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Abstract 

Background: Failures in cancer drug development impose heavy burdens on patients, 

researchers, industry, and funders. Burdens in targeted drug development could be mitigated if 

investigators efficiently integrated not only trial outcomes, but also evidence for underlying 

pathophysiological hypotheses of drugs tested. However, little is known about how clinical 

trials testing different drugs with the same targets learn from each other’s failures and successes. 

The goal of this project was: a) to map the total patient burden and benefit of trials testing one 

failed drug development paradigm that showed particular perseverance (Vascular Endothelial 

Growth Factor [VEGF]-inhibition in breast cancer), and b) to describe the production and 

uptake of evidence from related clinical trials and address why the research agenda persisted 

despite limited evidence. 

Methods: We searched in the Embase and MEDLINE databases on February 9, 2017 for 

clinical trials testing VEGF inhibitors against breast cancer. We measured risk using drug-

related serious adverse events (SAEs) Grade 3 or higher, benefit by objective response rate 

(ORR) and survival advantage versus a comparator arm, as well as trial outcomes by whether 

studies met their primary endpoint with acceptable toxicity. We assessed citation bias by 

comparing the number of cited earlier reports with the number of overall citable earlier reports 

within the trial reports included. 

Results: Up to February 2017, the VEGF inhibition paradigm in breast cancer consisted of 146 

trials of 19 drugs that enrolled 17,924 patients. 6,441 patients receiving a VEGF inhibitor 

experienced ORR (46% of intent-to-treat population, 95% confidence interval [CI]: 45.1% to 

46.8%), 114 died from drug-related toxicities (0.64%, 95% CI: 0.53% to 0.77%), at least 5448 

experienced Grade 3–4 SAEs (30.4%, 95% CI: 29.7% to 31.1%). No trial showed a survival 

advantage for any VEGF inhibitor. Risk and benefit remained stable over the course of the 

paradigm suggesting little treatment optimization. Trials cited on average 5.38 prior reports 

within the set (12.6% of those available). Patients in positive trials were 2.4 times more likely 

to be cited in the discussion sections of subsequent reports than patients in non-positive trials. 

Citation bias did not diminish over the course of the paradigm’s testing. Fifty-seven (39%) of 

the trials cited reports that tested a different VEGF inhibitor. 

Conclusion: The paradigm of VEGF inhibition in breast cancer posed substantial patient 

burdens and did not provide survival benefit. Citation bias and limited learning between trials 

of different drugs of the same class may have contributed to its perseverance. 
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Zusammenfassung 

Hintergrund: Misserfolge bei der Entwicklung von Krebsmedikamenten belasten Patienten, 

Forschung, Industrie und Geldgeber erheblich. Diese Last könnte bei der Entwicklung von 

zielgerichteten Medikamenten reduziert werden, indem die Forschung nicht nur 

Studienergebnisse, sondern auch Erkenntnisse zu den pathophysiologischen Hypothesen der 

getesteten Arzneimittel effizient integriert. Es ist jedoch wenig darüber bekannt, wie klinische 

Studien, in denen verschiedene Medikamente mit dem gleichen Wirkmechanismus getestet 

werden, aus den Misserfolgen und Erfolgen von Studien der gleichen Klasse lernen. Das Ziel 

dieses Projekts war es: a) Patientenlast und -nutzen klinischer Studien einer gescheiterten 

Medikamentenklasse, die besondere Beharrlichkeit gezeigt hat (Vascular Endothelial Growth 

Factor [VEGF]-Inhibition bei Brustkrebs) zu quantifizieren b) die Produktion und Integration 

von Evidenz aus miteinander verwandten klinischen Studien zu beschreiben und zu erörtern, 

warum die Forschungsagenda trotz begrenzter Evidenz vorangetrieben wurde. 

Methoden: Am 9. Februar 2017 wurden die Datenbanken Embase und MEDLINE nach 

klinischen Studien durchsucht, die VEGF-Inhibitoren in Brustkrebs untersuchten. Patientenlast 

wurde anhand von Serious Adverse Events (SAEs) Grad 3 oder höher bestimmt, 

Patientennutzen anhand von Objective Response Rate (ORR) sowie Überlebensvorteil 

gegenüber einem Vergleichsarm. Studienerfolg wurde durch das Erreichen des primären 

Endpunktes bei akzeptabler Toxizität definiert. Zitationsbias wurde gemessen, indem die 

Anzahl der zitierten vorangegangenen Studien mit der Anzahl der insgesamt zitierfähigen 

Studien in dem eingeschlossenen Set verglichen wurden.  

Ergebnisse: Das Entwicklungsparadigma der VEGF-Inhibition bei Brustkrebs bestand bis 

Februar 2017 aus 146 Studien mit 19 Arzneimitteln die 17.924 Patienten einschlossen. 6441 

Patienten, die einem VEGF-Inhibitor ausgesetzt wurden, zeigten Objective Response (46% der 

intent-to-treat population, 95% Konfidenzintervall [CI]: 45,1% bis 46,8%), 114 starben an 

arzneimittelbedingten Nebenwirkungen (0,64%, 95% CI: 0,53 % bis 0,77%) und mindestens 

5448 erlitten medikamentenbedingte Nebenwirkungen Grad 3–4 (30,4%, 95% CI: 29,7% bis 

31,1%). Keine Studie zeigte einen Überlebensvorteil für einen VEGF-Inhibitor. Risiko und 

Nutzen blieben im Verlauf des Entwicklungsparadigmas konstant, was darauf hindeutet, dass 

wenig Optimierung der Therapie stattfinden konnte. Studien zitierten durchschnittlich 5,38 

frühere Studien innerhalb des Samples (12,6% der verfügbaren Studienberichte). Patienten in 

positiven Studien wurden in den Diskussionsabschnitten nachfolgender Studien 2,4-mal 

häufiger zitiert als Patienten in nicht-positiven Studien. Der Zitationsbias hat im Verlauf des 



7 

 

Paradigmas nicht abgenommen. Siebenundfünfzig (39%) Studien zitierten frühere 

Studienberichte, in denen ein anderer VEGF-Inhibitor getestet wurde.  

Schlussfolgerung: Das Entwicklungsparadigma der VEGF-Inhibition bei Brustkrebs war mit 

einer erheblichen Patientenlast verbunden und zeigte keinen Überlebensvorteil für einen 

VEGF-inhibitor. Zitationsbias und eingeschränkter Erkenntnisgewinn aus Arzneimittelstudien 

mit anderen Substanzen derselben Klasse haben möglicherweise zu Beharrlichkeit des 

Paradigmas beigetragen. 
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1. Introduction 

1.1  Drug development and pharmacological paradigms 

Drug development is usually conceptualized as a sequential process (1) in which new drugs are 

developed in vitro based on pharmacologic mechanisms and they are subsequently tested in 

vivo. Ultimately, drugs are tested in clinical trials, which primarily aim at confirming whether 

a drug or intervention has a clinical impact - for example, whether the drug will extend survival 

in cancer patients. Many oncological drugs are developed to target a specific biological 

pathway. The belief that a given biological pathway is involved in the pathogenesis of a disease 

and represents a viable target for drug interventions can be termed as a pharmacological or drug 

development “paradigm”. A poor understanding of pathophysiological processes has been 

described as a main reason why drug development fails (1). However, going through the 

different phases of clinical development, trials also generate information about underlying 

pathophysiological processes and pharmacology. Outcomes of drug trials targeting the same 

pathway can further the understanding of the drug development paradigm - especially if there 

are pharmacodynamic markers to correlate molecular and disease response (2). Success of a 

drug against a given disease provides grounds for believing that other drugs in the same class 

may have similar success. The failure of several drugs in a class against a disease suggests a 

disconnect between the drugs’ biological properties and the processes driving disease. 

Nowadays, when trials are planned based on a molecular understanding of disease, it is crucial 

that research systems efficiently integrate not merely the clinical implications of trial outcomes, 

but also the implications for a pathophysiological hypothesis.  

The success rate of oncology drug development is particularly low, as compared to other 

clinical areas. As an example, the estimated likelihood of approval from phase 1 is 7% in 

oncology, as opposed to 17% in infectious diseases (3). Several possible causes have been 

identified, such as high regulatory hurdles for new drugs (3), bias to publish positive results 

(4,5), and clinical trials designs that are insufficient, failing to acknowledge the limitations of 

efficacy observed in animal studies (6).   

Previous studies (7) suggested that – in many cases – drug developers commit substantial 

resources toward drug development paradigms. While these commitments sometimes bear fruit 

in terms of clinical impact, in many cases they do not, and such efforts can impose heavy 

expenses and patient burden. One way such burdens can be mitigated and forestalled is if other 

efforts in a drug development paradigm build off earlier findings in trials in an attempt to 

validate the paradigm and extend the knowledge of biological mechanisms of action.  
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1.2  The case of Vascular Endothelial Growth Factor inhibition in breast cancer  

In this study, we characterized the expense and burden associated with efforts aimed at 

clinically validating one highly influential but ultimately unsuccessful paradigm in cancer drug 

development: Vascular Endothelial Growth Factor (VEGF) inhibition for the treatment of 

breast cancer.  

Angiogenesis inhibition has been suggested and tested as a treatment in cancer for more than 

30 years (8). In particular, the VEGF pathway has been studied extensively and is the main 

target for most therapies. However, in breast cancer, the hypothesis that VEGF inhibition  

improves relevant patient outcomes has been questioned (9) after a number of phase 3 studies 

failed to demonstrate its efficacy on patient relevant outcomes (10,11). The biological and 

mechanistic underpinning of the VEGF inhibition paradigm also came under attack: one 

preclinical study hypothesized that VEGF inhibition had a role to play in promoting tumor 

progression (12), while another demonstrated that a specific VEGF inhibitor, sunitinib, 

accelerated metastatic tumor growth and decreased overall survival (OS) in mice (13). 

