of  publishing journals by experts (authors of  the refer-
ences, reviewers, and journal editorial boards), which is 
mentioned in the Introduction. 
 
3.0 Data and methods 
 
3.1 Data 
 
Data were obtained from WoS. Articles in the first issue 
of  PNAS in 2014 were used as examples for classifica-
tion into the subject categories defined by WoS. PNAS 
classifies its articles into three research fields: “physical 
sciences,” “social sciences,” and “biological sciences.” 
Each field has several subsidiary groups. For example, the 
subjects in “physical sciences” include: “applied mathe-
matics,” “applied physical sciences,” “chemistry,” “earth, 
atmospheric, and planetary sciences,” “engineering,” “en-
vironmental sciences,” and “physics.” Articles are listed 
below each subject heading on the PNAS website. The 
described method could be validated by comparing the 
obtained results with the categories of  the articles as de-
fined by PNAS (PNAS subject categories). As with other 
multidisciplinary sciences journals that provide subject in-
formation about articles, such as Science and PLoS One, 
some PNAS subject categories have no counterparts in 
WoS. This means that the subject categories declared by 
authors may not be in accordance with those of  WoS. 
For an article in such PNAS subject categories, we judged 
the WoS subject categories to which its content relates by 
reading the article. Except for “PNAS subject category,” 
each “subject category” in the sections below represents 
that defined by WoS. For convenience, we defined the ar-
ticle subject category as the WoS subject category to 
which the article should be assigned according to its con-
tent, and the recognized subject category as that to which 
the article was assigned by the method. 
 
3.2 Classifying articles in multidisciplinary sciences journals into 

subject categories  
 
WoS provides information on the references of  every arti-
cle it indexes. The references are also classified into subject 
categories by WoS. If  one reference is labelled by 

 (from 1 to 6)n  subject categories, then the reference is 
equally assigned to the n subject categories by 1/ n  
(Waltman 2012) because it is unclear which subject cate-
gory it belongs to without further information (Bornmann 
2014). Suppose an article has L references which are repre-

sented by N ( and L N are positive integers) subject cate-
gories by WoS. Here we use a matrix L NS  to represent the 
assignment of  references to each subject category: 
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and ni is the number of  subject categories with which the 
i-th reference is labelled. sij can be regarded as the score 
of  the j-th subject category given to the article from its i-
th reference. The subject categories of  each reference are 
taken as the subject categories of  the journal in which it 
was published and can be obtained from Journal Citation 
Reports provided by WoS. The information on the refer-
ences of  the inspected article, such as the journals pub-
lishing the references, can be extracted from the full re-
cord (including cited references) of  the WoS file for users 
to download. 

Vector M was defined as representing the scores of  
each subject category obtained from all the references of  
an article: 
 

 T

1 2, , Nm m m M , (2) 
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The order of  mj is that of  the subject categories in Equa-
tion 1. The larger the mj, the higher is the possibility of  the 
article belonging to the j-th subject category. Suppose,  
 

max arg max       ( 1,2, )jj
j m j N      (3) 

 
And 
 

max max       ( 1,2, )jj
m m j N   .  (3´) 

 
Then, the article can be classified into the jmax-th subject 
category. 
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Some articles may be related to more than one subject 
category. If  

1j
m  of  any j1 reaches or exceeds a preset 

threshold (mth), then the article can also be classified to 
the j1-th subject category. The threshold is defined as: 
 

th max /m m d ,  (4) 

 
where d is a parameter to adjust threshold and thus the 
number of  recognized subject categories, defined as the 
threshold factor. 

An alternative method to determine the threshold is to 
set the threshold at some proportion of  the total number 
of  references (López-Illescas et al. 2009). Both methods 
assign an article to the subject categories in which it has 
more references than any other subject categories. Evalu-
ating the relative merits of  these two methods is beyond 
the scope of  this case study: it demands further investiga-
tion. 
 
