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Pathways in the Drug Development for Alzheimer’s 
Disease (1906-2016): A Bibliometric Study
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ABSTRACT
Investments in drug development for Alzheimer’s disease (AD) have not led to the 
availability of a treatment to cure or halt the progression of the disease. This study 
aimed to provide insights into the current lack of an effective therapy against AD by 
exploring the evolution of research paths in the scientific domains corresponding to 
fundamental, preclinical and clinical research from the identification of the disease in 
1906 up to 2016. More specifically, the influence of the amyloid cascade hypothesis 
and use of animal models in the evolution of drug development for AD were explored. 
We used bibliometric analysis for the identification of research paths taken over time, 
including main path analysis, direct citation analysis and co-word analysis. The 
results show that the amyloid cascade hypothesis has played an important role in the 
evolution of research paths in the drug development process of AD. The preclinical 
domain and to a lesser extent the clinical domain, were found to be increasingly 
involved in the study of interventions modulating amyloid-beta related neurotoxicity 
over time in line with the fundamental domain predominantly focussing on  
amyloid-beta as the primary cause of AD. The results open up a discussion about 
lock-in, i.e. that decreasing options in the fundamental domain results in less room 
for manoeuvre in the preclinical and clinical domain.
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INTRODUCTION

Since the identification of Alzheimer’s disease (AD) in 1906 
by Alois Alzheimer, investments into research to unravel the 
mechanisms of action and development of drugs have not led 
to a treatment to cure or halt the progression of the disease 
(yet). Four drugs are approved by the European Medicines 
Agency and one more by the United States Food and Drug 
Administration,[1-3] which only temporarily improve the 
symptoms. With no new drug approvals since 2003, the 
drug development process of AD is characterized by a failure 
rate which is among the highest for any therapeutic area 
over the past decades.[4,5] Failures ascribed to drug inefficacy, 
significant side effects or difficulties in the conduct of trials are 
argued to be the result of deficiencies in the characterization 

of the disease, choice of therapeutic targets and design of (pre)
clinical studies.[5-10]

Potential reasons for the high failure rate in drug development 
for AD are twofold. First, the dominance of the amyloid 
cascade hypothesis, stating that the accumulation of the protein 
amyloid-beta in the brain forms the initiating step in the 
development of AD, may have put back progressions in drug 
development by evoking the disregard of other hypotheses 
and their associated drug targets.[6,7,11-15] While interventions 
targeting amyloid-beta succeed to prevent its accumulation, 
improvements on cognition or brain shrinkage in humans 
seem minimal.[6,16] Second, the way AD-specific animal 
models have been used to test clinical efficacy of novel drugs 
may have contributed to high failure rates in clinical trials by 
providing data that translates poorly to the clinic.[8,14,17] The 
predictive value is low because animal studies determining the 
efficacy of interventions are poorly designed. This includes 
animal models being chosen without considering the aspects 
of the disease recapitulated, while most models only allow for 
the evaluation of a single hypothesis for AD. In addition, the 
cognitive outcome measures used in animal studies have an 
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unclear relation with measures used in human clinical trials.
[14,17]

Without the availability of a cure, the burden of AD on public 
health, social care and economics is expected to grow rapidly 
with the ageing of the population worldwide.[1] This study 
aims to provide insights into the current lack of an effective 
therapy against AD by exploring the evolution of research 
paths in the scientific domains corresponding to fundamental, 
preclinical and clinical research from the identification 
of the disease in 1906 up to 2016.[18] More specifically, the 
influence of the amyloid cascade hypothesis and use of animal 
models on the research paths taken over time were explored. 
The added value of the study lies in the ambition to create 
an encompassing overview of the AD field, covering all 
hypotheses proposed. Moreover, the overview of the AD 
field is longitudinal, covering developments throughout the 
years and multi-domain, covering fundamental, preclinical 
and clinical areas. Such an overview provides a systematic and 
complete guidance of the choices that have been made in the 
field of AD.

METHODS

The methodology used to study the evolution of the scientific 
domains was bibliometric analysis. The evolution of research 
paths in scientific domains result from the accumulation of 
knowledge over time, driven by historical findings, guided 
search and progress in problem perception.[19,20] Publications 
are able to reveal the research paths or directions taken in drug 
development for AD by reflecting the codification of research 
activities. MEDLINE/PubMed of the U.S. National Library 
of Medicine was used as primary source for the retrieval of 
publication data. MEDLINE/PubMed is considered the most 
exhaustive database in the biomedical field and allows for an 
accurate search using Medical Subject Headings (MeSH) and 
article types to allocate publications in the field of AD into 
separate domains.[21,22] A search query for each of the scientific 
domains was constructed using MeSH vocabulary and free-text 
terms to identify both indexed and non-indexed publications 
issued between 1906 and 2016 in MEDLINE/PubMed. The 
study only included research articles and proceedings papers as 
these were considered to form the core set of publications that 
constitute the field. Comments, editorials, guidelines, letters, 
news articles, reviews and meta-analyses were excluded. The 
main components of the search queries are provided in Table 
1. A full description of the search queries are included in 
Supplementary Material 1.1.

Search results in MEDLINE/PubMed were saved as text files 
based on the MEDLINE format, providing data for each 
publication identified (e.g. PMID, title, abstract, authors, 
journal etc.). In RStudio, the PubMed Unique Identifier 
(PMID), Digital Object Identifier (DOI) (if available) and 

Title (TI) of each publication were extracted from the text 
files and formatted into a .csv file. These fields were used 
to search for the same publications in Web of Science from 
Thomson Scientific in order to acquire additional data on 
cited references. Search results in Web of Science were saved 
as text file with the content ‘Full record and cited references’. 
In RStudio, the fields with PMID, DOI, TI, Document Type 
(DT) and Unique Tag (UT) were extracted from the text files 
and formatted into a .csv file. The scripts used in RStudio are 
provided in Supplementary Material 1.2. To check for the 
availability of fields for each publications, the text file from 
Web of Science was directly imported into The Science of 
Science (Sci2) tool (http://sci2.cns.iu.edu/user/index.php) and 
formatted into a .csv file. In Excel, conditional formatting was 
applied to PMID, DOI, title (lowercased) and UT to identify 
and remove duplicate publications. DT was used to identify 
publications classified as comments, editorials, guidelines, 
letters, news articles, reviews and meta-analyses. These were 
manually checked and removed from the dataset. The titles of 
the publications were used to evaluate their applicability to the 
fundamental, preclinical or clinical domain as part of the drug 
development process of AD. Inclusion and exclusion criteria 
for each domain are reflected in the search query. In general, 
publications related to the fundamental domain are those that 
unravel the underlying cause of the disease and contribute to 
the identification of potential drug targets. Publications related 
to the preclinical domain are those that validate drug targets by 
testing the safety and efficacy of interventions in a laboratory 
vessel or other controlled experimental environment (in vitro) 
and in living (non-human) organisms (in vivo). Publications 
related to the clinical domain are those that involve clinical 
trials for the assessment of the safety and efficacy of the 
intervention in humans.[23-25] By screening the titles of the 
indexed publications and extensively reading the titles of the 
non-indexed publications, publications were identified not 

Table 1: Main components of search queries used for the identification 
of publications corresponding to the different scientific domains in 
MEDLINE/PubMed.

Domain PubMed search filter

Fundamental 
research

(animal/non-
animal studies)

[Alzheimer’s Disease/Dementia] AND [Etiology/
Pathology/Processes] NOT [Other diseases of the brain/

nervous system OR Drugs/therapeutics OR Clinical study 
OR Diagnostic techniques OR Publication types] 

AND/NOT [Animals]

Preclinical 
research 

(animal/non-
animal studies)

[Alzheimer’s Disease/Dementia] AND [Preclinical study] 
AND [Drugs/therapeutics] NOT [Other diseases of the 
brain/nervous system OR Clinical study OR Publication 

types]
AND/NOT [Animals]

Clinical 
research

[Alzheimer’s Disease/Dementia] AND [Clinical study] 
AND [Drugs/therapeutics] AND [Human] NOT [Other 
diseases of the brain/nervous system OR Caregivers OR 

Economics OR Ethics OR Publication types]
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corresponding to the definition of the scientific domain it was 
classified. These publications were either moved to one of the 
other domains when matching its definition or excluded from 
the study. The remaining publications within each domain 
were searched for in Web of Science using the UT field 
and saved as text file with the content ‘Full record and cited 
references’. In OpenRefine (http://openrefine.org), variations in 
the fields of journal names, author names and cited references 
were corrected, while maintaining the original file format. This 
involved the transformation of all fields to uppercase letters. 
Variations in journal names and the last name of authors were 
identified and corrected using the clustering algorithms ‘key 
collision: fingerprint’ and ‘key collision: ngram-fingerprint’ 
build into OpenRefine. Additional variations in journal names 
were identified and corrected using text facet, providing a list 
of all unique values. Author names with the same last name 
and first abbreviation were manually compared to their full 
names and affiliations. Author names referring to different 
persons were differentiated by the addition of numbers and 
author names referring to the same person were merged. This 
procedure was performed with lower accuracy for last names 
that are very common in Asia (i.e. Kim, Lee, Li, Lin, Liu, Lu, 
Luo, Park, Sun, Wang, Wu, Zhang, Zhao, Zhou), as these 
were often linked to a wide variety of first names that were 
difficult to distinguish from referring to different persons or 
the same person. Variations in cited references were corrected 
to minimize the number of mismatches between cited 
publications and citing publications. The ‘Cite Me As’ column 
in the .csv file acquired using the Sci2 Tool, provides the way 
each publication should be referred to in order to be recognized 
as citation link. The cited references of all publications were 
matched to the ‘Cite Me As’ value by repeatedly leaving out 

one field of the cited references (e.g. author name, journal 
name etc.). In this way, cited references referring to the same 
publication were standardized by applying the corresponding 
‘Cite Me As’ value. 