Bevacizumab (AVASTIN®), a monoclonal antibody against VEGF-A, is the most prominent 

and widely tested VEGF inhibitor for breast cancer. It has also been approved for a range of 

other cancers including renal cancer, glioblastoma and non-small-cell lung cancer (14–16). It 

was granted accelerated approval for first-line treatment of metastatic breast cancer in 

combination with paclitaxel by the FDA in 2008 because of promising findings on the surrogate 

endpoint progression free survival (PFS) observed in one phase 3 trial (17). However, this 

approval was withdrawn in 2011 (18) because subsequent randomized trials and follow-up of 

the original study demonstrated that bevacizumab did not improve OS, while it substantially 

increased the serious adverse event rate in this population (19). The question of whether 

bevacizumab provides benefit to breast cancer patients remains controversial. Use of 

bevacizumab in breast cancer declined (20), although the Centers for Medicare and Medicaid 

Services issued a policy that still allows for the reimbursement of the drug in this indication. 

Genentech, the company that developed AVASTIN® (bevacizumab) announced more phase 3 

trials “that may help identify which people might derive a more substantial benefit from 

Avastin” right after the FDA’s decision to revoke approval (21). A more recent review found 

that despite the announcement, the research agenda on bevacizumab in metastatic breast cancer 

largely halted (22). 

Sunitinib, another VEGF inhibitor that underwent testing in breast cancer, showed promising 

results in phase 2 but did not demonstrate efficacy in multiple phase 3 trials in metastatic breast 
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cancer (23,24). Currently, no VEGF inhibitor is FDA-approved for the treatment of breast 

cancer.  

However, little is known about how clinical research activity as well as patient risk and benefit 

developed over the course of the VEGF paradigm in breast cancer. It remains unclear if 

investigators learned from failures and successes with other drugs targeting the same pathway 

and how much they built on prior findings in general. In the following, we apply systematic 

review and citation analysis methods to offer a new perspective on answering these questions. 

1.3  Citation analysis to understand learning within a drug development paradigm 

Citation analysis is the “examination of the frequency, patterns, and graphs of citations in 

documents. It uses the pattern of citations, links from one document to another document, to 

reveal properties of the documents.” (25). Citation analysis has been used in different ways to 

better understand inefficiencies in knowledge creation and to explore whole belief systems in 

many areas of science. Some examples include a study by Trinquart et al. that used network 

analysis to assess the patterns of citations among reports on the effect of sodium intake on 

cerebro-cardiovascular disease or mortality and found a strong polarization (26). Greenberg 

identified citation distortions as the major driver for unfounded authority in the β amyloid 

hypothesis in inclusion body myositis (27). 

Often, the amount of available and citable research in a given field exceeds the number of 

studies that are feasible for citation. Authors need to select prior evidence they cite in one way 

or another. If this selection takes place based on the directionality or results, citation bias occurs 

(27). Citation bias is common in many disciplines (28) and adds to the burden of other biases 

like publication bias (29) and reporting bias. A recent review of multiple citation networks 

found that not only the directionality of study outcomes, but also the authority of the author, 

and the journal impact factor were positively associated with the probability of citation (30). It 

has been shown that randomized clinical trials a) tend to cite a small proportion of prior relevant 

trial reports (31) and b) tend to cite a biased set of prior trial reports (32–35). It is important to 

note that biased citations are likely to track actual biases researchers hold when conceptualizing, 

planning and conducting clinical trials. Hence, it is not the citation per se that is the problem, 

but what the citation practices reveal.  

Citation bias as a specific form of evidence distortion not only disregards the contributions 

patients make when participating in clinical research and taking experimental drugs or 

undergoing not yet proven interventions but may also contribute to the prolongation of failing 
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paradigms and belief systems. It is not yet known if and how selective citations contributed to 

the perseverance of the VEGF inhibition paradigm in breast cancer. 

 

2. Aims of the study 

Our primary objectives were, firstly, to describe and map the volume and temporal dynamics 

of trial activities, patient burden, benefit and risk over the lifetime of a cancer drug development 

paradigm that showed particular perseverance, namely VEGF inhibition in breast cancer, and 

secondly, to explore and describe possible reasons as to why the research agenda around the 

drug development paradigm persisted despite contradicting evidence becoming available. 

A secondary objective was to use patient numbers as a metric to measure the extent to which 

patient samples influenced the course of the research agenda, depending on whether those 

samples resulted in negative, positive or inconclusive trials.  

 

Hypotheses 

We expected to observe a significant patient burden, as well as a high number of both single 

drugs tested and trial reports published in exploring this exemplarily unsuccessful drug 

development paradigm. We also expected different forms of citation bias that potentially 

prolonged the research agenda. We believed that trial reports: 

a) Generally, only cite a small portion of the available evidence in the form of earlier trial 

reports of VEGF inhibitors in breast cancer; 

b) Often cite a biased subset of available trials; 

c) Focus citations on the same compound and not on other drugs that fall within the anti-

VEGF paradigm. 

We hypothesized that patients in negative and inconclusive studies had less influence over the 

development process than patients within positive trials. We expected that over time, citation 

bias would diminish as scientists become aware of the insuperable challenges in exploiting 

VEGF inhibition for the management of breast cancer. Finally, we expected to observe a 

significant number of duplicative trials or trials with accrual failure (trials of limited value).   
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3.  Methods 

3.1 Methods overview  

We collected all clinical trials testing the paradigm of VEGF inhibition as treatment for breast 

cancer. We extracted key information about design, safety, efficacy, outcomes and timing. We 

assessed patient burden using drug-related deaths and serious adverse events that are Grade 3 

or higher (defined by the Common Terminology Criteria for Adverse Events [CTCAE] criteria) 

(36). Benefit was assessed through Objective Response Rates (ORR) defined as the proportion 

of confirmed complete and partial responses, according to Response Evaluation Criteria in 

Solid Tumours (RECIST) (37) as well as OS described in published reports. We further 

assessed the number of trials with “limited” value occurring within the paradigm by assessing 

accrual failure and duplicated study designs. Through the analysing of citation patterns within 

the set of published trial reports, we were able to measure the degree with which subsequent 

trials built on prior evidence. Citation bias for each trial report was measured in different ways: 

a) based on the proportion of cited reports (negative/positive/inconclusive) vs. the 

proportion of citable reports (negative/positive/inconclusive) up to one year before date 

of publication. 

b) based on the proportion of cited patients (included in negative/positive/inconclusive 

studies) vs. the proportion of total citable patients (included in 

negative/positive/inconclusive studies) up to one year before date of publication. 

  

Citation analyses were done both for each single trial to show a time dynamic and as cumulative 

analysis to show bias within the paradigm of VEGF inhibition in breast cancer as a whole. 

Moreover, we compared the total number of citations of reports testing the same compound 

with citations of reports testing another VEGF inhibitor in breast cancer. We also recorded 

citations to trials of VEGF inhibitors in other indications to test if and how investigators took 

drug development in other diseases into account. 

 

We created an index of the proportion of patients whose contributions are eligible citations 

(Citable Patient Index: CPI) to probe if the data generated by patients in negative studies have 

less influence over the translation trajectory than the data generated by patients within positive 

trials. The protocol for this study was timestamped on February 17, 2017. It can be retrieved on 

the Open Science Framework (38). 
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3.2 Literature search 

We identified eligible drugs by consolidating recent reviews (defined as reviews on VEGF 

inhibition in breast cancer published between 2010 and 2016, search via Web of Science) (39–

43) and extracted any agent identified as a VEGF inhibitor. Additionally, we searched for 

further VEGF inhibitors by screening the clinical drug development database “Pharma 

Projects” by Pharma Intelligence (44) for “VEGF inhibitors” developed for breast cancer. 

We then conducted a search of the Medline and Embase databases on February 9, 2017, using 

names and variations of names of the compounds previously identified and MeSH terms 

including variations of “clinical trial” or “randomized controlled trial” or other keywords 

associated with clinical trial design. No date restrictions were applied. Our complete search 

strategy can be found in Appendix 1. 

 

3.3 Data extraction 

3.3.1 Eligibility 

We manually screened the results of the literature search for trials that met the following 

inclusion and exclusion criteria. 

 

Inclusion criteria: 1) primary data, 2) full-text publication, 3) English language, 4) final report, 

5) interventional trial, 6) examination of one of the prespecified drugs as monotherapy or 

combination therapy, 7) tested in any type of breast cancer. 

 

Exclusion criteria: 1) secondary reports or interim results, 2) meta-analyses/systematic 

reviews, 3) retrospective or observational studies, 4) laboratory studies of ex vivo human 

tissues, 5) preclinical studies, 6) letters, editorials, guidelines, interviews, 7) mixed malignancy 

studies, 8) treatments aimed at managing conditions other than cancer (e.g. pain, side effects); 

9) VEGF-inhibiting drug used but VEGF inhibition not invoked as rationale for trial, 10) 

VEGF-inhibiting drug is not standard of treatment, but intervention.  

 

All captured publications were consolidated into single studies (i.e., when there were multiple 

publications of the same study, these were consolidated as a single study). The date assigned to 

the consolidated study publication is the earliest date when the final report of the primary 

outcome was provided. 
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3.3.2 Data collection 

Extraction 

Our approach was adapted from previously published methods (7). For every trial, we recorded 

key information on demographics, methodology, safety and efficacy. We recorded the outcome 

of each study and applied the following criteria:  

• A “positive” trial meets its predefined primary efficacy endpoint with acceptable 

toxicity. 

• A “negative” trial does not meet its predefined primary efficacy endpoint, or an 

unacceptable level of toxicity is described. 

• An “inconclusive” trial either a) only investigates non-efficacy primary endpoints such 

as safety or pharmacokinetics or b) fails to reach at least 85% of its targeted enrolment 

for reasons other than futility or benefit (accrual failure). 

We additionally recorded citations between the predefined trials and noted whether a citation 

occurred in the introduction section, discussion section or both. Whenever an abstract of a 

potentially eligible study was cited, we recorded it and matched with identified trials. We noted 

the date when a potential abstract was published. We accounted for this earlier publication date 

in the citation analysis (see below). Our full codebook can be found in Appendix 2. 