4.0 Results and discussion 
 
There were 114 articles in the first issue of  PNAS in 
2014. Seven were categorized with two subject headings 
in the journal. Those articles involved the subjects of  
physics, chemistry, life sciences and social sciences. Table 
1 lists the titles of  the 114 articles and their number 
which was used in Table 2. Table 2 presents the PNAS 
subject categories (SubjectPNAS1 and SubjectPNAS2) and the 
recognized subject categories (SCrecog1 to SCrecog6, ranked 
in descending order of  score in Equation 2) for the 114 
articles analysed. In the tabulated results, non-italics rep-
resent the recognized subject categories when the thresh-
old factor was 3. When the threshold factor was 4, addi-
tional results were obtained and are represented by italics. 
The maximal score mmax in Equation 3, which is used to 
calculate the threshold mth in Equation 4, is selected from 
M (Equation 2), except for the category of  “Multidisci-
plinary Sciences,” which does not provide useful informa-
tion about the subject of  the references. If  the highest 
score of  an article indicated “Multidisciplinary Sciences,” 
then mmax was taken as the second highest category. 

The PNAS subject categories and the WoS subject 
categories were not exactly the same. In Table 2, the 
PNAS subject categories “applied biological sciences,” 
“biochemistry,” “cell biology,” “ecology,” “immunology,” 
“microbiology,” “neuroscience,” “physiology,” “plant bi-
ology,” and “psychological and cognitive sciences” had 
corresponding or similar WoS subject categories, and the 
articles related to these subjects were assigned to the arti-
cle subject categories based on the subject categories of  
the references. The PNAS subject categories “applied 
physical sciences,” “chemistry,” “physics,” “earth, atmos-

pheric, and planetary sciences,” “medical sciences,” “so-
cial sciences” each encompasses several WoS subject 
categories. The articles of  these PNAS subject categories 
were classified appropriately to the article subject catego-
ries by the method.  

The recognized subject categories of  some articles 
were not the same as the PNAS subject categories. The 
15th article analyzed the interaction between plants and 
parasites. The recognized subject categories were “plant 
sciences,” “zoology,” “biochemistry & molecular biol-
ogy” and “multidisciplinary sciences.” The object of  the 
study was bananas, so it was appropriately labelled as “ag-
ricultural sciences” by PNAS, which is its area of  appli-
cability. Most PNAS “anthropology” articles were cor-
rectly categorized by our method. The exception was the 
18th article which discussed the evolution of  the human 
hand. It was reasonable that it was labelled as “anthro-
pology” by PNAS or classified as “evolutionary biology” 
by our method. The PNAS subject category “genetics” 
was similar to the WoS subject category “genetics & he-
redity.” Three of  five PNAS “genetics” articles were cor-
rectly assigned to the WoS counterpart. The other two 
were the 57th and 110th articles. The former discussed 
DNA molecules, so it is not surprising that it was as-
signed to the WoS subject category “biochemistry & mo-
lecular biology.” The 110th article investigated neuronal 
translational control and microRNA function. Our 
method classified it as “neurosciences” which was consis-
tent with the object of  the study. 
 

No. Title of  Article 
1 High-resolution photoacoustic tomography of  rest-

ing-state functional connectivity in the mouse brain 
2 Theory of  epithelial sheet morphology in three di-

mensions 
3 Rationale and mechanism for the low photoinactiva-

tion rate of  bacteria in plasma 
4 Initial stages of  calcium uptake and mineral deposi-

tion in sea urchin embryos 
5 Platinum supported on titanium –ruthenium oxide is 

a remarkably stable electrocatayst for hydrogen fuel 
cell vehicles 

6 Re-Os geochronology and coupled Os-Sr isotope 
constraints on the Sturtian snowball Earth 

7 Amphitheater-headed canyons formed by 
megaflooding at Malad Gorge, Idaho 

8 Fe-vacancy order and superconductivity in tetragonal 
β-Fe1-xSe 

9 Kondo conductance across the smallest spin 1/2 
radical molecule 

10 Avalanches mediate crystallization in a hard-sphere 
glass 

11 Evidence supporting an intentional Neandertal burial 
at La Chapelle-aux-Saints 

12 Critical slowing down as early warning for the onset 
and termination of  depression 

13 Media's role in broadcasting acute stress following 
the Boston Marathon bombings 
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14 Dynamic pricing of  network goods with boundedly 
rational consumers 

15 Phenalenone-type phytoalexins mediate resistance of  
banana plants (Musa spp.) to the burrowing nema-
tode Radopholus similis 