Multiple bibliometric analyses were performed to gain in-
depth insight into how the domains of fundamental, preclinical 
and clinical research as part of the drug development process 
of AD have evolved. Main path analysis (MPA) was performed 
to trace dominant research pathways in the drug development 
process of AD. Direct citation analysis and co-word analysis 
were performed for different time intervals to reveal the 
evolution of research areas in the domains of fundamental, 
preclinical and clinical research and to determine how the 
domains have developed in relation to each other over time. 
An overview of the analyses performed are visualized in 
Figure 1. 

Main path analysis (MPA) was performed to identify the 
dominant paths or directions taken over the whole evolution 
of the drug development process of AD from 1906 to 2016. 
For this matter, direct citation networks were constructed in 
CitNetExplorer (http://citnetexplorer.nl) using the corrected 
Web of Science text files that either correspond to all publications 
retrieved or to publications in one of the three domains. 
Direct citation networks are able to reveal the evolution of 
scientific domains by means of citation links, with knowledge 
flowing from the cited publication to the citing publication. 
By default, citation links in the networks constructed using 
CitNetExplorer are directed from the citing publication to 
the cited publication. Since knowledge flows in the opposite 
direction, the networks were transposed using Pajek (http://
mrvar.fdv.uni-lj.si/pajek/). MPA reduces the direct citation 

Figure 1: Schematic diagram of the bibliometric analyses performed
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networks to the dominant paths based on the identification of 
those publications that are most frequently crossed considering 
all possible paths between the oldest (source) and most recent 
(sink) publications in the network. This involves two steps: 
(1) calculating the weight of each link in the citation network 
and (2) a search for the main paths connecting links with the 
highest weights. In the current study, weights were calculated 
based on the search path count (SPC) method.[26,27] Paths were 
constructed from various points of view, as described by Liu 
and Lu,[28] including local forward MPA, global MPA, local 
backward MPA, multiple local forward MPA, multiple local 
key-routes MPA and multiple global key-routes MPA. Main 
paths were constructed and visualized using Pajek wherein the 
algorithms are implemented. The multiple local forward MPA 
was set to include all links with a weight falling within 15% of 
the largest for the total dataset and fundamental domain and 
within 25% for the preclinical and clinical domain. These are 
arbitrary values and were chosen based on the preferred level 
of detail in the visualization of the paths. Decreasing the value 
shifted the network toward a single path, while increasing the 
value greatly expanded the network. The key-routes MPA 
was set to include the top 20 key-routes. MPA was also used 
to identify time intervals based on which the data could be 
divided to perform subsequent bibliometric analyses to study 
the evolution of the drug development process of AD over 
time in more detail. 

Direct citation networks were constructed for each time 
interval based on all publications retrieved. In this way, the 
evolution of research areas in the drug development process 
of AD and use of animals in these areas could be identified, as 
well as the interactions between the fundamental, preclinical 
and clinical domain. CitNetExplorer was used to split the 
transposed direct citation network into multiple networks 
corresponding to each of the time interval identified. 
The clustering algorithm Smart Local Moving (SLM),[29] 
implemented in the Modularity Optimizer tool (http://www.
ludowaltman.nl/slm/), was used to divide a citation network 
in communities, or modules of papers, whereby the citation 
links are dense within communities and sparse between 
communities.[30,31] In this way, research areas were identified 
based on the principle that publications mostly refer to topic-
related publications or publications from the same research 
areas to support or place their study in the field. The direct 
citation networks depicting the research areas, scientific 
domains and usage of animals were visualized with Gephi.[4] 
The topic of each research area was identified by extracting 
the titles of all publications and selecting three title words 
with the highest term frequency-inverse document frequency 
(TD-IDF)[32,33] and frequent and predictive words measure.[34] 
The interaction of scientific domains was determined based 
on the distribution of publications from the fundamental, 
preclinical and clinical domains in each research area. In 

addition, the relative openness measure was used to quantify 
the interactions based on the citation relations between 
publications.[35,36] The involvement of animal models was 
determined based on the distribution of animal studies in the 
fundamental and preclinical domain.

As a complement to direct citation analysis, co-word analysis 
was performed for each scientific domain separately and for 
each time interval to provide a more immediate and detailed 
picture of the research areas that have emerged over time 
and the animal models used. This type of analysis is based 
on the nature of words, which are the smallest subunit of a 
knowledge domain and are used to shed light on the cognitive 
structure of a field. In this study, the words from the titles 
of the publications were used for co-word analysis. The title 
of each publication was extracted from the Web of Science 
text file using OpenRefine. Single and multi-word concepts 
were extracted from the titles using MetaMap (http://
metamap.nlm.nih.gov), a tool that matches title words to 
concepts included in the Unified Medical Language System 
(UMLS) Metathesaurus. Abbreviations and acronyms are not 
included in the UMLS and can therefore not be identified by 
MetaMap. As a workaround, words in the titles consisting 
of capital letters (with or without the addition of numbers) 
and a length between 2 and 6 characters were identified in 
OpenRefine to extract the most common abbreviations and 
acronyms (frequency > 10). Words reflecting abbreviations 
and acronyms were added to a plain text file with their 
expansions, referred to as User Defined Acronyms (UDA) 
file, allowing MetaMap to match the expansions to UMLS 
concepts when encountering the abbreviation or acronym 
in the titles. Other words identified were mostly reflecting 
names of genes, animal models and cell lines, which were also 
found to not be included in the UMLS Metathesaurus. These 
words were manually extracted from the titles in OpenRefine. 
The titles submitted to MetaMap were lowercased and special 
characters removed for better handling of the text. The content 
of the accompanying UDA file, defining the abbreviations 
and acronyms, was lowercased as well and is provided in 
Supplementary Material 1.3. The output from MetaMap was 
combined with the manual extracted words and processed 
in OpenRefine. This included the transformation of words 
to lowercase, correcting variations in words using clustering 
algorithms, merging words with a similar meaning using the 
concept identifier (e.g. acetaminophen and paracetamol) and 
the removal of stop words, generic concepts and duplicate 
words in one title. The words were exported to a .csv file 
and the frequency determined. There is no standard cut-
off value available to distinguish between high frequency 
words considered important that should be included in the 
analysis and low frequency words regarded as ‘noise’ that 
should be excluded.[37] The minimal occurrence threshold was 
set differently for each domain and time interval to account 
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for variations in number of publications and words and 
frequencies of words. The minimum occurrence threshold 
had to fulfil three criteria: the high frequency words made 
up at least 60% of the cumulative percentage of occurrences 
(not considering words occurring once), captured at least 4% 
of all the words in the titles of the publication set and covered 
at least 70% of the publication set. These criteria were chosen 
to make sure the majority of cognitive content reflected in 
the titles is represented in the co-word analysis. Based on 
the remaining words, a document-term was constructed in 
Excel that was subsequently transformed into a co-occurrence 
matrix normalized using the Salton’s Cosine measure in SPSS.
[38-40] Based on the matrix, a co-word network was created in 
Pajek and visualized in Gephi. For better visualization, edges 
with a weight below average were removed in large networks 
(nodes>500) and with a weight below 0.1 in smaller networks. 
Research areas were identified using the same cluster algorithm 
as for the citation networks. In addition, a strategic diagram 
was constructed in Excel for each co-word network. In this 
diagram, all research areas identified are plotted based on the 
centrality measure, reflecting the significance of a research 
area to the development of an entire domain and density 
measure, reflecting the degree of maturity of a research area 
(see formula 1 and 2).[41]

      [1] Centrality= 10* ∑ weight external links

                                    ∑ weight internal links
      [2] Density= 100*                                         
                                   nodes in research theme

RESULTS

Research articles and conference proceedings papers related 
to the scientific domains (fundamental, preclinical, clinical), 
published between 1906 and 2016, were searched in PubMed 
on April 9, 2017 and subsequently extracted from Web of 
Science. The resulting dataset included 43,637 publications. 
An overview of the number of publications retrieved and 
included is provided in Table 2. Dataset of included papers is 
provided as Supplementary Material.