All studies were extracted by two independent coders. Both coders underwent a period of 

training before extraction to ensure consistent quality. Disagreements were reconciled by 

discussion between coders. Extractions were carried out using Numbat Systematic Review 

Manager (45). All graphs are plotted, and all statistical inference performed using R v. 3.3.1 or 

higher using the packages ggplot v. 3.3.3 or higher (46), VisNetwork v. 2.0.9 or higher (47) and 

meta v. 4.16-2 or higher (48). 

 

3.4  Analysis and statistics 

3.4.1 Primary analysis 

Our primary objectives were: 

a) to describe and map the volume and temporal dynamics of trial activities, patient burden and 

benefit over the lifetime of the paradigm of VEGF inhibition in breast cancer. 

b) to analyse and explain possible reasons why the research agenda around the drug 

development paradigm persisted despite contradicting evidence becoming available. 

 

To map trial activities, we graphed AERO figures (49) in which the horizontal dimension 

represented time, and the vertical dimension the different drugs tested. Nodes were colored to 
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represent positive, negative or inconclusive trial results based on author prespecified primary 

endpoint. We also marked FDA approval and the withdrawal of approval for bevacizumab in 

breast cancer to see if these regulatory decisions had an influence on the number of trials 

initiated. This was done by analysing a potential increase/decrease in newly started trials in the 

following year of approval/disapproval. We further prepared an AERO diagram where the 

vertical axis represents drug classes which VEGF inhibitors were tested in combination with. 

This allowed us to examine which combinations were most recurrently tested. 

 

Quantification of total amount of patient burden and benefit: We measured patient burden 

using drug-related deaths and serious adverse events (SAEs) Grade 3 or higher according to the 

National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE) (36). 

To standardize the safety data across trials, we selected the most common side effect associated 

with VEGF inhibition in any given trial and recorded the number and frequency of that VEGF 

inhibitor-related adverse event. We then plotted the cumulative enrolment of patients in anti-

VEGF trials against cumulative treatment-related Grade 3–5 SAEs over time. 

 

To show how risks and benefits evolve over time, we plotted cumulative rates of Grade 3-5 

adverse events and objective responses (according to RECIST) (37) for monotherapy and 

combination therapy by trial phase against time, which had previously only been described for 

sorafenib (50). Cumulative objective response rates and proportions of serious adverse event 

with 95% confidence intervals were calculated as a random-effects model cumulative meta-

analysis of proportions, as implemented by the metaprop and metacum functions from the meta 

package in R. v. 4.16-2 or higher (48). 

 

We also plotted hazard ratios (HRs) of OS, where reported, for both monotherapy and 

combination therapy trials. All cumulative effect estimates were calculated using the 

DerSimonian and Laird random effects meta-analysis as implemented by the metagen function 

from the meta package in R. (48)  Survival data were collected from experiments with any non-

VEGF inhibitor comparator arm in which survival endpoints included all patients. 

 

Trials of limited value: We defined a trial to have “limited value” if it met one of the following 

conditions:  

(A) A phase 2 trial was of limited value if it was “potentially duplicative,” meaning that it 

matched a previous phase 2 trial in its phase, patient characteristics (based on 
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histopathology/subtype, biomarker eligibility, number of prior therapies and disease stage), and 

treatment regime (combination drug).  

(B) A trial was of limited value if it had recruitment failure. Recruitment failure was defined as 

any trial (phase 1 through 3) that failed to reach at least 85% of its targeted enrolment as defined 

by the authors in the methods section of the published trial report for reasons other than futility 

or benefit, based on trial report or registration. These methods were described earlier. (50)  

 

Assessing citation bias: We define citation bias as described in the Cochrane Collaboration 

Handbook as the following: “The citation or non-citation of research findings, depending on 

the nature and direction of the results.” (51). For any given report in the VEGF Inhibition 

paradigm in breast cancer, we assessed citation bias by comparing actually cited earlier reports 

with overall citable earlier reports within the studies included in this analysis (based on a one-

year grace period for non-citation). A citable earlier report for a given study is defined as any 

report within the network that released results (as full publication or abstract) at least 1 year 

ahead of publication of the given study. 

To detect citation bias in the drug development paradigm, we used different approaches: 

a) We calculated a Prior Research Citation Index (PRCI), adapted to the given set of trials 

from Robinson and Goodman (31). For each trial, the PRCI was calculated as the 

number of cited trials divided by the number of trials eligible to cite in the network. 

b) We compared the total number of citations of trials testing the same compound with 

citations of trials testing another VEGF inhibitor in breast cancer. 

c) We compared the proportion of citations of negative/positive/inconclusive earlier trials 

in any given trial with the proportion of negative/positive/inconclusive earlier trials 

eligible to be cited in the network. 

d) We compared the proportion of cited patients (included in 

negative/positive/inconclusive trials) with the proportion of total citable patients’ 

(included in negative/positive/inconclusive trials) earlier reports eligible to be cited in 

the network. 

We further prepared citation networks within our trial sample to probe characteristics of 

trials that had a disproportionate impact on the development trajectory of the paradigm. 

 

3.4.2 Secondary analyses 

The data derived from patients in negative and inconclusive studies may have less influence 

over the translation trajectory than the data derived from patients enrolled in positive trials. This 
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was evaluated as follows. For each trial, we created an index of the proportion of patients whose 

contributions are eligible citations (Citable Patient Index: CPI). The CPI is determined by:  

a) identifying all prior trials within the set of studies that made results available via full text 

publication or abstracts at least one year before publication date, and totalling the number of 

patients in each of those trials (Ep);  

b) identifying all trials actually cited in the discussion section, and totalling all the patients (Ap); 

Citable Patient Index (CPI) = Ap/Ep 

The Citable Patient Index for positive trials, CPI(+) can be calculated by restricting calculation 

of CPI to only prior positive studies. The Citable Patient Index for non-positive trials, CPI(not+) 

can be calculated by restricting calculation of CPI to only prior non-positive studies.  

 

We expected CPI(+) >> CPI(not+). 

 

We only took citations in the discussion section of each trial report into account, since 

theoretically a more balanced approach to the paradigm can be expected. The introduction needs 

to outline the reasoning behind conducting the trial and therefore refers more strongly to 

positive prior evidence. The discussion section, however, should place the study results in the 

context of available literature. 

 

Finally, we also screened trial reports for references to two publications that raised considerable 

caution regarding VEGF inhibition therapy for cancer. Paez-Ribes et al. hypothesized VEGF 

inhibition to potentially be a “driving force in tumor progression” (12) and Ebos et al. showed 

that the VEGF inhibitor sunitinib “can accelerate metastatic tumor growth and decrease OS in 

mice receiving short-term therapy in various metastasis assays” (13). 

We will explore whether these findings were referenced in subsequentially published trial 

reports of VEGF inhibition in breast cancer and analyse how they were discussed. 

 

3.5 Protocol deviations 

The following exploratory analyses were added after the study protocol was timestamped:  

a) Extraction and analysis of citations to VEGF inhibitor trials in indications different from 

breast cancer. 

b) Extraction and analysis of citations to preclinical studies critical of the VEGF 

hypothesis. 

Other protocol deviations include:  
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• We did not contact corresponding authors if exact enrolment dates were missing in 

published trial reports. Four included trials are missing an enrolment date. 

• We reduced the definition of “trials of limited value” and excluded the criterion of 

inappropriate follow-up of a phase 2 study. Including this criterion would have resulted 

in many more “trials of limited value”, since breast cancer is a very heterogenous 

disease. This deviation makes the number of studies with limited value a rather 

conservative figure. 

Two prespecified analyses were not conducted: analyses of citation bias based on Journal 

Impact Factor (JIF) and analyses of citation bias based on effect size of ORR. Lastly, 

differing from the prespecified protocol, after the pilot phase of this study was completed 

(after 20% of extractions), we did not determine one Adverse Event to be extracted across 

all included trials. We found AEs to be rather heterogenous across the set of included trials 

and could not single out one specific, consistently important AE for comparison.   
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4.  Results 

4.1 Drugs identified 

We identified a total of 19 VEGF inhibitors tested in the indication of breast cancer.  Those are: 

aflibercept, angiozyme, apatinib, axitinib, bevacizumab, carbozantinib, cediranib, dovitinib, 

foretinib, motesanib, nintedanib, orantinib, pazopanib, ramucirumab, semaxanib, sorafenib, 

sunitinib, tivozanib and vandetanib. Most of these drugs belong to the class of tyrosine-kinase 

inhibitors (TKIs). Ramucirumab and bevacizumab are monoclonal antibodies. Aflibercept is a 

recombinant fusion protein. Angiozyme is a ribozyme targeting pre-mRNA (see Figure 1 for a 

detailed overview of mechanisms of action along the VEGF signaling pathway). 

 

 

Figure 1 Overview of drugs identified as VEGF inhibitors tested in breast cancer and their 

mechanism of action. Bevacizumab is a monoclonal antibody (AB) targeting Vascular 

Endothelial Growth Factor (VEGF) A. Aflibercept is a fusion protein targeting VEGF-B. 

Ramucirumab is a monoclonal AB targeting VEGF receptor (VEGFR) 2. All other drugs 

identified target intracellular structures of the VEGF pathway. Most of them are small Tyrosine 

Kinase Inhibitors (TKIs) with varying affinities for VEGFR1, VEGFR2 and VEGFR3. 

Angiozyme is a ribozyme targeting pre-mRNA. Figure created by the author. 

 

Figure 2: Overview of drugs identified as VEGF inhibitors tested in breast cancer and their 

mechanism of action. Bevacizumab is a monoclonal antibody (AB) targeting Vascular 

Endothelial Growth Factor (VEGF) A. Aflibercept is a fusion protein targeting VEGF-B. 