16 Cultural assemblages show nested structure in hu-
mans and chimpanzees but not orangutans 

17 Earliest evidence for commensal processes of  cat 
domestication 

18 Early Pleistocene third metacarpal from Kenya and 
the evolution of  modern human-like hand morphol-
ogy 

19 Production and stabilization of  the trimeric influenza 
hemagglutinin stem domain for potentially broadly 
protective influenza vaccines 

20 Rewiring yeast sugar transporter preference through 
modifying a conserved protein motif 

21 Structure of  a eukaryotic thiaminase I 
22 Reaction-based fluorescent sensor for investigating 

mobile Zn2+ in mitochondria of  healthy versus can-
cerous prostate cells 

23 Quantum mechanical calculations suggest that lytic 
polysaccharide monooxygenases use a copper-oxyl, 
oxygen-rebound mechanism 

24 Regulation of  PTEN inhibition by the pleckstrin 
homology domain of  P-REX2 during insulin signal-
ing and glucose homeostasis 

25 Biological role of  prolyl 3-hydroxylation in type IV 
collagen 

26 Circadian clock-dependent and -independent rhyth-
mic proteomes implement distinct diurnal functions 
in mouse liver 

27 Covalent EGFR inhibitor analysis reveals importance 
of  reversible interactions to potency and mechanisms 
of  drug resistance 

28 Large effect of  membrane tension on the fluid–solid 
phase transitions of  two–component phosphatidyl-
choline vesicles 

29 Transmembrane allosteric coupling of  the gates in a 
potassium channel 

30 Designed amyloid fibers as materials for selective 
carbon dioxide capture 

31 Aggregation-triggering segments of  SOD1 fibril 
formation support a common pathway for familial 
and sporadic ALS 

32 Automatic Classification of  Cellular Expression by 
Nonlinear Stochastic Embedding (ACCENSE) 

33 Morphological optimization for access to dual oxi-
dants in biofilms 

34 Structure of  Est3 reveals a bimodal surface with dif-
ferential roles in telomere replication 

35 Measuring membrane protein stability under native 
conditions 

36 Direct observation of  a transient ternary complex 
during IκBα-mediated dissociation of  NF-κB from 
DNA 

37 Heteromerization of  PIP aquaporins affects their in-
trinsic permeability 

38 Protein structural ensembles are revealed by redefin-
ing X-ray electron density noise 

39 Nucleolin is important for Epstein-Barr virus nuclear 
antigen 1-mediated episome binding, maintenance, 
and transcription 

40 Celastrol increases glucocerebrosidase activity in 
Gaucher disease by modulating molecular chaper-
ones 

41 Identification of  cancer initiating cells in K-Ras 
driven lung adenocarcinoma 

42 Enhanced stability of  Mcl1, a prosurvival Bcl2 rela-
tive, blunts stress-induced apoptosis, causes male ste-
rility, and promotes tumorigenesis 

43 A mechanism for retromer endosomal coat complex 
assembly with cargo 

44 Evaluation of  intramitochondrial ATP levels identi-
fies G0/G1 switch gene 2 as a positive regulator of  
oxidative phosphorylation 

45 JMJD5 regulates PKM2 nuclear translocation and 
reprograms HIF-1α-mediated glucose metabolism 

46 Tumor suppressor and deubiquitinase BAP1 pro-
motes DNA double-strand break repair 

47 miR-218 opposes a critical RTK-HIF pathway in 
mesenchymal glioblastoma 

48 Emerging predictable features of  replicated biologi-
cal invasion fronts 

49 Effects of  genotypic and phenotypic variation on es-
tablishment are important for conservation, invasion, 
and infection biology 

50 Interannual variation in land-use intensity enhances 
grassland multidiversity 

51 Drastic neofunctionalization associated with evolu-
tion of  the timezyme AANAT 500 Mya 

52 Aphid amino acid transporter regulates glutamine 
supply to intracellular bacterial symbionts 

53 Policing of  reproduction by hidden threats in a co-
operative mammal 

54 A unique covalent bond in basement membrane is a 
primordial innovation for tissue evolution 

55 PIWI proteins and PIWI-interacting RNAs function 
in Hydra somatic stem cells 

56 Scan statistic-based analysis of  exome sequencing 
data identifies FAN1 at 15q13.3 as a susceptibility 
gene for schizophrenia and autism 

57 Quantitation of  the DNA tethering effect in long-
range DNA looping in vivo and in vitro using the 
Lac and λ repressors 