Figure 2: Multiple local forward main path analysis on the total dataset. 
Node colours represent fundamental (blue) and preclinical (green) domains. 
*Studies using animals.

Dominant pathways in the drug development for AD

MPA was performed to trace the most significant path in the 
drug development process of AD. Results acquired with MPA 
are maps, each obtained with different search algorithms, made 
up of publications (nodes) in chronological order and direct 
citation links (edges) that have the highest weight. Nodes were 
coloured corresponding to one of the domains and labelled 
with the last name of the first author and publication year. An 
asterisk (*) was added when the publication included animals. 
For better interpretation of the results, the main research 
themes of the publications were added to the visualizations. 
The result of the multiple local forward MPA based on the total 
dataset (including all scientific domains) is shown in Figure 2. 
The results of the other MPA variations (local forward, global, 
local backward, multiple local key-routes and multiple global 
key-routes) are provided in Supplementary Figure 1. The 
paths visualized reflect that many dominant contributions in 
the drug development process of AD are derived from the 
fundamental domain, few from the preclinical domain and 
none from the clinical domain. 

The paths show a high degree of similarity in the scientific 
contributions included from 1963 until 2000, indicating that 
drug development for AD was a concentrated field with the 
convergence of research directions over time. All paths start 

Table 2: Number of scientific publications retrieved.

Domains Publications 
in PubMed

Publications 
in WoS

Publications 
included

Fundamental
      - animal studies
      - non-animal studies

35,744
11,666
24,078

32,287
10,920
21,367

31,665
10,891
20,774

Preclinical
      - animal studies
      - non-animal studies

12,467
8,366
4,101

11,442
7,913
3,529

9,543
7,308
2,235

Clinical 2,878 2,460 2,429

Total 51,089 46,189 43,637
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with studies from the 1960s into neurofilaments and plaques, 
which constitute two hallmarks of AD. Around 1975, attention 
shifted toward research on neuronal alterations or changes 
in the cholinergic system of the brain in elderly demented 
people. The nodes with a red label constitute publications that 
formed the foundation of the cholinergic hypothesis, being 
cited in the seminal review by Bartus et al.[42] Proposing this 
hypothesis. Studies on neuronal alterations are included in 
the paths until around 1985, extending to 1987 in the path 
obtained with local backward MPA (Supplementary Figure 
1C). Around the same time, the paths shift toward studies on 
the protein amyloid-beta. The nodes with an orange label 
constitute publications that formed the foundation of the 
amyloid cascade hypothesis, being cited in the review by 
Hardy and Higgins[43] proposing this hypothesis. Until 2000, 
all paths predominantly include studies on the role of the 
protein presenilin in the formation of amyloid-beta plaques, 
in which animals are frequently used. After 2000, a more 
divergent and scattered view of research directions was found, 
indicated by a lower degree of similarity in the scientific 
contributions included in the paths and divergence of the path 
constructed with multiple local forward MPA by not only 
considering the protein amyloid-beta as the initiating step of 
AD development, but also the role of metabolic changes and 
metals. Around 2011, drug development converged toward 
research related to the structure and folding of amyloid-beta 
and effect of amyloid-beta inhibitors. This is shown by the 
convergence of the multi local forward MPA and increased 
degree of similarity of publications included in the paths. 
Based on the results of MPA, five time intervals were chosen: 
research on the hallmarks of AD (1908-1981), research 
after the introduction of the cholinergic hypothesis (1982-
1991), research after the introduction of the amyloid cascade 
hypothesis (1992-2000), divergence of research directions 
(2001-2010) and increased convergence of research directions 
(2011-2016).[44]

Dominant pathways in the fundamental domain of AD

The multiple local forward MPA based on the fundamental 
domain is shown in Figure 3 and other MPA variations (local 
forward, global, local backward, multiple local key-routes and 
multiple global key-routes) are provided in Supplementary 
Figure 2. The paths based on publications from the fundamental 
domain are similar to the previously discussed paths based on 
the total dataset, as they largely consisted of publications from 
the fundamental domain. A noticeable difference is that the 
multi local forward MPA based on the fundamental domain 
shows a lower degree of divergence with more publications 
involving amyloid-beta research.

Dominant pathways in the preclinical domain of AD

The multiple local forward MPA based on publications from 
the preclinical domain is shown in Figure 4 and the other MPA 
variations (local forward, global, local backward, multiple 
local key-routes and multiple global key-routes) are provided 
in Supplementary Figure 3. The paths of the preclinical 
domain show a high degree of similarity, indicating that the 
domain has evolved along a dominant research direction. All 
paths start with studies from the 1980s into the modulation 
of the cholinergic system of the brain, including the use of 
acetyl cholinesterase inhibitors (e.g. tacrine). The paths shift 
toward publications on multi-target acetyl cholinesterase 
inhibitors, starting with the research article from Bartolini et 

Figure 3: Multiple local forward main path analysis on the fundamental 
domain. *Studies using animals.
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al. (2003), indicated with the red label in Figure 4, stating 
that known acetyl cholinesterase inhibitors are able to inhibit 
acetyl cholinesterase-induced amyloid-beta aggregation. All 
subsequent publications included in the paths are involved 
in multi-target acetyl cholinesterase inhibitors that are able 
to inhibit amyloid-beta aggregation and/or reduce oxidative 
stress (e.g. tacrine hybrids). 

Dominant pathways in the clinical domain of AD

The multiple local forward MPA based on publications from 
the clinical domain is shown in Figure 5 and the other MPA 
variations (local forward, global, local backward, multiple 
local key-routes and multiple global key-routes) are provided 
in Supplementary Figure 4. The paths of the clinical domain 
show a more divergent and scattered evolution of the domain 
over time, indicated by a lower degree of similarity between 
the paths and divergence of the path constructed with multiple 
local forward MPA. While all paths start with studies from 
around 1980 into the effect of the compounds physostigmine 
and choline, the paths continue in different directions studying 
the effect of compounds acting on the cholinergic system of the 
brain, including the muscarinic agonist RS-86 and the acetyl 
cholinesterase inhibitors tacrine and pyridostigmine. Around 
1992, the research direction into tacrine became dominant, 
indicated by the convergence toward the publications by 
Farlow et al. (1992), as shown with the red label in Figure 5 and 
the increased degree of similarity of scientific contributions 

included in the paths. All paths shift toward a derivative of 
tacrine, called velnacrine, after the research article from 
Watkins et al. (1994), displayed by the orange label in Figure 
5, on the hepatotoxic effects of tacrine. The domain continued 
to evolve around the dominant research direction into acetyl 
cholinesterase inhibitors, including metrifonate, donepezil 
and galantamine. After 2001, the paths show a lower degree of 
similarity in the scientific contributions included, indicating a 
divergence of research directions. Figure 5 visualizes multiple 
research directions, including the study of treated patients 
with approved acetyl cholinesterase inhibitors, mortality 
risk of patients using antipsychotics and studies into vitamin 
supplements and statins in the treatment of AD. Compared to 
the fundamental and preclinical domain, the influence of the 
amyloid cascade hypothesis in the clinical domain was rather 
limited. There was only one research article included in the 
multiple local forward MPA, indicated with the blue label 
in Figure 5, on the compound tarenflurbil that is believed to 
interfere with the formation of amyloid-beta. 

Evolution of the scientific domains in the drug 
development for AD

Direct citation analysis and co-word analysis were performed 
for each time interval to reveal research directions in the 
domains of fundamental, preclinical and clinical research and 
to determine how the domains have developed in relation 
to each other over time. The distribution of the number of 

Figure 4: Multiple local forward main path analysis on the preclinical 
domain. *Studies using animals. Figure 5: Multiple local forward main path analysis on the clinical domain.
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publications for each domain over the time intervals is shown 
in Table 3, revealing that the amount of publications has 
increased over time. 

The results acquired with direct citation analysis, shown 
in Figure 6, are networks for each time interval wherein 

nodes correspond to publications belonging to the scientific 
domains and edges are citation links directed from the cited 
publication to the citing publication. The networks discern 
the distribution of the scientific domains, usage of animals and 
communities identified (i.e. group of nodes with high internal 
citation links and low external links) revealing research areas 
based on the principle that publications mostly refer to related 
publications to support or place their study in the field. Details 
on the identified research areas are provided in Supplementary 
Table 1. The results show that the fundamental domain 
played a central role in the drug development process with 
the large amount of nodes corresponding to this domain. 
The preclinical and clinical domain are peripheral to the 
fundamental domain with nodes situated on the edge of the 
networks, although nodes corresponding to the preclinical 
domain are increasingly connected with nodes from the 
fundamental domain. The number of research areas increased 
over time, with most areas belonging primarily to the 
fundamental domain. The preclinical and clinical domain 
were involved in a limited amount of research areas that are 
relatively more distant from the fundamental domain. 