Ramucirumab is a monoclonal AB targeting VEGF receptor (VEGFR) 2. All other drugs 
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4.2 Literature search  

In total, the literature search yielded 146 trials (10,17,23,24,52–193) that were included in the 

qualitative and quantitative analyses (see Figure 2, PRISMA diagram (194)).  

4.3 Drug, trial, and research programme characteristics 

Our search captured 146 trials of 19 drugs (see Table 1). These trials enrolled patients over a 

span of 14 years (1998-2012). Trials of bevacizumab, sunitinib or sorafenib were identified 

most often (128/146 trials, 88%). VEGF inhibitors for breast cancer were tested in combination 
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Records after duplicates removed  
(n = 1168) 
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(n = 1168)  

Records excluded  
(n = 960) 

Articles assessed for 
eligibility (full-text review) 

(n = 208) 

Full-text articles excluded, with 
reasons (n=62) 

(Secondary report/sub study: n= 15 
No full text: n= 15 

Observational study: n= 10 
No efficacy outcome: n= 9 

No primary data: n= 4 
Preliminary report: n= 2 

Retrospective study: n= 2 
Wrong indication: n= 1 

Review: n= 1 
Case study: n= 1 

Mixed malignancy study: n= 1 
Animal study: n= 1) 

Studies included in 
qualitative synthesis  

(n = 146) 

Studies included in 
quantitative synthesis 

(meta-analysis)  

(n = 146)  

Figure 2  PRISMA diagram of the literature search. 
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with other treatments (as opposed to monotherapy) in most of the trials (127/146 trials, 87%). 

Some of the included drugs were exclusively tested in combination therapy against breast 

cancer (motesanib, ramucirumab, axitinib, semaxinib, cediranib and tivozanib). 

 

Table 1 Number of trials per drug and other key characteristics. If multiple VEGF inhibitors 

were tested against each other in one trial, the drug described as standard of care was dismissed. 

Drug 

Number 

of trials 

in mono-

therapy 

Number of 

trials in 

combination 

therapy 

Study 

phase 
Sponsors 

FDA approval in 

other indications 

Bevacizumab 1 88 
Phase 

1 - 3 
Roche, Inc. 

Glioblastoma, 

cervical cancer (in 

combination), 

metastatic 

colorectal cancer 

(in combination), 

hepatocellular 

carcinoma (in 

combination), 

metastatic 

nonsquamous 

non-small-cell 

lung cancer (in 

combination), 

epithelial ovarian, 

fallopian tube or 

primary 

peritoneal cancer 

(in combination), 

metastatic renal 

cell cancer (in 

combination) 

Sunitinib 5 11 
Phase 

1 - 3 
Pfizer, Inc. 

Gastrointestinal 

stromal tumor, 

renal cell 

carcinoma, 

pancreatic 

neuroendocrine 

tumors 

Sorafenib 2 11 
Phase 

1 - 2 

Bayer AG, Onyx 

Pharmaceuticals 

Inc. 

Hepatocellular 

carcinoma, renal 

cell carcinoma, 

thyroid carcinoma 

Pazopanib 1 3 
Phase 

2 

GlaxoSmithKline 

plc. 

Renal cell 

carcinoma, soft 

tissue sarcoma 

Vandetanib 1 3 
Phase 

1 - 2 

AstraZeneca 

plc/AB, Sanofi 

S.A. 

Medullary thyroid 

cancer 



22 

 

Orantinib 1 2 
Phase 

2 

Pfizer, Inc., 

Taiho 

Pharmaceutical 

Co., Ltd. 

NA 

Apatinib 2 0 
Phase 

2 

Advenchen 

Laboratories, 

Jiangsu Hengrui 

Medicine, LSK 

BioPartners, 

Bukwang 

Pharmaceutical 

Company 

NA 

Nintedanib 1 1 
Phase 

1 - 2 

Boehringer 

Ingelheim 

International 

GmbH 

Fibrosing 

interstitial lung 

diseases, 

interstitial lung 

disease associated 

with systemic 

sclerosis or 

scleroderma (SSc-

ILD), idiopathic 

pulmonary 

fibrosis, non-

small-cell lung 

cancer (in 

combination) 

Motesanib 0 2 
Phase 

1 - 2 

Amgen Inc., 

Takeda 

Pharmaceutical 

Company 

Limited 

NA 

Ramucirumab 0 2 
Phase 

2 - 3 

Eli Lilly and 

Company 

Hepatocellular 

carcinoma, 

adenocarcinoma 

of the stomach or 

gastroesophageal 

junction (in 

combination and 

monotherapy), 

colorectal cancer 

(in combination), 

non-small-cell 

lung cancer (in 

combination) 

Aflibercept 1 0 
Phase 

2 

Sanofi S.A., 

Regeneron 

Pharmaceuticals, 

Inc. 

Colorectal Cancer 

(in combination), 

Wet Age-Related 

Macular 

Degeneration, 

Diabetic Macular 

Edema, Diabetic 
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Retinopathy in 

Patients with 

Diabetic Macular 

Edema 

Angiozyme 1 0 
Phase 

2 

Ribozyme 

Pharmaceuticals 

(renamed as 

Sirna 

Therapeutics) 

NA 

Cabozantinib 1 0 
Phase 

2 
Exelixis, Inc. 

Medullary thyroid 

cancer, renal cell 

carcinoma, 

hepatocellular 

carcinoma 

Dovitinib 1 0 
Phase 

2 

Novartis, Inc., 

Allarity 

Therapeutics A/S 

NA 

Foretinib 1 0 
Phase 

2 

Exelixis, Inc., 

GlaxoSmithKline 

plc. 

NA 

Axitinib 0 1 
Phase 

1/2 
Pfizer, Inc. 

Renal cell 

carcinoma 

(monotherapy and 

in combination) 

Cediranib 0 1 
Phase 

2 

AstraZeneca 

plc/AB 
NA 

Semaxinib 0 1 
Phase 

1 
SUGEN NA 

Tivozanib 0 1 
Phase 

1 

AVEO 

Pharmaceuticals, 

Inc. 

Renal cell 

carcinoma (only 

EMA approved) 

 

Most commonly, a VEGF inhibitor was combined with chemotherapy (110 trials, 86.6% of 

combination trials). The most frequently tested class of chemotherapy agents were taxanes (84 

trials), followed by antimetabolites (36 trials), alkylators (20 trials), platinum-based compounds 

(11 trials), vinca alkaloids (5 trials) and topoisomerase inhibitors (2 trials). 
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Table 2 Key characteristics of included VEGF trials in breast cancer divided by mode of 

treatment (monotherapy, combination therapy). 

Table 2 shows further key characteristics of the included trials. 17 out of 19 monotherapy trials 

were phase 2 studies (89.5%), while the picture for combination therapy trials is a bit more 

diverse, with 80 out of 127 (63%) in phase 2 and 25/127 (19.7%) in phase 3.  

Characteristic 
Monotherapy  

n (%) 

Combination 

therapy  

n (%) 

Number of trials 19 (13) 127 (87) 

Number of drugs tested 13 13 

Study enrolment  1998-2012 2000-2012 

Study phase Phase 1 0 (0) 13 (10.2) 

Phase 1/2 1 (5.3) 9 (7.1) 

Phase 2 17 (89.5) 80 (63) 

Phase 3 1 (5.3) 25 (19.7) 

Sponsor funded by industry 

only 
10 (52.6) 69 (54.3) 

entirely or partly 

funded by non-

industry 

7 (36.8) 45 (35.4) 

not stated 2 (10.5) 13 (10.2) 

Study centers single center 0 (0) 21 (16.5) 

multi center 18 (94.7) 95 (74.8) 

not stated 1 (5.3) 11 (8.7) 

Line of treatment first line 1 (5.3) 84 (66.1) 

not first line 18 (94.7) 43 (33.9) 

Involvement of 

surgical procedures 

neoadjuvant 1 (5.3) 29 (22.8) 

adjuvant 0 (0) 2 (1.6) 

no surgery 18 (94.7) 96 (75.6) 

Stage of disease metastatic 16 (84.2) 84 (66.1) 

not metastatic 1 (5.3) 31 (24.4) 

mixed 2 (10.5) 12 (9.5) 

Primary efficacy 

endpoint 

positive 4 (21.1) 50 (39.4) 

negative 13 (68.4) 38 (39.4) 

non-

efficacy/inconclusive 
2 (10.5) 39 (30.7) 
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When a VEGF inhibitor was tested as monotherapy, in about 95% of the trials this was a) not 

done as the first line of treatment and b) done in a metastatic setting. However, about a quarter 

of captured trials in combination therapy were tested in a group of patients with no metastases 

detected (31, 24.4%). 22.8% of combination trials formed part of a neoadjuvant treatment 

strategy, while we could identify only one such trial of monotherapy (5.3%). 

Trials of VEGF inhibitors for breast cancer met their primary efficacy endpoint in four out of 

19 included monotherapy trials (21%) and 50 out of 127 combination therapy trials (40%). 

About half of all trials captured are exclusively funded by industry (79, 54%) and the majority 

are conducted across multiple centres (113, 77.4%). 