58 Contribution of  phenotypic heterogeneity to adap-
tive antibiotic resistance 

59 Ohnologs are overrepresented in pathogenic copy 
number mutations 

60 IL-25 and type 2 innate lymphoid cells induce pul-
monary fibrosis 

61 Altered inactivation of  commensal LPS due to acy-
loxyacyl hydrolase deficiency in colonic dendritic 
cells impairs mucosal Th17 immunity 

62 Dynamic control of  β1 integrin adhesion by the 
plexinD1-sema3E axis 

63 Salmonella exploits NLRP12-dependent innate im-
mune signaling to suppress host defenses during in-
fection 

64 β-Catenin induces T-cell transformation by promot-
ing genomic instability 

65 An amphioxus RAG1-like DNA fragment encodes a 
functional central domain of  vertebrate core RAG1 

66 Alloreactive cytotoxic T cells provide means to deci-
pher the immunopeptidome and reveal a plethora of  
tumor-associated self-epitopes 

67 mTOR target NDRG1 confers MGMT-dependent 
resistance to alkylating chemotherapy 
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68 Dual-modality gene reporter for in vivo imaging 
69 Epstein-Barr Virus Nuclear Antigen 3C binds to 

BATF/IRF4 or SPI1/IRF4 composite sites and re-
cruits Sin3A to repress CDKN2A 

70 Neisseria meningitidis NalP cleaves human comple-
ment C3, facilitating degradation of  C3b and survival 
in human serum 

71 Identification of  secreted bacterial proteins by non-
canonical amino acid tagging 

72 Mathematical modeling of  primary succession of  
murine intestinal microbiota 

73 A common solution to group 2 influenza virus neu-
tralization 

74 Human herpesvirus 6 (HHV-6) alters E2F1/Rb 
pathways and utilizes the E2F1 transcription factor 
to express viral genes 

75 The antigen 43 structure reveals a molecular Velcro-
like mechanism of  autotransporter-mediated bacte-
rial clumping 

76 Local domains of  motor cortical activity revealed by 
fiber-optic calcium recordings in behaving nonhu-
man primates 

77 Protein kinase LKB1 regulates polarized dendrite 
formation of  adult hippocampal newborn neurons 

78 Comparison of  explicit and incidental learning 
strategies in memory-impaired patients 

79 Representation of  interval timing by temporally scal-
able firing patterns in rat prefrontal cortex 

80 Presynaptic mitochondrial morphology in monkey 
prefrontal cortex correlates with working memory 
and is improved with estrogen treatment 

81 Bidirectional homeostatic plasticity induced by in-
terneuron cell death and transplantation in vivo 

82 Mechanisms underlying subunit independence in py-
ramidal neuron dendrites 

83 Tonic GABAA conductance bidirectionally controls 
interneuron firing pattern and synchronization in the 
CA3 hippocampal network 

84 Neurofibrillary tangle-bearing neurons are function-
ally integrated in cortical circuits in vivo 

85 Cumulative latency advance underlies fast visual 
processing in desynchronized brain state 

86 Optical control of  trimeric P2X receptors and acid-
sensing ion channels 

87 Arabidopsis EDM2 promotes IBM1 distal polyade-
nylation and regulates genome DNA methylation 
patterns 

88 Overexpression of  plasma membrane H+-ATPase in 
guard cells promotes light-induced stomatal opening 
and enhances plant growth 

89 Data-poor management of  African lion hunting us-
ing a relative index of  abundance 

90 Growth feedback as a basis for persister bistability 
91 Identification of  key regulators for the migration and 

invasion of  rheumatoid synoviocytes through a sys-
tems approach 

92 Direct observation of  single stationary-phase bacte-
ria reveals a surprisingly long period of  constant pro-
tein production activity 

93 Distinct kinetics of  synaptic structural plasticity, 
memory formation, and memory decay in massed 
and spaced learning 

94 Effective functional maturation of  invariant natural 
killer T cells is constrained by negative selection and 
T-cell antigen receptor affinity 