The results acquired with co-word analysis are networks for 
each time interval, wherein nodes correspond to high-frequent 
title words in the publications from one scientific domain and 
edges reflect the co-occurrence of title words. The networks 
discern the communities identified revealing research areas 
based on the principle that words often occurring in one 
title are related. The research areas were plotted in a strategic 
diagram (Figures 7-9) to provide insights on its importance 
over time. In the following sections, the results of direct 
citation analysis and co-word analysis are described for each 
scientific domain.

Evolution of the fundamental domain in the drug 
development for AD

The results of the co-word analysis based on the fundamental 
domain for the period 1982-1991 and 2011-2016 are shown 
in Figure 7. The results for the other periods are provided in 
Supplementary Figure 5. Combined with the results from the 
direct citation analysis, the results reveal that the fundamental 
domain predominantly focussed on two major research areas: 
(1) studies on the level of the human brain for diagnostic 
purposes and (2) molecular pathology studies into plaques/
amyloid-beta and neurofibrillary tangles/tau. This is indicated 
by the large proportion of publications in the areas identified 
with citation analysis and changes in the importance of 
corresponding research areas based on the strategic diagrams. 
Moreover, the position of the areas are relatively distant in 
the citation networks, indicating that they largely evolved 
independently from each other. 

Table 3: Number of scientific publications for each domain and time 
interval.

Domains \ 
Interval

1906 - 
1981

1982 - 
1991

1992 - 
2000

2001 - 
2010

2011 - 
2016

Fundamental 367 2,617 6,345 11,137 11,199

Preclinical 81 169 893 3,267 5,212

Clinical 2 246 441 950 711

Figure 6: Direct citation network for (A) 1906-1981, (B) 1982-1991, (C) 1992-
2000, (D) 2001-2010 and (E) 2011-2016, with (left panes) the distribution of 
publications from the fundamental (blue), preclinical (green) and clinical 
(pink) domain; (middle panes) the research areas (each one differently 
coloured); and (right panes) the distribution of publications including animals 
(red). Details on the identified research areas are provided in Supplementary 
Table 1.
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Figure 8: Co-word network (left panes) and strategic diagram (right panes) of 
the preclinical domain for (A) 1982-1991 and (B) 2011-2016. In the networks, 
node size is proportional to the frequency of title words, edge thickness is 
proportional to the strength of the relation between words and node colour 
represents the research areas. In the diagrams, the colours of the circles 
correspond to the research areas in the network.

Figure 7: Co-word network (left panes) and strategic diagram (right panes) 
of the fundamental domain for (A) 1982-1991 and (B) 2011-2016. In the 
networks, node size is proportional to the frequency of title words, edge 
thickness is proportional to the strength of the relation between words and 
node colour represents the research areas. In the diagrams, the colours of the 
circles correspond to the research areas in the network.

Figure 9: Co-word network (left panes) and strategic diagram (right panes) 
of the clinical domain for (A) 1982-1991 and (B) 2011-2016. In the networks, 
node size is proportional to the frequency of title words, edge thickness is 
proportional to the strength of the relation between words and node colour 
represents the research areas. In the diagrams, the colours of the circles 
correspond to the research areas in the network.

(purple) and research into plaques (yellow) (Supplementary 
Table 1). Similar research areas were identified in the co-word 
network (Supplementary Figure 5A). The corresponding 
strategic diagram shows that studies on the brain of patients 
is a developed and very central research area (green), research 
into neurofibrillary tangles is a highly developed but more 
peripheral research area (orange) and research into plaques is a 
central and developed research area (red). For the period 1982-
1991, the direct citation network (Figure 6B) shows that the 
fundamental domain is mostly involved in the research area 
related to the cholinergic system of the brain (lilac), followed 
by studies on the brain of patients (light blue and orange), 
research into plaques, amyloid-beta and its precursor protein 
(pink) and research into neurofibrillary tangles and the tau 
protein (yellow) (Supplementary Table 1). These research 
areas are also shown in the co-word network (Figure 7A). 
When comparing the corresponding strategic diagram to the 
period 1906-1981, research into the cholinergic system of the 
brain enters the domain and is a highly developed research 
area (green). The research area related to studies on the brain 
of patients is reduced in prominence (orange), research into 
plaques, amyloid-beta and its precursor protein is the most 
central research area (red) and research into neurofibrillary 
tangles and tau becomes slightly more central (blue). For 
the period 1992-2000, the direct citation network (Figure 
6C) shows that the fundamental domain is mostly involved 
in multiple research areas related to amyloid-beta and its 
precursor protein considering the role of fibrils (grey), 

For the period 1906-1981, the direct citation network (Figure 
6A) shows that the fundamental domain is mostly involved in 
multiple research areas related to the identification of diagnostic 
markers and progression of the disease (light blue, orange 
and green), followed by research into neurofibrillary tangles 
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proportion of publications in the areas identified with citation 
analysis and the change in importance of corresponding 
research areas based on the strategic diagrams. 

For the period 1982-1991, the direct citation network (Figure 
6B) shows that the preclinical domain is mostly involved in 
the research area related to the cholinergic system of the brain 
(lilac), followed by the research area into acetyl cholinesterase 
inhibitors (magenta) (Supplementary Table 1). The same 
research areas were identified in the co-word network 
(Figure 8A). The corresponding strategic diagram shows 
that the research area into the cholinergic system is highly 
developed and central (pink), while the research areas related 
to the acetyl cholinesterase inhibitors tacrine and scopolamine/
physostigmine are peripheral (green and red respectively). For 
the period 1992-2000, the direct citation network (Figure 6C) 
shows that the preclinical domain is mostly involved in the 
research area into acetyl cholinesterase inhibitors (blue) and 
develops in the research area of amyloid-beta related to oxidative 
stress (pink) and the role of the amyloid-beta precursor protein 
in the formation of plaques (orange) (Supplementary Table 1). 
This is confirmed by the research areas identified in the co-
word network (Supplementary Figure 6A). According to the 
strategic diagram, the research area most central and developed 
in the domain is the research area into acetyl cholinesterase 
inhibitors (pink), followed by the research area into amyloid-
beta (red). The research area into the role of amyloid-beta 
precursor protein is peripheral in the domain (green). For the 
period 2001-2010, the direct citation network (Figure 6D) 
shows that the preclinical domain is almost evenly distributed 
in the area of acetyl cholinesterase inhibitors (pink), amyloid-
beta studies related to inflammation (orange) and oxidative 
stress (dark red) (Supplementary Table 1). It also shows that 
the research areas into acetyl cholinesterase inhibitors and 
amyloid-beta have moved more closely together. Similar 
research areas were identified in the co-word network 
(Supplementary Figure 6B). According to the strategic 
diagram, the modulation of amyloid-beta neurotoxicity is 
the most central and developed research area in the domain 
(red). The research areas into acetyl cholinesterase inhibitors 
become more peripheral (blue and green). For the period 
2011-2016, the direct citation network (Figure 6E) shows that 
the preclinical domain is mostly involved in the research area 
on amyloid-beta and oxidative stress (light orange), followed 
by the research area into acetyl cholinesterase inhibitors (coral 
pink) (Supplementary Table 1). Similar research areas were 
identified in the co-word network (Figure 8B). According to 
the strategic diagram, the research area on amyloid-beta and 
oxidative stress (red) is highly developed and central in the 
domain, while research into acetyl cholinesterase inhibitors is 
a developed but peripheral in the domain. 

presenilin (light blue), oxidative stress (pink) and inflammation 
(yellow) in the formation of plaques. The fundamental domain 
is also still involved in the research areas related to studies on 
the brain of patients (green) and research into tau (brown) 
(Supplementary Table 1). These research areas are roughly 
identifiable in the co-word network (Supplementary Figure 
5B). When comparing the corresponding strategic diagram 
to the period 1982-1991, the research area on amyloid-beta 
and its precursor protein is divided into an area specifically 
on amyloid-beta (red) and its precursor protein (green). Both 
research areas are central and developed. Studies on the brain 
of patients (orange) and research into tau (blue) become more 
isolated research areas, while research into tau is still highly 
developed. For the period 2001-2010, the direct citation 
network (Figure 6D) shows that the fundamental domain is 
mostly involved in studies on the brain of patients (brown) and 
research into tau and glycogen synthase kinase 3 (red). The 
fundamental domain is also still involved in multiple research 
areas on the aggregation of amyloid-beta (nude, dark purple 
and turquoise), now also considering the role of neprilysin or 
the insulin-degrading enzyme into the formation of plaques 
(black) (Supplementary Table 1). Similar research areas were 
identified in the co-word network (Supplementary Figure 
5C). When comparing the corresponding strategic diagram 
to the period 1992-2000, both studies on the brain of patients 
(orange) and on tau (brown) have become undeveloped and 
isolated research areas. Research into amyloid-beta (red) 
becomes the most central and developed research area. For 
the period 2011-2016, the direct citation network (Figure 6E) 
shows that the fundamental domain is mostly involved in the 
research area related to studies on the brain of patients (black). 
The domain is also still involved in research areas related to 
amyloid-beta (turquoise, nude, light brown and pink) and 
research on tau (c pastel green) (Supplementary Table 1). 
These research areas are also shown in the co-word network 
(Figure 7B). When comparing the corresponding strategic 
diagram to the period 2001-2010, the research area related to 
amyloid-beta (pink) loses its centrality while being still highly 
developed. The research area related to studies on the brain of 
patients (orange) becomes highly developed, while research 
into tau (blue) becomes more central.