Figure 3 AERO diagram for monotherapy trials ordered by enrolment date on the horizontal 

axis. Rectangular nodes indicate phase 1/2 trials, circular nodes indicate phase 2 trials, and 

triangular nodes indicate phase 3 trials. Green nodes indicate studies that reached their 

primary endpoint with acceptable toxicity (positive trials), yellow nodes indicate an 

inconclusive study due to accrual failure, and red nodes indicate trials that failed to achieve 

the primary endpoint or reported unacceptable toxicity (negative trials). White nodes are trials 

with non-efficacy primary endpoints such as safety or pharmacokinetics. The size of the nodes 

is proportionate to the number of patients included in the trial. Vertical dotted lines mark the 

accelerated approval of bevacizumab for metastatic breast cancer by the FDA in 2008 and the 

date when it was revoked again in 2011. 
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Figure 4 AERO diagram for combination therapy trials ordered by enrolment date on the 

horizontal axis. Rectangular nodes indicate phase 1/2 trials, circular nodes indicate phase 2 

trials, and triangular nodes indicate phase 3 trials. Green nodes indicate studies that reached 

their primary endpoint with acceptable toxicity (positive trials), yellow nodes indicate an 

inconclusive study due to accrual failure, and red nodes indicate trials that failed to achieve 

the primary endpoint or reported unacceptable toxicity (negative trials). White nodes are trials 

with non-efficacy primary endpoints such as safety or pharmacokinetics. The size of the nodes 

is proportionate to the number of patients included in the trial. The asterisk marks trials where 

no enrolment date was available. They are plotted using the publication date. Vertical dotted 

lines mark the accelerated approval of bevacizumab for metastatic breast cancer by the FDA 

in 2008 and the date when it was revoked again in 2011. 
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Figure 5 AERO diagram organized by combination classes tested, ordered by enrolment date 

on the horizontal axis. Rectangular nodes indicate phase 1/2 trials, circular nodes indicate 

phase 2 trials, and triangular nodes indicate phase 3 trials. Green nodes indicate studies that 

reached their primary endpoint with acceptable toxicity (positive trials), yellow nodes indicate 

an inconclusive study due to accrual failure, and red nodes indicate trials that failed to achieve 

the primary endpoint or reported unacceptable toxicity (negative trials). White nodes are trials 

with non-efficacy primary endpoints such as safety or pharmacokinetics. The size of the nodes 

is proportionate to the number of patients included in the trial. The asterisk marks trials where 

no enrolment date was available. They are plotted using the publication date. 

 

The AERO diagrams (Figures 3-5) illustrate a range of different dynamics in the development 

trajectory for anti-VEGF therapy in breast cancer. 

 

First, bevacizumab accounted for a disproportionate amount of activity in terms of clinical 

research in the indication of breast cancer (93 out of 146 trials), accounting for 63.7% of the 

overall research activities. Between 2008 and 2011, bevacizumab was approved by the FDA 

for the first line treatment of metastatic breast cancer in combination with paclitaxel (a taxane). 

As such, it was the only VEGF-inhibiting drug ever approved for breast cancer treatment. In at 

least 12 trials (8.2%) included in our analysis, bevacizumab served as the comparator and 

standard of care, sometimes even tested against other VEGF inhibitors (such as sunitinib, 

motesanib or sorafenib). We could identify only one monotherapy trial of bevacizumab, while 

the vast majority of this development paradigm was driven by combination therapy. Research 

activity of bevacizumab combination therapy enrolled 20,583 patients in 92 trials that started 

enrolment between 2000 and 2012. These trials represent 76.9% of the total number of patients 
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who were exposed to VEGF inhibitors in trials included in this study. Most of these trials were 

phase 2 trials using PFS (37), ORR (20), or pCR (19) as a primary endpoint. As indicated in the 

AERO diagrams, a substantial number of clinical trials testing combination therapies were 

launched upon the FDA approval of bevacizumab in 2008. In 2011, the FDA revoked the 

accelerated approval of the breast cancer indication for bevacizumab. Despite promising results 

from surrogate endpoints such as PFS, evidence that it would either help patients with breast 

cancer live longer (OS) or improve their quality of life did not manifest. 

The AERO diagrams reflect a sharp regression of newly initiated trials across all VEGF 

inhibitors after the FDA revoked the accelerated approval of the breast cancer indication for 

bevacizumab. Nevertheless, the use of bevacizumab in breast cancer remains controversial. 

Similarly to the FDA, the European Medicines Agency (EMA) has approved bevacizumab for 

the treatment of metastatic breast cancer in combination with Paclitaxel. However, the EMA 

never revoked its market authorization. 

Second, also in other drugs, combination therapy trials were more prevalent than monotherapy 

trials testing VEGF inhibition in breast cancer. Of the total number of 146 trials, 127 (87%) 

tested a VEGF inhibitor in combination with other drugs. Most commonly, a VEGF inhibitor 

was combined with chemotherapy (110 trials, 86.6% of combination trials). The most 

frequently tested class of chemotherapy agents were taxanes (84 trials), followed by 

Antimetabolites (36 trials), Alkylators (20 trials), platinum-based compounds (11 trials), Vinca 

Alkaloids (5 trials) and Topoisomerase inhibitors (2 trials). Figure 5 gives an overview of the 

different combinations summarized at a higher level.  

Another striking dynamic is the degree of perseverance for certain drugs. For 3 drugs 

(bevacizumab, sunitinib and sorafenib), ten or more trials exploring activity in breast cancer 

were pursued (bevacizumab = 89 trials, sunitinib = 16 trials, sorafenib = 13 trials). 

Also, of the 19 monotherapy studies that were launched over a period of 14 years between 1998 

and 2012, only 4 met their predefined primary efficacy endpoint with acceptable toxicity. 

Finally, the AERO diagrams reveal an increase in the number of studies that missed their 

primary endpoint, especially among trials testing drugs other than bevacizumab. 

 

4.4 Patient benefit & burden of the VEGF paradigm in breast cancer  

17,924 patients were exposed to a VEGF inhibitor over a span of 14 years (1998-2012) in the 

context of a clinical trial in breast cancer. 1,127 patients (6.3%) received a VEGF inhibitor in a 

monotherapy trial, and 16,797 (93.7%) received a VEGF inhibitor in a combination therapy 

trial. 
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Figure 4 Cumulative treatment-related Grade 3–5 serious adverse events (G3-5 SAEs) (dashed 

line) and cumulative patients enrolled (dotted line) in trials of VEGF inhibitor monotherapy 

and combination therapy over time with landmark events. Dates are based on first patient 

enrolment. Vertical lines mark the accelerated approval of bevacizumab for metastatic breast 

cancer by the FDA in 2008 and the date when approval was revoked again in 2011. The 

horizontal line segment indicates the enrolment period for the pivotal trial of bevacizumab 

leading to accelerated FDA approval (Miller 2007). 

 

6,441 (46%, 95% CI: 45.1% to 46.8%) patients received a VEGF inhibitor in a trial with ORR 

as endpoint and experienced objective tumor response. 114 patients (0.636%, 95% CI: 0.527% 

to 0.766%) died from drug-related toxicities across the included trials. A minimum of 5,448 

(30.4%, 95% CI: 29.7% to 31.1%) patients experienced Grade 3-4 drug-related serious adverse 

events. 

For monotherapy, 71 (6.7%, 95% CI: 5.3% to 8.42%) patients showed objective tumor 

response, and 9 (0.799%, 95% CI: 0.39% to 1.57%) died from drug-related toxicities; a 

minimum of 224 (19.9%, 95% CI: 17.6% to 22.4%) patients experienced Grade 3-4 drug-

related toxicities. 

In combination therapy, 6,370 (49.2%, 95% CI: 48.3% to 50.1%) patients experienced objective 

tumor response, and 105 (0.625%, 95% CI: 0.514% to 0.759%) patients died from treatment-

related toxicities. A minimum of 5,224 (31.1%, 95% CI: 30.4% to 31.8%) patients experienced 

Grade 3-4 drug-related toxicities. 
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30 trials in the set described the toxicity observed as not acceptable (20.5% of all trials). Out of 

those, 2 were monotherapy trials (10.5% of monotherapy trials) and 28 were in combination 

therapy (22% of combination therapy trials). 

Figure 6 shows adverse events and the number of patients enrolled as a function of time with 

landmark events. The vast majority of enrollment and cumulative patient burden occurred after 

the pivotal trial of bevacizumab in combination with paclitaxel was conducted.  

 

To show how risks and benefits evolved during clinical research on VEGF inhibitors in breast 

cancer, we plotted cumulative rates of Grade 3–5 adverse events and objective responses for 

monotherapy (Figure 7) and combination therapy (Figure 8) by trial phase. 

 

A) Phase 2 monotherapy 

 

Figure 7 Cumulative SAE3-5 plotted against ORR with CI from study to study in phase 2 

monotherapy trials of VEGF inhibitors. A) Phase 2. There are no phase 1 trials and only one 

phase 3 trial in monotherapy (not displayed). 
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A) Phase 1 combination therapy 

 

B) Phase 2 combination therapy 

 

C) Phase 3 combination therapy 

 

Figure 8 Cumulative SAE3-5 plotted against ORR with CI from study to study in phase 1-3 

combination Therapy trials of VEGF inhibitors. A) Phase 1, B) Phase 2, C) Phase 3. 
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In general, efficacy as measured by ORR was limited in monotherapeutic trials, compared to 

the burden as measured by SAE Grade 3-5. In combination therapy, risk-benefit ratios remained 

largely constant in phase 2/3 trials. In phase 1, a rather heterogeneous set of studies was 

included, with only 9/13 studies reporting ORR as endpoint.  

We further extracted the most occurring SAE Grade 3-5 for each trial in our sample.  

Table 3 summarizes the findings of this analysis. Some often occurring SAEs are associated 

with chemotherapy (neutropenia, fatigue), while others (such as hypertension and hand-foot 

syndrome) are discussed as being directly related to VEGF inhibition.  

 

Table 3 Number of trials per most common SAE Grade 3-5. 

SAE Grade 3-5 
Number of trials where SAE was the most 

occurring 

neutropenia 61 

hypertension 24 

hand-foot syndrome 15 

fatigue 9 

diarrhea 6 

neuropathy 6 

leucopenia 5 

mucositis 3 

asthenia 2 

GGT increase 2 

rash 2 

alopecia 1 

AST/ALT elevation 1 

decrease in LVEF 1 

hypertension 1 

hypophosphatemia 1 

infection 1 

leukopenia 1 

musculoskeletal pain 1 

peripheral edema 1 

tumor pain 1 

none 1 
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The pivotal trial that led to the FDA approval of bevacizumab in metastatic breast cancer 

demonstrated a significant advantage on its primary endpoint of PFS. (17) However, it failed to 

show any advantage of bevacizumab addition to chemotherapy for other patient-relevant 

endpoints such as OS or Quality of Life. To probe whether any trial of a VEGF inhibitor showed 

improved OS, we analyzed OS outcomes against any non-VEGF inhibitor comparator arm in 

all trials of VEGF inhibitors in breast cancer (Figure 9). 