95 Microbial biogeography of  wine grapes is condi-
tioned by cultivar, vintage, and climate 

96 SuperBiHelix method for predicting the pleiotropic 
ensemble of  G-protein-coupled receptor conforma-
tions 

97 De novo selection of  oncogenes 
98 Pch2 is a hexameric ring ATPase that remodels the 

chromosome axis protein Hop1 
99 BK channel opening involves side-chain reorienta-

tion of  multiple deep-pore residues 
100 Cortical neural populations can guide behavior by in-

tegrating inputs linearly, independent of  synchrony 
101 Translational dynamics revealed by genome-wide 

profiling of  ribosome footprints in Arabidopsis 
102 Structural and biochemical basis for the inhibition of  

cell death by APIP, a methionine salvage enzyme 
103 AFF1 is a ubiquitous P-TEFb partner to enable Tat 

extraction of  P-TEFb from 7SK snRNP and forma-
tion of  SECs for HIV transactivation 

104 Dual role for Islet-1 in promoting striatonigral and 
repressing striatopallidal genetic programs to specify 
striatonigral cell identity 

105 Cooperative assembly of  IFI16 filaments on dsDNA 
provides insights into host defense strategy 

106 Parkinson-related LRRK2 mutation R1441C/G/H 
impairs PKA phosphorylation of  LRRK2 and dis-
rupts its interaction with 14-3-3 

107 Ghrelin triggers the synaptic incorporation of  
AMPA receptors in the hippocampus 

108 Origins of  R2* orientation dependence in gray and 
white matter 

109 Cytoglobin modulates myogenic progenitor cell vi-
ability and muscle regeneration 

110 FMRP and Ataxin-2 function together in long-term 
olfactory habituation and neuronal translational con-
trol 

111 A Cdc42- and Rac-interactive binding (CRIB) do-
main mediates functions of  coronin 

112 Distinct cerebellar engrams in short-term and long-
term motor learning 

113 Interplay of  mevalonate and Hippo pathways regu-
lates RHAMM transcription via YAP to modulate 
breast cancer cell motility 

114 Trapping of  naive lymphocytes triggers rapid growth 
and remodeling of  the fibroblast network in reactive 
murine lymph nodes 

Table 1. Articles in the first issue of  PNAS in 2014. 
 
There was no corresponding WoS subject category of  the 
PNAS subject category “sustainability science.” The 89th 
article was labelled as such by PNAS, and it discussed the 
sustainable management of  terrestrial lion hunting. Our 
method assigned it to the WoS subject category “ecol-
ogy” which is also suitable. There was also no WoS coun-
terpart of  the PNAS subject category “systems biology,” 
to which the 91st and 92nd articles belonged. “Systems 
biology” adopts a holistic approach to the study of  com-
plex biological systems. The 91st article studied fibro-
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blast-like synoviocytes of  rheumatoid arthritis; and the 
92nd article studied growth of  bacteria. Our method 
categorized these as “rheumatology” and “microbiology,” 
respectively, which was an accurate reflection of  their 
content. 

In Table 2, there are five articles (51st to 55th) as-
signed to the PNAS subject category “evolution.” Only 
the 53rd article was recognized as the WoS subject cate-
gory “evolutionary biology.” The other four articles in-
troduced their research background as “evolution,” and 
used methods of  “biochemistry & molecular biology,” 
“cell biology,” “developmental biology,” “genetics & he-
redity,” and “zoology” to investigate specific aspects of  
evolution. Our method correctly identified the related 
subject categories of  these four articles from their refer-
ences. 

There were 12 articles solely labelled as “biophysics 
and computational biology” by PNAS (30th to 38th, 
96th, 99th and 105th). Nine were identified as the WoS 
subject category “biochemistry & molecular biology,” not 
exactly similar to the PNAS subject category. The reason 
may be that there are differences in the definitions of  the 
subject categories between PNAS and WoS. Some as-
pects of  physical chemistry or chemical physics related to 
biology are assigned to biophysics in PNAS, but to bio-
chemistry in WoS. The 30th article was recognized as 
“chemistry, multidisciplinary” and multidisciplinary sci-
ences as its references were published in journals cover-
ing many disciplines. The research area of  the 32nd arti-
cle was “immunology” as reflected by its references, 
while it used technology of  “biophysics and computa-
tional biology.” There was a similar case with the 33rd ar-
ticle’s research area, which according to the references 
was “microbiology.” 