Evolution of the preclinical domain in the drug 
development for AD

The co-word analysis based on the preclinical domain for the 
period 1982-1991 and 2011-2016 are shown in Figure 8 and 
for the other periods in Supplementary Figure 6. Combined 
with the results from the direct citation analysis, the results 
reveal that the preclinical domain was predominantly involved 
in studies modulating the cholinergic system of the brain, 
while shifting increasingly toward studies into amyloid-beta, 
oxidative stress and inflammation. This is indicated by the large 
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hormone replacement therapy (yellow) are recognized as the 
most developed and central areas in the domain. The research 
area into amyloid-beta (red) is recognized as being peripheral 
and highly developed in the domain. The research areas related 
to acetyl cholinesterase inhibitors (pink, blue and green) have 
become less prominent in the domain being peripheral and 
undeveloped in the domain. For the period 2011-2016, the 
direct citation network (Figure 6E) shows the clinical domain 
is to a lesser extent involved in the research area into acetyl 
cholinesterase inhibitors (dark blue and magenta) and is 
increasingly involved in the research area into amyloid-beta 
(apple green, yellow and purple). The clinical domain also 
develops into the research area of statins (red) (Supplementary 
Table 1). The co-word network and corresponding strategic 
diagram (Figure 9B) reveal that research areas are either 
peripheral and developed, including research into amyloid-
beta, hormone replacement therapy and mild-cognitive 
impairment, or central and undeveloped, including research 
into medication use of elderly, antipsychotics and acetyl 
cholinesterase inhibitors. 

Interaction of the scientific domains in the drug 
development for AD

The relative openness measure was used to analyse the 
interactions of the scientific domains over time. This measure 
quantifies to what extent a domain builds on knowledge inside 
its own or another domain based on the citation links between 
publications corrected for domain size. Results of the relative 
openness measure are shown in Table 4. The highest values 
were found when considering the citation links within the 
domains, suggesting that each domain mostly built on itself 
and the knowledge accumulation process of each domain 
happened relatively independent from the other domains. 
The fundamental and preclinical domains increasingly built 
on publications from within the domain. Outside of its own 
domain, the fundamental domain built more on the preclinical 
domain compared to the clinical domain over time. The 
openness of the fundamental domain toward the preclinical 
and clinical domain increased over time. Outside of its own 
domain, the preclinical domain built more on the fundamental 
domain than the clinical domain, with the exception of the 
period 1982-1991. The openness of the preclinical domain 
toward the fundamental and clinical domain increased over 
time. Outside of its own domain, the clinical domain mostly 
built on knowledge established in the fundamental domain 
between 1906 and 2000, while using the fundamental and 
preclinical domain to a similar extent after 2000. 

Evolution of animal models used in the drug 
development process of AD

The ratio of studies with animals and studies without animals 
over time for the fundamental and preclinical domains is 

Evolution of the clinical domain in the drug 
development for AD

The co-word analysis based on the clinical domain for the 
period 1982-1991 and 2011-2016 are shown in Figure 9 and 
for the other periods in Supplementary Figure 7. Combined 
with the results from the direct citation analysis, the results 
reveal that the clinical domain was predominantly involved in 
studies into acetyl cholinesterase inhibitors over time. 

For the period 1906-1981, the direct citation network (Figure 
6A) shows that the clinical domain is involved in the research 
area related to studies on the brain of patients (light blue) and the 
research area into antipsychotics (red) (Supplementary Table 
1). The co-word network (Supplementary Figure 7A) reveals 
research areas that are all related to studying the effect of different 
compounds on the brain of elderly patients. In particular, 
research into ergot alkaloids (green) and antipsychotics (i.e. 
thioridazine) (red) are highly developed and central research 
areas according to the strategic diagram. A peripheral theme is 
research into the compounds physostigmine and lecithin. For 
the period 1982-1991, the direct citation network (Figure 6B) 
shows that the clinical domain is mostly involved into acetyl 
cholinesterase inhibitors, including tacrine, physostigmine 
and lecithin (light red), followed by the research area into the 
cholinergic system (lilac) (Supplementary Table 1). Similar 
research areas were identified in the co-word network (Figure 
9A). According to the strategic diagram, the research area 
into the acetyl cholinesterase inhibitors tacrine and lecithin 
(red) and physostigmine (orange) are the most developed and 
central in the domain. Research into the cholinergic system 
(pink) is a less developed and peripheral area in the domain. 
For the period 1992-2000, the direct citation network (Figure 
6C) shows that the clinical domain is largely involved in the 
research area into acetyl cholinesterase inhibitors including 
tacrine and donepezil (dark blue) (Supplementary Table 
1). In the co-word network (Supplementary Figure 7B) an 
additional search space is identified corresponding to hormone 
replacement therapy (coloured yellow). When comparing 
the corresponding strategic diagram to the previous period, 
less effort has been directed toward the research area into 
tacrine (red) by becoming less developed in the domain 
although remaining central in the domain. The research area 
into physostigmine (orange) becomes more peripheral. The 
research area into hormone replacement is a peripheral and 
undeveloped area. For the period 2001-2010, the direct citation 
network (Figure 6D) shows that the clinical domain is mostly 
involved in the research into acetyl cholinesterase inhibitors, 
including donepezil and galantamine (pink), followed by the 
research area into amyloid-beta (orange) (Supplementary 
Table 1). In the co-word network and corresponding 
strategic diagram (Supplementary Figure 7C) research into 
antipsychotics (e.g. risperidone) (purple and orange) and 
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Table 4: Relative openness of domains to itself or another domain in different time intervals. 

Citing 
domain

Cited domain
Relative openness in different time intervals (years)

1906-1981 1982-1991 1992-2000 2001-2010 2011-2016

Fundamental Fundamental 0.1502 0.1171 0.1389 0.1840 0.2023

Preclinical 0.0000 0.0035 0.0188 0.0334 0.0406

Clinical 0.0008 0.0035 0.0052 0.0120 0.0106

Preclinical Fundamental 0.0007 0.0045 0.0139 0.0317 0.0412

Preclinical 0.0000 0.0132 0.0230 0.0656 0.1205

Clinical 0.0006 0.0083 0.0099 0.0133 0.0115

Clinical Fundamental 0.0177 0.0057 0.0028 0.0041 0.0039

Preclinical 0.0000 0.0019 0.0032 0.0037 0.0031

Clinical 0.0689 0.0343 0.0355 0.0396 0.0246

provided in Table 5. The proportion of publications using 
animals increased over time for the fundamental domain, 
while it decreased for the preclinical domain. The distribution 
of publications including animals over time in the citation 
networks is provided in Figure 6, which allows for the 
identification of animal usage in the different research areas. 
The co-word networks previously discussed include title 
words referring to animal models, as shown in Figure 10, 
providing additional insights in the usage of animals of time. 

Table 5: Ratio studies with and without animals over time for the 
fundamental and preclinical domain.

1906-
1981

1982-
1991

1992-
2000

2001-
2010

2011-
2016

Fundamental 0.09 0.2 0.4 0.6 0.7

Preclinical - 0.9 0.9 0.8 0.7

In the period 1982-1991, the fundamental domain used 
some animals in the research area on tau and amyloid-beta/
amyloid-beta precursor protein. Rats were used by the 
fundamental and preclinical domain in the area into the 
cholinergic system and by the preclinical domain in the area 
of acetyl cholinesterase inhibitors. In the period 1992-2000, 
the fundamental domain mostly used (transgenic) mice in 
the research area into amyloid-beta, amyloid-beta precursor 
protein and amyloid-beta fibrils and used rats in brain studies. 
The preclinical domain used both rats and mice into the study 
of acetyl cholinesterase inhibitors. In the period 2001-2010, 
the fundamental domain increasingly used transgenic mice 
that are based on genetic mutations causing familial AD in 
line with the amyloid cascade hypothesis in the research areas 
into amyloid-beta (e.g. APP/PS1, APP23 and Tg2576). Rats 
were still mostly applied in the preclinical domain, although 
transgenic mice models used in the fundamental domain 
also entered the domain (e.g. tg2575). In the period 2011-
2016, both the fundamental and clinical domain used a wide 

variation of transgenic mice models (e.g. 3xTg-AD, SAMP8, 
5xFAD and APPswe/PSEN1dE9). 