 

Figure 9 Hazard ratios (HRs) of overall survival (OS) comparing monotherapy and 

combination therapy trials, arranged by trial initiation date (publication date shown). * Robert 

2011 was a four-armed trial in which bevacizumab either in combination with capecitabine or 

in combination with taxanes/anthracyclines was compared to Placebo and chemotherapy. HRs 

for both comparisons are displayed. ** Miles 2010 compared 2 different dosages of 

bevacizumab (7.5mg/kg and 15 mg/kg). Both HRs are included in this figure. 

 

Exposure to a VEGF inhibitor in monotherapy or combination therapy was neither 

demonstrably advantageous nor disadvantageous for patients, according to prespecified 

thresholds of significance for OS in any of the trials included. While there was no obvious trend 
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towards VEGF inhibitor disadvantage, it is noteworthy that no VEGF inhibitor ever showed a 

reduction in the risk of death of a breast cancer patient. 

 

4.5 Trials of limited value 

In total, 7 phase 2 trials of limited value were identified (7.22% of phase 2 trials), representing 

347 patients (84,102,110,158,167,173,192). 

 

3 (3.09% of phase 2 trials) trials representing 75 patients failed to reach at least 85% of their 

targeted enrolment for reasons other than futility or benefit (accrual failure) (102,125,192). 

Another two trials experienced accrual failure initially, but amended their protocols to account 

for slow recruitment (84,187) and hence do not fall within this category. 

 

Four trials were identified as potentially duplicative phase 2 trials (4.12% of phase 2 trials) 

(110,158,167,173). They duplicated prior phase 2 trials with the same treatment or combination 

of treatments, in the same setting (line of treatment) and enrolled patients with the same tumor 

characteristics. These trials enrolled a total of 272 patients. 

 

4.6 Narrative on further testing 

Out of the 146 trials included, 101 (69.2%) suggested further testing of the VEGF inhibition 

paradigm in breast cancer in the form of further trials on breast cancer patients. In total, 47 trials 

reached their primary efficacy endpoint with acceptable toxicity (positive [green] in the AERO 

diagrams in Figures 3 and 4). 34 of those studies suggested further testing (72.3%). Of the 58 

studies that did not meet their primary efficacy endpoint or had unacceptable toxicities, 37 

suggested further testing (63.8%).  

 

4.7 Citation analyses 

Citation characteristics 

Trials in our sample were cited by 623 other trials within our sample. After additional data 

cleaning and manually matching abstracts and non-primary publications to full trial 

publications, we identified further 163 citations within the set of clinical trials.  

Of the total 830 citations, 580 (69.9%) occurred between studies of the same drug, while 250 

(30.1%) cited a study investigating another VEGF inhibitor (see Table 4). 

216 (27.5%) citations within the network originated from introduction sections, 362 (46.1%) 

originated from discussion sections, and citations occurred 206 (26.2%) times in both 
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discussion and introduction sections. A positive prior VEGF trial in breast cancer was cited 477 

times (60.7% of all citations). This is a little under twice as many citations as those made to 

trials that did not meet their primary endpoint or had unacceptable toxicity. Trials without a 

relevant efficacy endpoint or accrual failure accounted for less than 9% of the total citations 

within the network (68/830) (Table 4) 

 

Table 4 Key characteristics of citations between included studies. 

Characteristic Number (percentage of all 

citations) 

Citation to a trial testing the same VEGF inhibitor 545 (69.3%) 

 another VEGF inhibitor 241 (30.7%) 

Citations to a positive trial 477 (60.7%) 

 negative trial 241 (30.7%) 

 trial with accrual failure 17 (2.16%) 

 
trial without relevant efficacy 

endpoint 
51 (6.49%) 

Citations occurring within introduction section 216 (27.5%) 

 discussion section 362 (46.1%) 

 both 206 (26.2%) 

 

On a per study level, 57 (39%) of the trials cited earlier trials that tested a different VEGF 

inhibitor than the one they were investigating. 11 of the total 89 trials testing bevacizumab cited 

a trial of another VEGF inhibitor in breast cancer (11.2%), while 47 of 57 of the non-

bevacizumab trials cited a trial testing another VEGF inhibitor (82.5%). 

 

Citations to trials of VEGF inhibitors in other indications 

A total of 73 (50%) of the trials cited studies that tested a VEGF inhibitor in a different 

indication from breast cancer. Table 5 shows the number of citations to VEGF inhibitor trials 

in other indications. The top three indications cited are renal cell carcinoma, non-small-cell 

lung cancer and colorectal cancer. These are indications for which VEGF inhibitors received 

regulatory approval (7 VEGF inhibitors are approved for renal cell carcinoma, 3 for colorectal 

cancer and 3 for non-small-cell lung cancer, see Table 5). 

The majority of citations to other indications occurred from the introduction section only (96, 

41% of total citations to other indications), suggesting that investigators took successful VEGF 

inhibitor drug development in other diseases into account to justify conducting trials in breast 



36 

 

cancer. A total of 45 (30.8%) trials cited both studies using a different VEGF inhibitor and 

studies testing a VEGF inhibitor in another indication from breast cancer. 

 

Table 5 Number of citations to VEGF inhibitor trials in other indications. 

Other indication 
Number of 

citations 

VEGF inhibitors 

with regulatory 

approval 

renal cell carcinoma 64 

bevacizumab, 

sunitinib, 

sorafenib, 

pazopanib, 

axitinib, 

cabozantinib 

non-small-cell lung cancer 49 
bevacizumab, 

ramucirumab, 

nintedanib 

colorectal cancer 49 
bevacizumab, 

ramucirumab, 

aflibercept 

gastric cancer 17 sunitinib, 

ramucirumab 

ovarian cancer 17 bevacizumab 

hepatocellular carcinoma 13 

bevacizumab, 

sorafenib, 

cabozantinib, 

ramucirumab 

melanoma 7 - 

pancreatic cancer 7 sunitinib 

thyroid cancer 7 
cabozantinib, 

vandetanib, 

sorafenib 

prostate cancer 3 - 

cervical cancer 2 bevacizumab 

head and neck or nasopharyngeal carcinoma 2 - 

soft tissue sarcoma 2 pazopanib 

endometrial cancer 1 - 

glioblastoma 1 bevacizumab 

urothelial cancer 1 - 

 

Citation of prior research within the network  

Studies included in this analysis cited on average 5.38 prior studies within the set. We also 

calculated the PRCI for each trial as the number of cited trials divided by the number of trials 
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eligible to cite in the network (see Figure 10). The average PRCI within the network is 12.6%, 

meaning that on average trials cited about 1 in 8 of the available studies within the set. While 

in the beginning of the VEGF paradigm in breast cancer most of the prior evidence was taken 

into account via citations, the PRCI diminished over time. This is not surprising, considering 

that diverse research testing VEGF inhibitors became available and more selective citation 

occurred over time.  Nevertheless, the average amount of prior studies cited stalled early in the 

paradigm. 

 

Figure 10 Prior Research Citation Index (PRCI, panel A) and Number of prior studies cited 

(panel B) by study over the course of the research paradigm. Lines represent the cumulative 

average PRCI and cumulative average number of previous studies cited. 
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Citation bias based on directionality of results 

We plotted the distribution of citable prior studies categorized by outcome over the course of 

the research paradigm and compared it with the distribution of cumulated cited studies 

categorized by outcome (see Figure 11).  Generally, the citation patterns and distribution of 

citable studies remain stable over the course of the research paradigm. Although studies with 

accrual failure or no efficacy endpoint of interest (e.g. bevacizumab is standard of care and 

tested against, safety is primary outcome etc.) account for 25-30% of citable trials throughout 

most of the paradigm, they received a disproportionately small amount of citations (8.7%).  

 

 

Figure 11 Percentage of citable vs. cited studies by category over the course of the research 

paradigm. 
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While there are more negative than positive citable studies within the set of included trials (53 

negative, vs. 41 positive), positive studies received about twice as many citations as negative 

studies (241 negative vs. 477 positive, respectively).  

Figure 11 is similar to Figure 12, but it additionally takes the sample size of included trials into 

account. At the end of the research paradigm, there were about as many patients enrolled in 

citable negative studies as in citable positive studies (10,386, 40.5% in positive trials vs. 10,445, 

40.7% in negative trials). However, cumulatively 331,434 (74.5% of the total cited patients) 

patients in positive studies and only 98,000 (22% of the total cited patients) in negative studies 

were cited by the end of the research paradigm.  

  

 

Figure 12 Percentage of citable vs. cited patients by category over the course of the research 

trajectory. 

We visualized the entire network to explore patterns in citation behavior. Figure 13 shows two 

versions of the citation network. Edges represent citations and nodes represent trials. The node 

color represents the directionality of the outcomes. Nodes are ordered according to enrollment 
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dates of the studies with earliest enrolment left and latest enrolment right. In panel A, node size 

is proportionate to number of patients enrolled, while in panel B node size is proportionate to 

citations received from the studies included in this analysis. Cobleigh 2003 and Miller 2007 are 

positive studies published early on in the trajectory that received a high amount of citations 

(17,74) compared to the number of patients they enrolled. This is especially noteworthy because 

Miller 2005, a large phase 3 trial with non-positive outcome, was also published early on in the 

trajectory but received proportionately less citations. (132)  
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Figure 13 Citation network of the set of included trials - nodes represent trial reports, edges 

are citations within the network. Node colors represent directionality of study results (green = 

positive primary endpoint, acceptable toxicity; red = negative primary endpoint or 

unacceptable toxicity; grey = no efficacy endpoint of interest; yellow = accrual failure). Nodes 

are ordered by beginning of enrollment on the horizontal axis. Panel A) Node size is 

proportionate to number of patient enrolment. Panel B) Node size is proportionate to citations 

within the network. Cobleigh 2003, Miller 2005 and Miller 2007 (74,131,17) are labeled. 