The method identified more subject categories than 
were labelled by PNAS for many articles. The additional 
recognized subject categories were relevant to the articles. 
For example, the PNAS subject category of  article 66 
was “immunology,” which was recognized by the method. 
This article studied the immunotherapy of  cancer, and 
involved detection of  HLA-A2-bound peptides from two 
leukaemia-associated differentiation antigens. Thus, it was 
also appropriately recognized as being in the subject cate-
gories of  “hematology” and “oncology.” One other rec-
ognized subject category “biochemical research methods” 
correlated with the subject categories above. The other 
recognized subject category of  multidisciplinary sciences 
indicated that it contained some references from multi- 
disciplinary sciences journals. 

Among the 114 articles examined in this case study, we 
regarded 78 articles as having been almost perfectly clas-
sified. Excluding “multidisciplinary sciences,” their rec-
ognized subject category with the highest score was the 

same as, belonged to, or covered their PNAS subject 
category (or its counterpart). If  one of  those articles had 
two PNAS subject categories, both categories were iden-
tified. For d = 3, we identified PNAS subject categories 
for 22 articles but not as the first recognized subject cate-
gory. We regard those articles as acceptably classified. For 
d = 4, 25 articles were acceptably classified. The accepta-
bly classified articles included three articles (89th, 91st, 
and 92nd) whose PNAS subject category had no coun-
terpart in WoS. Eleven articles had identified subject 
categories other than PNAS subject categories.  Though 
those articles related to the identified subject categories, 
the adopted method failed to identify all aspects of  the 
articles. All 11 problematically classified articles were in-
terdisciplinary ones. However, other interdisciplinary arti-
cles in the almost perfectly and acceptably classified 
groups were successfully classified. 

 
4.1 Results with the recognized subject category of  references in 

multidisciplinary sciences journals 
 
As shown in Table 2, multidisciplinary sciences was the 
recognized subject category of  86 articles because they 
cited many references in these types of  journals. Some 
even had multidisciplinary sciences in the first two recog-
nized subject categories in terms of  score. However, the 
subject category multidisciplinary sciences provided no 
useful information on article content in most cases. To 
further use the information from the references, we can 
modify the classification method above using the follow-
ing steps: 
 
1. Recognize the subject categories of  the references of  

articles which are published in multidisciplinary sci-
ences journals with the method described in Equa-
tions 1 to 4 (this is feasible because references in mul-
tidisciplinary sciences journals are also articles); 

2. Use the recognized subject categories of  each refer-
ence in multidisciplinary sciences journals obtained in 
Step 1 to replace the subject category multidisciplinary 
sciences of  the reference; 

3. Classify the article inspected using the method de-
scribed in Equations 1 to 4 with the subject categories 
of  references modified in Step 2. 

 
For example, we selected 10 articles with multidisciplinary 
sciences in the top two recognized subject categories, and 
further refined the results as shown in Table 3 (threshold 
factor of  3) and Table 4 (threshold factor of  4). 

Comparing Tables 3 and 4 with Table 2, the recog-
nized subject categories of  more than half  the articles by 
the modified method in this section were more focused 
than those determined by the method without modifica- 
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tion. The number of  articles in Tables 3 and 4 with recog-
nized subject categories of  multidisciplinary sciences was 
also reduced, especially with a threshold factor of  3. In 
addition, for articles recognized as multidisciplinary sci-
ences in Tables 3 and 4, the ranking of  multidisciplinary 
sciences in the recognized subject categories was lowered. 
For article 2, the ranking of  “developmental biology,” 
which is its area of  application, climbed to 2 in Tables 3 
and 4 from 5 in Table 2. The authors of  the article used a 
mechanical model to study shapes of  epithelial cells and 
the bending and buckling of  epithelial sheets during em-
bryo development, thus the recognized subject category 
was appropriate. Table 4 included “biophysics” for article 
2 which reflected the methodology used in the study and 
showed that lowering the threshold in Equation 4 can re-
duce loss of  an article subject category in the determina-
tion of  the classification. With the recognized subject 
category of  the references in multidisciplinary sciences 
journals of  article 17, the rank of  the subject category 
“anthropology,” which is also the label used by PNAS, 
rose to be behind only “geosciences, multidisciplinary” 
and multidisciplinary sciences which cover many subject 
categories. Article 32 only had one subject category rec-
ognized in Table 2. The subject category with the second 
highest score was multidisciplinary sciences which is not 
listed in Table 2 for article 32 because its score was less 
than a quarter of  the highest one. After classifying the ref-
erences in the multidisciplinary sciences journals, the score 
of  multidisciplinary sciences decreased to one third of  its 
previous value in Table 2 (=2); about one third of  the 
previous score of  multidisciplinary sciences was distrib-
uted to the subject category with the highest score (Im-
munology), and the remaining third was distributed to the 
other 10 subject categories. PNAS assigned article 77 to 
“neurosciences,” and in Table 2, the score of  “neurosci-
ences” was distinctly lower than the highest scoring cate-
gory. However, in Tables 3 and 4, the score of  “neurosci-
ences” was highest or near the highest. The scores of  the 
recognized subject categories of  article 4 were distributed 
relatively evenly, even after its multidisciplinary sciences 
references were classified. The recognized subject catego-
ries of  some articles, such as article 4 when the threshold 
factor was 4, were more than 6. These articles can be as-
signed to multidisciplinary sciences if  the number of  sub-
ject categories is limited to 6. 
 