DISCUSSION

Influence of the amyloid cascade hypothesis and animal 
models on the evolution of drug development for AD

The results of the study show that the amyloid cascade 
hypothesis has played an important role in the evolution of 
research paths in the drug development process of AD. The 
fundamental domain was found to be mostly involved in 
research into the cholinergic system between 1982 and 1991. 
Attention shifted toward research into the role of amyloid-beta 
in AD after 1992 with multiple studies on the neurotoxicity of 
amyloid-beta emerging over time. Efforts into other disease-
associated mechanisms, such as the role of tau, metabolic 
changes and the cardiovascular system, were found to be less 
central and less common. The preclinical domain devoted most 
efforts toward the modulation of the cholinergic system with 
acetyl cholinesterase inhibitors between 1982 and 1991. After 
1992, the preclinical domain became increasingly involved in 
amyloid-beta research, including a shift toward multi-target 
acetyl cholinesterase inhibitors modulating the cholinergic 
system and amyloid-beta neurotoxicity. The results indicate 
that the preclinical domain evolved toward amyloid-beta in 
line with the fundamental domain that focused predominantly 
on amyloid-beta as the primary cause of AD. More specifically, 
the relative openness measure shows that the fundamental and 
preclinical domains increasingly build on each other over 
time. In addition, the direct citation networks show that the 
preclinical domain became increasingly involved in research 
areas on amyloid-beta together with the fundamental domain. 
Results on the usage of animals indicate that the focus on 
amyloid-beta in the fundamental and preclinical could have 
been reinforced by the increased use of transgenic mice 
models of AD over time. The majority of these transgenic 
models have been developed based on aspects of the amyloid 
cascade hypothesis and the genetics of the familial, early-onset 
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drug development, while other mechanism-based approaches 
have been much less represented in the field. Comparable 
results were found by the bibliometric study of Serrano-Pozo 
et al.[50] For the well-informed, expert reader this finding may 
not come as a surprise, as the dominance of the amyloid cascade 
hypothesis has been extensively debated. However, the added 
value of our findings lies in the fact that they show the relative 
importance of the various hypotheses over time and over the 
different domains (i.e. fundamental, preclinical and clinical) in 
a systematic manner. As the amount and complexity of studies 
in the field of AD is overwhelming, the approach used in 
this study provides an overview of developments in the field 
and their relations, which may otherwise be unrecognized 
and could be used as a resource to advance and guide drug 
development. 

In the time-frame studied, drug development had largely been 
based on the amyloid cascade hypothesis. The overarching 
focus on amyloid-beta could be due to the path-dependent 
nature of the drug development process, whereby established 
knowledge bases lessen the deviation into other research 
directions.[19] The amyloid cascade hypothesis was formulated 
based on strong histopathological and genetic evidence, 
mainly the discovery of autosomal dominant mutations 
causing familial, early-onset AD linked to amyloid-beta 
depositions also found in sporadic, late-onset AD.[51,52] 
The initiating role of amyloid-beta in AD pathology was 
subsequently strengthened by additional evidence, including 
the identification of apolipoprotein e4 as genetic risk factor for 
late-onset AD and interfering with amyloid-beta clearance 
and the neurotoxicity of amyloid-beta oligomers.[53] The 
amyloid cascade hypothesis provided a coherent framework 
for understanding AD pathogenesis and displayed defined 
drug targets. This favored research into amyloid-beta and the 
development of anti-amyloid-beta therapies with the potential 
to alter the basic pathogenesis and prevent cell death[54] rather 
than merely improve neurotransmitter function based on the 
cholinergic hypothesis.[24,51,55,56] The strong knowledge base 
and proven merits on amyloid-beta as primary cause of AD 
attracted attention and funds, while alternative hypotheses 
attracted less attention[55,57-59] As previously discussed, 
transgenic animal models developed in view of the amyloid 
cascade hypothesis seem to have retained this tendency 
toward amyloid-beta research. These models have been 
commonly used to assess novel mechanisms or compounds for 
their potential to treat AD.[14,59]In the years after the timespan 
covered by our analysis, the focus on amyloid-beta as primary 
cause of AD and potential drug target has remained relevant, 
with recent studies into amyloid-beta oligomers,[51,60,61] most 
disease-modifying therapies targeting amyloid-beta,[4,7,62] 
and recent research showing promising results for amyloid-
beta immunotherapies.[51,63] However, failures of clinical 
trials involving amyloid-beta immunotherapies and BACE1 

form of AD. In this way, the transgenic mice are a model of 
AD wherein amyloid-beta is considered the causal factor,[14] 
favouring attention toward research paths along the line of 
the amyloid cascade hypothesis. Most efforts in the clinical 
domain were found to be devoted to interventions with acetyl 
cholinesterase inhibitors to modulate the cholinergic system 
over time. However, from 2001 onwards, interventions for 
the modulation of amyloid-beta neurotoxicity also entered the 
clinical domain. The developments in the fundamental and 
preclinical domain were followed by a shift toward amyloid-
beta research in the clinical domain, which could be explained 
by the conduct of clinical trials and regulatory guidelines 
designed toward interventions with acetyl cholinesterase 
inhibitors.[45]

Implications

In the field of AD research, some bibliometric studies have 
been conducted to identify global trends in AD research, 
measure research productivity and discover core biological 
entities, topics and drugs for AD treatment.[46-50] Our study 
provides in-depth insight into the evolution of the field by the 
means of an integrated bibliometric approach, involving the 
visualization of networks over time. By distinguishing between 
the three scientific domains of fundamental, preclinical and 
clinical research, the study promotes the understanding of 
the knowledge-based dynamics within the scientific domains 
and their relationship to one another. The results showed that 
amyloid-beta increasingly started to become the focus in AD 

Figure 10: Animal models mentioned in the co-word network of the 
fundamental domain (left panes) and preclinical domain (right panes) over 
time.
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inhibitors, whereby no cognitive improvements were shown 
despite a reduction of amyloid-beta,[64-66] have broadened 
the attention to non-amyloid and holistic approaches.[4,52,62] 
Examples include the tau,[67,68] inflammatory[69,70] vascular,[71] 
and antimicrobial (protection) hypotheses.[72,73] As such, 
the emergence and integration of new hypotheses have the 
potential to lead to innovative mechanisms of action able to 
affect the pathophysiology of AD.

Study limitations and future perspectives

The study has some limitations. The study is based on the 
assumption that the evolution of the scientific domains of 
fundamental, preclinical and clinical research is reflected in 
the scientific publications obtained using the search queries 
and available in PubMed and Web of Science. In particular, 
the low coverage of publications from non-English journals 
and articles published a long time ago (on paper) and research 
into failed drugs generally not being published may have 
influenced the results in this study. Future studies may consider 
including clinical trial or patent data in addition to scientific 
publications. Moreover, as for bibliometric studies in general, 
the question is whether the links established with citation 
analysis, or the research themes identified with co-word 
analysis, constitute the reality of the field. This was accounted 
for by extensively cleaning the retrieved publications to make 
sure that the input for the analysis is relatively accurate.

Additional avenues for future research include: (1) the 
application of the methodology used in this study to other 
disease categories, (2) performing alternative – more recent 
– methods of MPA to retrieve more evolutionary trajectories, 
distinct paths or unexplored themes, including genetic 
persistence based main path as described by Martinelli and 
Nomaler[74] and use of flow vergence (FV) gradient as weight 
assignment method (instead of SPC) as described by Lathabai 
et al.[75] (3) the inclusion of qualitative research by conducting 
interviews with AD experts, (4) analysis of the relations and 
collaborations between researchers in the different scientific 
domains, (5) performing a systemic review of the regulatory 
documents issued by the FDA and EMA over time to analyse 
the role of regulations in a drug development process and (6) 
analysing the role of academia and pharmaceutical companies 
in the fundamental, preclinical and clinical domain.

CONCLUSION

The evolution of research paths in drug development for AD 
has been largely influenced by the amyloid cascade hypothesis. 
Efforts to develop a disease-modifying therapy for AD were 
found to be primarily dedicated toward amyloid-beta as the 
primary cause of AD. The common use of transgenic animal 
models developed in line with the amyloid cascade hypothesis 
in the fundamental and preclinical domain has likely 

reinforced the research paths into amyloid-beta research. 
The underrepresentation of non-amyloid approaches to AD 
causality and treatment warrants attention, especially in light 
of the so far thwarted drug development programs. Actors 
in the drug development process should be open toward 
integrating different approaches and aim to avoid lock-in, 
i.e. that decreasing options in the fundamental domain result 
in less room for manoeuvre in the preclinical and clinical 
domains.

Supplementary Material

The Supplementary Material for this article can be found 
online at: http://dx.doi.org/10.6084/m9.figshare.12301088 

REFERENCES
1. Alzheimer’s Association, 2018 Alzheimer’s disease facts and figures. 

Alzheimer’s and Dementia. 2018;14:367-429.
2. Dekker MJHJ, Bouvy JC, O’Rourke D, Thompson R, Makady A, Jonsson P, et al. 

2019. Alignment of European regulatory and health technology assessments: 
A review of licensed products for Alzheimer’s disease. Frontiers in Medicine. 
2019;6:73.