 

A) Node size proportionate to patient enrolment 

 

B) Node size proportionate to citations within network 

Cobleigh 

2003 

 

Miller 2007 

Miller 2005 

Cobleigh 

2003 

 

Miller 2007 

Miller 2005 
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Bevacizumab, sunitinib, sorafenib, apatinib and cabozantinib are the only VEGF inhibitors in 

which a breast cancer trial reached its primary endpoint with acceptable toxicity. For all of them 

(excluding sorafenib), the most highly cited trial had a positive outcome (see table 6). 

 

Table 6 The most highly cited trials for each drug tested within the set of studies. The most 

highly cited trials were often trials with a positive outcome. Trials of Tivozanib, Dovitinib, 

Cediranib, Cabozantinib, Angiozyme and Aflibercept did not receive any citations within the 

set of studies. 

Study 

VEGF 

inhibitor 

tested 

Number 

of 

citations 

AERO 

colour 

Did any trial of this VEGF 

inhibitor reach its primary 

endpoint with acceptable 

toxicity in this indication? 

Miller 2007 Bevacizumab 119 green yes 

Burstein 2008 Sunitinib 27 green yes 

Baselga 2012 Sorafenib 19 red yes 

Martin 2011 Motesanib 8 red no 

Johnston 2013 Pazopanib 7 red no 

Rugo 2011 Axitinib 7 red no 

Miller 2005 Vandetanib 5 red no 

Hu 2014 Apatinib 2 green yes 

Mackey 2015 Ramucirumab 1 red no 

Overmoyer 2007 Semaxinib 1 red no 

Toi 2014 Orantinib 1 red no 

Suzuki 2013 Orantinib 1 red no 

Quintela 2014 Nintedanib 1 white no 

 

111 trials (76% of all included trials) cited at least one of the most cited studies of sunitinib, 

bevacizumab or apatinib. This suggests that a few positive trials had a disproportionally high 

impact on the VEGF inhibition paradigm. 

 

4.8 Secondary analyses 

4.8.1 Citable Patient Index 

To determine whether patients in negative and inconclusive studies had less influence over the 

translation trajectory than patients within positive trials, we assessed citations in the discussion 

section of trial reports. We calculated the index of cited patients over citable patients per 

category of trial (positive and non-positive) for each trial report.  
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Calculated over all studies combined, there was a total of 1,896,059 eligible patients (Ep). Of 

those, 314,493 patients were cited in discussion sections (Ap). The CPI (calculated via Ap/Ep) 

is 16.6%.  

There was a total of 911,375 eligible patients enrolled in studies with acceptable toxicity and a 

positive primary endpoint (Ep+). Of those, 216,510 were cited in discussion sections (Ap+). 

Hence, the CPI(+) is 23.8%. Of the 984,684 eligible patients enrolled in non-positive trials (Ep 

not+), 97,983 were cited in discussion sections (Ap not+). The CPI (not +) is 9.95%. 

Following our hypothesis, the CPI (+) is higher than the CPI (not+) by a factor of 2.4. Patients 

in positive trials were referenced 2.4 times more in discussion sections than patients in non-

positive trials, giving them more influence over the translation trajectory. 

 

Figure 14 shows the CPI(+) and CPI (not+) from trial report to trial report. The CPI varied 

between studies, but the cumulative average CPI(+) is consistently larger than the CPI(not+). 

We applied a grace period of 1 year after publication for studies to become eligible for citation. 

When CPIs > 1, we set them to 1. 
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Figure 14 Citable Patient Index (CPI) (+) and CPI (not+) per trial report and over the course 

of the drug development paradigm. The index of patients enrolled in trial reports that were 

cited in the discussion sections of each article over the citable patients enrolled in prior trials 

by category (positive vs. non-positive) are plotted. The cumulative average of CPI (+) and CPI 

(not+) are displayed as solid and dashed lines. We applied a grace period of 1 year prior to 

publication date, hence some studies cited more patients than we deemed “citable”. In this case 

the CPI was set to 1. 

  

4.8.2 Citations to VEGF Inhibition critical studies 

Applying a one year grace period after publication, we identified 125 trials within the set that 

were eligible to cite two seminal preclinical studies presenting critical data of VEGF inhibition 

in cancer (12,13). We found 11 trials within the set that cited either or both studies (8.8% of 

eligible trials). Those trials tested sunitinib (4/11), sorafenib (3/11), bevacizumab (3/11) or 

apatinib (1/11), and were published between 2010 and 2016. 3 out of 11 trials reached their 
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primary efficacy endpoint with acceptable toxicity. 38 trials started enrolment after Ebos et al. 

and Paez-Ribes et al. published their results. Table 7 gives an overview of trials in the set that 

cited Ebos et al. or Paez-Ribes et al. as well as the citation contexts of these references. 

Table 7 Overview of trials in the set citing anti-angiogenesis critical preclinical studies.  

Trial 

Critical 

study 

cited 

Drug 

Met 

relevant 

eff. 

outcome 

with 

acceptable 

toxicity 

Citation context 

Wildiers 

2010 (182) 

Ebos et 

al. 
Sunitinib no “…In non-clinical models, dose 

interruption of antiangiogenic agents can 

lead to reactivation [15] and even 

acceleration of angiogenesis. It is 

conceivable that such a scenario may 

have happened in this study 

population.…” 

Forero-

Torres 2010 

(92) 

Paez-

Ribes et 

al., Ebos 

et al. 

Bevacizumab no “…22, 23 Those studies suggested that 

antiangiogenesis strategies under certain 

conditions could lead to enhanced 

progression and invasion, and accelerated 

metastases. The animal models and 

treatment regimens were not similar to 

those in the adjuvant (or neoadjuvant) 

therapy of breast cancer.…” 

Baselga 2012 

(58) 

Paez-

Ribes et 

al., Ebos 

et al. 

Sorafenib  no “preclinical data suggest that 

antiangiogenic treatment may result in 

more aggressive disease at the time of 

progression, possibly through increased 
invasiveness of tumor cells and/or by 

switching to alternative angiogenic 

pathways to re-establish tumor 

vascularization [21, 22].” 

Bergh 2012 

(23) 

Paez-

Ribes et 

al., Ebos 

et al. 

Sunitinib no “Preclinical studies have shown that 

antiangiogenic agents such as sunitinib 

may induce immediate effects on the 

vasculature, causing an improved 

response rate, and secondarily induce 

tumor hypoxia, yielding tumor cells that 

become more therapy-resistant and with a 

greater capacity for metastatic spread.18–

20 However, in contrast to these 
preclinical models, in the present study, 

no compelling differences in metastatic 

spread were observed between the 

combination and monotherapy arms, with 

the exception of PD in malignant 

effusions (20 patients on combination 

therapy v nine patients on monotherapy; 

P = .06; Data Supplement).” 
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Curigliano 

2013 (79) 

Paez-

Ribes et 

al., Ebos 

et al. 

Sunitinib no “Recent preclinical research has shown 

that treatment of tumor-bearing mice 

with antiangiogenic drugs (including 

sunitinib) can result in increased local 

tumor cell invasion and enhanced meta-

static dissemination [28,29]. These 

results have been discussed as one 

possible explanation (among many) for 

the lack of survival benefit that has been 
seen with antiangiogenic agents in ABC. 

However, in one sunitinib phase III study 

in ABC that failed to demonstrate 

improved clinical outcomes, little 

difference was found in the extent of 

metastatic spread between the sunitinib 

docetaxel combination arm and the 

docetaxel monotherapy arm[26]. 

Likewise, little difference in the extent of 

metastatic spread was found between the 

treatment arms in the present study, 
noting that the sample sizes were small. 

As the changes in cellular and organ 

metabolism leading to death in patients 

with metastatic disease are incompletely 

understood, it re-mains possible that 

antiangiogenic agents, through more 

profound blockade of the vasculature 

than anticipated, accelerate some 

component of the premorbid process.” 

Crown 2013 

(77) 

Paez-

Ribes et 

al., Ebos 

et al. 

Sunitinib no “From the biologic point of view, more 

recent preclinical results have suggested 

that antiangiogenic agents may overprune 
the tumor vasculature, leading to tumor 

hypoxia and genetic drift to a more 

aggressive or invasive phenotype.31–33 

However, at least one of these predictions 

has not been borne out in the clinical 

setting; little difference in metastatic 

spread was observed between sunitinib 

and comparator treatment groups in two 

studies in which this was assessed (one 

sunitinib phase III study evaluating 

combination with docetaxel28 and the 

phase II study in triple-negative BC 

[Pfizer, data on file]).” 

Schwartzberg 

2013 (161) 

Paez-

Ribes et 

al., Ebos 

et al. 

Sorafenib yes “Preclinical studies suggest that 

antiangiogenic therapy may induce more 

aggressive disease (12,13), although a 

retrospective pooled analysis of 

randomized placebo-controlled trials in 

solid tumors (including breast) observed 

no significant difference in TTP or death 

after patients discontinued bevacizumab 

due to toxicity compared with those who 

discontinued placebo (33). Regardless, 

patients enrolled in this trial had 
relatively high-risk disease for early 

progression.…” 
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Hu 2014 

(102) 

Ebos et 

al. 

Apatinib yes “A recent preclinical study demonstrated 

that TKIs, such as sunitinib and 

sorafenib, can promote accelerated 

progression of metastases in a breast 

cancer model.32 If manifest in patients, 

this effect might contribute to the 

reduced efficacy of TKIs in MBC. 

However, since sunitinib and sorafenib 

are relatively dirty multitargeted drugs, it 
is possible that the accelerated 

progression observed may be due to off‐

target effects of these VEGFR inhibitors. 