5.0 Conclusions 
 
This study shows the possibility of  more precise deter-
mination of  subject categories of  articles in multidiscipli-
nary sciences journals indexed by a documentation data-
base (such as WoS) according to information from the 
references.  

The subject category of  articles in multidisciplinary 
sciences journals, which often publish high-quality arti-
cles, is classified by simply counting the subject categories 
of  the journals in which the references are published. For 
articles in the PNAS subject categories “applied biologi-
cal sciences,” “biochemistry,” “cell biology,” “ecology,” 
“immunology,” “microbiology,” “neuroscience,” “physi-
ology,” “plant biology,” “psychological and cognitive sci-
ences,” “applied physical sciences,” “chemistry,” “phys-
ics,” “earth, atmospheric, and planetary sciences,” “medi-
cal sciences,” and “social sciences” in the analyzed issue 
of  PNAS, the method correctly recognized their subject 
categories. The recognized subject categories of  some ar-
ticles in PNAS differed from the PNAS subject catego-
ries because of  recognition of  areas of  application and 
research methods used. The PNAS subject categories and 
the recognized subject categories for these articles re-
flected different aspects of  the articles as a consequence 
of  knowledge diffusion (Chen et al. 2009). The recog-
nized subject categories determined by our method dif-
fered from the subjects of  the articles labelled by PNAS 
as they recognized other aspects of  the articles. 

In this study, we adopted six subject categories to clas-
sify articles, as is done by WoS for journals. Among the 
25 acceptably classified articles, 4 had PNAS subject 
categories that were identified as SCrecog4, 8 as SCrecog3, 
and 13 as SCrecog2. It would appear that using more than 
four subject categories to classify an article is meaning-
less. In future studies, we will apply this method to arti-
cles published in general journals (such as “chemistry, 
multidisciplinary” and “physics, multidisciplinary”) and in 
journals of  multiple subject categories. 

The threshold factor adjusted the number of  recog-
nized subject categories. If  it was small, the condition for 
a categorization as a subject other than the one with the 
highest score recognized was strict. This meant that the 
possibility of  the article being assigned to recognized sub-
ject categories other than the article subject categories was 
small. However, some of  the article subject categories 
may be lost in the result. If  the threshold factor is large or 
the threshold is low, the possibility of  the article subject 
categories being lost will be reduced, but some subject 
categories less relevant to the article through correlation 
with the article subject categories will be recognized. 

The method can exclude irrelevant subject categories 
for most articles. For example, if  one is interested in “neu-
rosciences” articles in multidisciplinary sciences journals, 
he/she can ignore articles whose recognized subject cate-
gories do not include “neurosciences,” such as articles on 
“physics, condensed matter.” This case study also showed 
that if  subject categories of  the references in the multidis-
ciplinary sciences journals are identified and used to re-
place the subject category multidisciplinary sciences of  
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such references, the recognized subject categories of  the 
articles citing them would be more focused. 
 
6.0 Limitation 
 
One key step of  the method is to count the number of  
references indexed by the database for the inspected arti-
cle. If  the number of  references indexed by the database 
is small, the outcome of  the method may be unreliable 
because of  a small sample effect. In view of  this, the 
method can be used only when the number of  references 
indexed by WoS is large enough, such as more than 20. 
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