3. Glinz D, Gloy VL, Monsch AU, Kressig RW, Patel C, McCord KA, et al. 
Acetylcholinesterase inhibitors combined with memantine for moderate 
to severe Alzheimer’s disease: A meta-analysis. Swiss Medical Weekly. 
2019;149:2526.

4. Cummings J, Lee G, Ritter A, Sabbagh M, Zhong K. Alzheimer’s disease drug 
development pipeline: 2019. Alzheimer’s and Dementia: Translational Research 
and Clinical Interventions. 2019;5:272-93.

5. Rinaldi A. Setbacks and promises for drugs against Alzheimer’s disease: 
As pharmaceutical companies are retreating from drug development for 
Alzheimer’s, new approaches are being tested in academia and biotech 
companies. EMBO Reports 19. 2018.

6. Cummings JL, Morstorf T, Zhong K. Alzheimer’s disease drug-development 
pipeline: Few candidates, frequent failures. Alzheimer’s Research and Therapy. 
2014;6(4):1-7.

7. Cummings J, Lee G, Ritter A, Zhong K. Alzheimer’s disease drug development 
pipeline: 2018. Alzheimer’s and Dementia: Translational Research and Clinical 
Interventions. 2018;4:195-214.

8. LaFerla FM, Green KN. Animal Models of Alzheimer Disease. Cold Spring 
Harbor Perspectives in Medicine 2. 2012;2(11):a006320.

9. Mangialasche F, Solomon A, Winblad B, Mecocci P, Kivipelto M. Alzheimer’s 
disease: Clinical trials and drug development. The Lancet Neurology. 
2010;9(7):702-16.

10. Savonenko AV, Melnikova T, Hiatt A, Li T, Worley PF, Troncoso JC, et al. Alzheimer’s 
Therapeutics: Translation of Preclinical Science to Clinical Drug Development. 
Neuropsychopharmacology. 2012;37(1):261-77.

11. DeTorre JC. Is Alzheimer’s disease a neurodegenerative or a vascular disorder? 
Data, dogma and dialectics. The Lancet Neurology. 2004;3(3):184-90.

12. Francis PT. The interplay of neurotransmitters in Alzheimer’s disease. CNS 
spectrums. 2005;10(S18):6-9.

13. Heppner FL, Ransohoff RM, Becher B. Immune attack: The role of inflammation 
in Alzheimer disease. Nature Reviews Neuroscience. 2015;16(6):358-72.

14. Mullane K, Williams M. Preclinical Models of Alzheimer’s Disease: Relevance 
and Translational Validity. Current Protocols in Pharmacology. 2019;84(1):e57.

15. Pangalos MN, Schechter LE, Hurko O. Drug development for CNS disorders: 
Strategies for balancing risk and reducing attrition. Nature Reviews Drug 
Discovery. 2007;6(7):521-32.

16. Reardon S. Frustrated Alzheimer’s researchers seek better lab mice. Nature. 
2018;563(7731):611-3.

17. Veening-Griffioen DH, Ferreira GS, Meer PJ, Boon WP, Gispen-de WCC, Moors 
EH, et al. Are some animal models more equal than others? A case study on 
the translational value of animal models of efficacy for Alzheimer’s disease. 
European Journal of Pharmacology. 2019;859:172524.

18. Bastian M, Heymann S, Jacomy M. Gephi: An open source software for 
exploring and manipulating networks. Proceedings of the Third International 
ICWSM Conference. 2009;8(2009):361-2.

19. Consoli D, Mina A, Nelson RR, Ramlogan R. Medical Innovation: Science, 
technology and practice. Taylor and Francis; 2015.

20. Dosi G. Technological Paradigms and Technological Trajectories: Suggested 
Interpretation of the Determinants and Directions of Technical Change. 
Research Policy. 2004;11(3):147-62.



Schilder, et al.: Pathways in the Drug Development for Alzheimer’s Disease 

Journal of Scientometric Research, Vol 9, Issue 3, Sep-Dec 2020 291

21. Leydesdorff L, Rotolo D, Rafols I. Bibliometric perspectives on medical 
innovation using the medical subject Headings of PubMed. Journal of the 
American Society for Information Science and Technology. 2012;63(11):2239-53.

22. Lundberg J, Fransson A, Brommels M, Skår J, Lundkvist I. Is it better or just 
the same? Article identification strategies impact bibliometric assessments. 
Scientometrics. 2006;66(1):183-97.

23. Hill RG. Drug Discovery and Development: Technology in Transition. Elsevier 
Health Sciences. 2012.

24. Karran E, Hardy J. A critique of the drug discovery and phase 3 clinical programs 
targeting the amyloid hypothesis for Alzheimer disease. Annals of neurology. 
2014;76(2):185-205.

25. Silber BM. Driving Drug Discovery: The Fundamental Role of Academic Labs. 
Science Translational Medicine. 2010;2(30).

26. Batagelj V. Efficient algorithms for citation network analysis. University of 
Ljubljana, Institute of Mathematics, Physics and Mechanics Department of 
Theoretical Computer Science, Preprint Series. 2003;41:897.

27. Batagelj V, Doreian P, Ferligoj A, Kejzar N. Understanding large temporal 
networks and spatial networks: Exploration, pattern searching, visualization and 
network evolution. John Wiley and Sons; 2014.

28. Liu JS, Lu LYY. An integrated approach for main path analysis: Development of 
the Hirsch index as an example. Journal of the American Society for Information 
Science and Technology. 2012;63(3):528-42.

29. Waltman L, Eck NJV. A smart local moving algorithm for large-scale modularity-
based community detection. The European Physical Journal B. 2013;86(11):471.

30. Fortunato S, Hric D. Community detection in networks: A user guide. Physics 
Reports. 2016;659:1-44.

31. Eck NJV, Waltman L. Citation-based clustering of publications using CitNet 
Explorer and VOS viewer. Scientometrics. 2017;111(2):1053-70.

32. Joachims T. A Probabilistic Analysis of the Rocchio Algorithm with TFIDF for 
Text Categorization. Carnegie Mellon University, School of Computer Science. 
CMU-CS-96. 1996;118.

33. Salton G, Buckley C. Term-weighting approaches in automatic text retrieval. 
Information Processing and Management. 1988;24(5):513-23.

34. Popescul A, Ungar L. Automatic labeling of document clusters. Unpublished 
manuscript. 2000. available at ftp://ftp.cis.upenn.edu/pub/datamining/public_
html/Publications/labels.pdf.

35. Egghe L, Rousseau R. Partial orders and measures for language preferences. 
Journal of the American Society for Information Science. 2000;51(12):1123-30.

36. Rinia EJ, Leeuwen V, Bruins TN, Vuren EEW, Raan HG. Measuring knowledge 
transfer between fields of science. Scientometrics. 2002;54:347-62.

37. Hofer K, Smejkal A, Bilgin F, Wuehrer G. Conference proceedings as a matter 
of bibliometric studies: The Academy of International Business 2006–2008. 
Scientometrics. 2010;84(3):845-62.

38. Leydesdorff L, Zhou P. Co-word analysis using the Chinese character set. 
Journal of the American Society for Information Science and Technology. 
2008;59(9):1528-30.

39. Milojević S, Sugimoto CR, Yan E, Ding Y. The cognitive structure of Library and 
Information Science: Analysis of article title words. Journal of the American 
Society for Information Science and Technology. 2011;62(10):1933-53. 

40. Salton G, McGill MJ. Introduction to modern information retrieval. McGraw-Hill 
Book Company, New York. 1986.

41. Callon M, Courtial JP, Laville F. Co-Word Analysis as a Tool for Describing the 
Network of Interactions between Basic and Technological Research: The Case 
of Polymer Chemistry. Scientometrics. 1991;22(1):155-205.

42. Bartus RT, Dean RL, Beer B, Lippa AS. The cholinergic hypothesis of geriatric 
memory dysfunction. Science. 1982;217(4558):408-14.

43. Hardy J, Higgins G. Alzheimer’s disease: The amyloid cascade hypothesis. 
Science. 1992;256(5054):184-5.

44. Gold M. Phase II clinical trials of anti–amyloid β antibodies: When is enough, 
enough?. Alzheimer’s and Dementia: Translational Research and Clinical 
Interventions. 2017;3(3):402-9.

45. Schneider LS, Mangialasche F, Andreasen N, Feldman H, Giacobini E, Jones R, 
et al. Clinical trials and late‐stage drug development for Alzheimer’s disease: An 
appraisal from 1984 to 2014. Journal of Internal Medicine. 2014;275(3):251-83.

46. Begum M, Lewison G, Wölbert E, Brigham KB, Darlington M, Durand-Zaleski I, 
et al. Mental health disorders research in Europe, 2001–2018. Evidence-Based 
Mental Health. 2020;23(1):15-20.

47. Dong R, Wang H, Ye J, Wang M, Bi Y. Publication trends for Alzheimer’s disease 
worldwide and in China: A 30-year bibliometric analysis. Frontiers in Human 
Neuroscience. 2019;13.

48. Kostoff RN. Treatment Protocol for Preventing and Reversing Alzheimer’s 
Disease (AD). Journal of Sciientometric Research. 2018;7(1):45-7.

49. Lee D, Kim WC, Charidimou A, Song M. A Bird’s-Eye View Of Alzheimer’s 
Disease Research: Reflecting Different Perspectives of Indexers, Authors, or 

Citers in Mapping the Field. Journal of Alzheimer’s Disease. 2015;45(4):1207-
22.

50. Serrano-Pozo A, Aldridge GM, Zhang Q. Four decades of research in Alzheimer’s 
disease (1975–2014): A bibliometric and scientometric analysis. Journal of 
Alzheimer’s Disease. 2017;59(2):763-83.

51. Behl C. Amyloid in Alzheimer’s disease: Guilty beyond reasonable doubt?. 
Trends in Pharmacological Sciences. 2017;38(10):849-51.

52. Panza F, Lozupone M, Logroscino G, Imbimbo BP. A critical appraisal of amyloid-
β-targeting therapies for Alzheimer disease. Nature Reviews Neurology. 
2019;15(2):73-88.

53. Selkoe DJ, Hardy J. The amyloid hypothesis of Alzheimer’s disease at 25 years. 
EMBO Molecular Medicine. 2016;8(6):595-608.

54. Tse KH, Herrup K. Re‐imagining Alzheimer’s disease–the diminishing importance 
of amyloid and a glimpse of what lies ahead. Journal of Neurochemistry. 
2017;143(4):432-44.

55. Morris GP, Clark IA, Vissel B. Questions concerning the role of amyloid-β 
in the definition, aetiology and diagnosis of Alzheimer’s disease. Acta 
Neuropathological. 2018;136(5):663-89.

56. Whitehouse PJ. The end of Alzheimer’s disease: From biochemical 
pharmacology to ecopsychosociology: A personal perspective. Biochemical 
Pharmacology. 2014;88(4):677-81.

57. Mandavilli A. The amyloid code. Nature Medicine. 2006;12:747-9.
58. Mullane K, Williams M. Alzheimer’s therapeutics: Continued clinical failures 

question the validity of the amyloid hypothesis—but what lies beyond?. 
Biochemical Pharmacology. 2013;85(3):289-305.

59. Mullane K, Williams M. Alzheimer’s disease (AD) therapeutics–2: Beyond 
amyloid–re-defining AD and its causality to discover effective therapeutics. 
Biochemical Pharmacology. 2018;158:376-401.

60. Butterfield DA, Halliwell B. Oxidative stress, dysfunctional glucose metabolism 
and Alzheimer disease. Nature Reviews Neuroscience. 2019;20(3):148-60.

61. Cline EN, Bicca MA, Viola KL, Klein WL. The amyloid-β oligomer 
hypothesis: Beginning of the third decade. Journal of Alzheimer’s Disease. 
2018;64(s1):S567-610.

62. Liu PP, Xie Y, Meng XY, Kang JS. History and progress of hypotheses and 
clinical trials for Alzheimer’s disease. Signal Transduction and Targeted Therapy. 
2019;4(1):1-22.

63. Tolar M, Abushakra S, Sabbagh M. The path forward in Alzheimer’s disease 
therapeutics: Reevaluating the amyloid cascade hypothesis. Alzheimer’s and 
Dementia. 2019. DOI: 10.1016/j.jalz.2019.09.075

64. Egan MF, Kost J, Tariot PN, Aisen PS, Cummings JL, Vellas B, et al. Randomized 
trial of verubecestat for mild-to-moderate Alzheimer’s disease. New England 
Journal of Medicine. 2018;378(18):1691-703.

65. Honig LS, Vellas B, Woodward M, Boada M, Bullock R, Borrie M, et al. Trial 
of solanezumab for mild dementia due to Alzheimer’s disease. New England 
Journal of Medicine. 2018;378(4):321-30.

66. Ostrowitzki S, Lasser RA, Dorflinger E, Scheltens P, Barkhof F, Nikolcheva T, 
et al. A phase III randomized trial of gantenerumab in prodromal Alzheimer’s 
disease. Alzheimer’s Research and Therapy. 2017;9(1):95.

67. Bejanin A, Schonhaut DR, La JR, Kramer JH, Baker SL, Sosa N, et al. Tau 
pathology and neurodegeneration contribute to cognitive impairment in 
Alzheimer’s disease. Brain. 2017;140(12):3286-300.

68. Congdon EE, Sigurdsson EM. Tau-targeting therapies for Alzheimer disease. 
Nature Reviews Neurology. 2018;14(7):399-415.

69. Ahmad MH, Fatima M, Mondal AC. Influence of microglia and astrocyte activation 
in the neuroinflammatory pathogenesis of Alzheimer’s disease: rational insights 
for the therapeutic approaches. Journal of Clinical Neuroscience. 2019;59:6-11.

70. Kaur D, Sharma V, Deshmukh R. Activation of microglia and astrocytes: A roadway 
to neuroinflammation and Alzheimer’s disease. Inflammopharmacology. 2019;1-
5.

71. Kisler K, Nelson AR, Montagne A, Zlokovic BV. Cerebral blood flow regulation 
and neurovascular dysfunction in Alzheimer disease.  Nature Reviews 
Neuroscience. 2017;18(7):419.

72. Brothers HM, Gosztyla ML, Robinson SR. The physiological roles of amyloid-β 
peptide hint at new ways to treat Alzheimer’s disease. Frontiers in Aging 
Neuroscience. 2018;10:118.

73. Gosztyla ML, Brothers HM, Robinson SR. Alzheimer’s amyloid-β is an 
antimicrobial peptide: A review of the evidence. Journal of Alzheimer’s Disease. 
2018;62(4):1495-506.

74. Martinelli A, Nomaler Ö. Measuring knowledge persistence: A genetic 
approach to patent citation networks. Journal of Evolutionary Economics. 
2014;24(3):623-52.

75. Lathabai HH, George S, Prabhakaran T, Changat M. An integrated approach to 
path analysis for weighted citation networks. Scientometrics. 2018;117(3):1871-
904.



Schilder, et al.: Pathways in the Drug Development for Alzheimer’s Disease 

292 Journal of Scientometric Research, Vol 9, Issue 3, Sep-Dec 2020

GLOSSARY

Acetylcholinesterase inhibitor

Compound that inhibits the cholinesterase enzyme from 
breaking down the neurotransmitter acetylcholine in the brain, 
increasing both the level and duration of the neurotransmitter 
action.

Amyloid-beta

Protein that constitutes the main component of plaques found 
in the brains of people with Alzheimer’s Disease. Amyloid-
beta is formed by the cleavage of the amyloid precursor protein 
(APP) by the enzymes gamma secretase and beta secretase. 

Amyloid cascade hypothesis 

Concept on the cause of Alzheimer’s Disease stating that the 
accumulation of the protein amyloid-beta in the brain – due 
to an imbalance in its production and clearance – forms the 
initiating step in the development of Alzheimer’s Disease. 
This is followed by the formation of neurofibrillary tangles 
and subsequent onset of neuronal dysfunction and loss.

Amyloid precursor protein (APP)

Precursor protein that generates amyloid-beta when cleaved 
by the enzymes gamma secretase and beta secretase.

Cholinergic hypothesis

Concept on the cause of Alzheimer’s Disease stating that 
the dysfunction of neurons containing the neurotransmitter 
acetylcholine leads to cognitive decline. 

Cholinergic system 

System of the brain constituting of neurons using the 
neurotransmitter acetylcholine to send its messages. The 
system is involved in the regulation of attention and higher-
order cognitive processing. Alzheimer’s Disease is associated 
with the dysfunction and loss of neurons part of the cholinergic 
system.

Drug development process 

Long-term problem-solving process involving the interplay 
of the fundamental, preclinical and clinical research domains. 

Clinical research 

Research domain conducting clinical trials for the assessment 
of the safety and efficacy of a drug in humans

Fundamental research 

Research domain that aims to unravel the underlying cause of 
diseases, contributing to the identification of potential drug 
targets.

Neurofibrillary tangles 

Aggregations of hyperphosphorylated tau protein found in 
the brains of people with Alzheimer’s Disease.

Plaques 

Extracellular deposits of the protein amyloid-beta found in the 
brains of people with Alzheimer’s Disease.

Preclinical research

Research domain that validates drug targets by testing the 
safety and efficacy of a compound in a laboratory vessel or 
other controlled experimental environment (in vitro) and in 
living (non-human) organisms (in vivo). 

Presenilin 

Sub-component of the enzyme gamma secretase that is 
responsible for the cutting of the amyloid precursor protein 
(APP).

Tau

Protein that is the component of neurofibrillary tangles found 
in the brains of people with Alzheimer’s Disease.

Transgenic (mice) model 

Genetically modified animal models.