In support of this, three recently 

published studies suggest that off‐target 

effects of sunitinib, or inhibition of 

PDGFR signaling in pericytes, may be 

the mechanism through which sunitinib 

can promote accelerated progression of 

metastases.33-35 Therefore, the fact that 

apatinib has low activity against other 
receptor tyrosine kinases, including 

PDGFR and KIT,16 (Supporting 

Information Table 1) may therefore be an 

advantage for this TKI compared to other 

TKIs that have been trialed in MBC.” 

Loibl 2014 

(116) 

Paez-

Ribes et 

al. 

Sorafenib no “The lack of success of anti-angiogenic 

therapies in breast cancer to date may in 

part be explained by activation of 

additional pro-angiogenic switches upon 

blockade with bevacizumab, as has been 

shown in experimental systems [29].” 

Tiainen 2016 

(172) 

Ebos et 

al. 

Bevacizumab yes “In preclinical studies, it has been 

reported that tumor progression may be 
accelerated after short-term angiogenesis 

inhibition (29). On the other hand, 

treating colorectal cancer with second-

line bevacizumab-chemotherapy 

combination after disease progression 

with first-line therapy including 

bevacizumab was shown to have survival 

benefits (30)” 

Bertucci 

2016 (63) 

Paez-

Ribes et 

al., Ebos 

et al. 

Bevacizumab no “Together, these results suggest a 

negligible benefit of bevacizumab for 

micrometastatic disease in breast cancer, 

notably in inflammatory breast cancer, 

which is a rapidly spreading systemic 
disease.35 Potential explanations for 

these results include increased metastatic 

and invasive properties of breast cancer 

cells after anti-angiogenic treatments, as 

demonstrated in breast cancer xenograft 

models,36,37 increasing numbers of 

breast cancer stem cells during 

bevacizumab treatment,29 and a possible 

rebound of tumour cell growth after the 

completion of therapy.38,39” 
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5.  Discussion 

In this systematic analysis, rather than focusing on how one specific drug is used in different 

indications, we examined an entire class of drugs - sharing the same mechanism of action - in 

one indication: namely, the VEGF inhibition paradigm in breast cancer.  

In our analysis, we found different potential sources of inefficiencies in the clinical research 

trajectory of VEGF inhibitors in breast cancer. 

 

First, we could show that positive trials in general were more likely to be cited. Although there 

were more negative than positive citable studies within the set of included trials (53 negative, 

vs. 41 positive), positive trials received about twice as many citations than negative studies (241 

negative, vs. 477 positive). This result holds up when the sample size of trials was accounted 

for. At the end of the research paradigm, there were about as many patients enrolled in citable 

negative studies as in citable positive studies. However, 74.5% of the total cited patients were 

from positive studies and only 22% from negative studies. 

 

Second, only a small proportion of citations occurred between different drugs that target the 

same pathway in the same indication. Citations to other VEGF inhibitor trials in breast cancer 

were also unevenly distributed between drug classes. 11.2% of bevacizumab trials cited a trial 

of another VEGF inhibitor in contrast to 82.5% of the non-bevacizumab trials that did so. This 

finding suggests that investigators in non-bevacizumab trials referenced positive studies in 

bevacizumab drug development, while vice versa, investigators in bevacizumab trials 

referenced few other VEGF inhibitors, whose study results were largely non-positive (47.2% 

of bevacizumab trials were positive vs. 8.8% of non-bevacizumab trials) 

 

Third, calculated by citation count in discussion sections, “positive” patients contributed to the 

development trajectory more than twice as much as “negative” patients. 

One could argue that trials should be based on positive prior findings and trial reports need to 

consistently make a clear case in the introduction as to why they tested a specific intervention. 

To account for this, we limited additional analyses to citations occurring within the discussion 

section of trial reports where a more balanced approach to the paradigm can be expected. 

Calculated over the course of the paradigm we found that 23.8% of citable patients in prior 

trials with a positive endpoint were cited, as compared to 9.95% of patients enrolled in negative 

trials.  
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Fourth, 37 out of 58 trials (63.8%) that did not reach their primary efficacy endpoint with 

acceptable toxicity nevertheless suggested further testing of a VEGF inhibitor in breast cancer. 

Authors’ conclusions and wording matter and we believe the fact that more testing was 

suggested, despite unsuccessful findings, contributed to the prolongation of the research 

paradigm and the longevity of the underlying biological hypothesis.  

 

Fifth, we found that trials included in this analysis cited on average only about one in 8 of the 

available prior studies within the set. While this number compares unfavourably to similar 

research, it must be noted that we applied a different methodology. Prior studies reviewed a 

specific intervention and limited inclusion of trials to those randomized controlled studies that 

were grouped in existing meta-analyses (31,195). By the end of the paradigm, we identified 133 

citable studies. Journal-level limitations regarding the number of references that can be included 

in a published trial report are common and we do not believe that authors can be expected to 

cite all preceding clinical trials in a drug development paradigm. On average, trials cited 5.3 

prior studies with a range from 0 to 17. This mean was established early on in the paradigm and 

did not change when more citable trials became available. This dynamic is consistent with 

earlier findings for prior research citation indices (31). We argue that the number of citations is 

somewhat less telling than the distribution and biases in overall citation behaviour, e.g. based 

on directionality of findings. 

 

Moreover, the bias in citation practices remained stable throughout the translational trajectory. 

One cannot locate a turning point where investigators abandoned the paradigm and reversed the 

selective citation behaviour.  

 

Finally, we explored how preclinical studies that directly criticized the VEGF inhibition 

paradigm were taken up by trial reports. Paez-Ribes et al. and Ebos et al. argued that VEGF 

inhibition may constitute a driving force in tumor progression and formation of metastases 

(12,13). Only 11 trials referenced these findings and they discussed them in different ways. 

Bergh et al. rejected the critical hypothesis, and in their case found no compelling differences 

in metastatic spread between VEGF inhibitor intervention arm and comparator (23). Other 

studies presented the preclinical findings as a potential biological explanation for their negative 

outcomes (182). Overall, judged by the low uptake in terms of citations, it would seem that the 

critical preclinical studies had little influence on the trajectory of testing. Furthermore, it should 
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be noted that only 38 (26% of 146 total) trials in our sample started enrolment after the critical 

studies were published. 

 

Our analyses reveal key features of the VEGF inhibition paradigm in breast cancer: 

The paradigm was driven by combination therapy. Our results indicate that very early on in the 

research agenda, there were already phase 3 clinical trials testing bevacizumab in combination 

therapy, without previous phase 1 or phase 2 trials in combination therapy. Only one 

monotherapy trial of bevacizumab in breast cancer was published before phase 3 combination 

trials started enrolment. We found that many trial reports referenced prior studies for which 

VEGF inhibitors received regulatory approval - potentially to justify conducting trials in breast 

cancer. Bevacizumab studies account for most of the research activity within the set of trials. 

Two large randomized phase 3 trials showed a survival benefit of bevacizumab in addition to 

chemotherapy in non-small-cell lung cancer and colorectal cancer (196,197). These trials, 

however, also noted a significantly higher risk of bleeding when bevacizumab was added to 

chemotherapy.  

 

Subsequently, phase 2 and 3 trials with other VEGF inhibitors were launched, with only one 

phase 3 trial testing sunitinib monotherapy (57). Sorafenib and sunitinib were tested in 13 and 

16 trials, respectively. After non-positive trials in phase 2 and 3, sunitinib testing was 

discontinued and so was sorafenib. The FDA approval in 2008 of bevacizumab in combination 

with paclitaxel for the first line treatment of metastatic breast cancer based on improved PFS 

marked the height of clinical trial launches of VEGF inhibitors in breast cancer.  

It appears that the research agenda stagnated after the FDA revoked the accelerated approval of 

bevacizumab in 2011. There are two potential hypotheses explaining this effect: first, the FDA 

decision had an impact on clinical research dealing with VEGF inhibitors in breast cancer and 

stopped further exploration of VEGF inhibition in breast cancer; second, this may be due to the 

fact that trial results had not been published before our data cutoff in February 2017.  

While the latter is possible, another study that reviewed and meta-analyzed the evidence around 

bevacizumab’s regulatory approval and withdrawal as first-line therapy in metastatic breast 

cancer found similar patterns, stating that the FDA’s decision seems to have “dampened 

enthusiasm” for the search for an effective bevacizumab combination (22). Our results extend 

this observation to the entire class of VEGF inhibitors.  
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The PFS benefit of bevacizumab therapy was demonstrated early in the paradigm, yet this 

surrogate endpoint did not translate into OS benefit. Of the 146 trials included in this analysis, 

no trial had OS or quality of life as primary endpoint. We identified 21 trials that reported OS 

against a comparator arm as a non-primary endpoint. Of those, not a single trial demonstrated 

that VEGF inhibition reduces risk of death with statistical significance. 

 

This is in accordance with findings from Hey et al. (22), whose research focused on a fraction 

of trials also included in our sample, namely bevacizumab combination therapy as first-line 

therapy for metastatic breast cancer. They considered more recent evidence than was provided 

for the FDA decision to revoke approval for this indication and found that the pooled hazard 

ratio for OS in bevacizumab therapy against any other comparator arm remains statistically 

nonsignificant “but does show a stable 10% OS benefit” (22). The use of PFS remains 

controversial. Studies of the validity of PFS have shown heterogeneous results across cancer 

types and drugs (198–200).  Hey et al. (22), however, demonstrated that the association between 

PFS benefit and OS benefit of bevacizumab in metastatic breast cancer is non-significant. 

 

VEGF inhibitors were tested in many different combinations and in a diverse set of breast 

cancer patients across the clinical development trajectory. We could identify comparably few 

duplicative studies (4 in total; a similar analysis in sorafenib that included 124 trials, found 10 

duplicative phase 2 studies(50)). The diversity of combinations tested was also found for 

bevacizumab therapy for metastatic breast cancer in the prior review by Hey et al. (22). 

 

Additionally, we evaluated the risk and benefit profile of VEGF inhibitors in breast cancer 

across the set of included trial reports using serious adverse events and objective response rates 

as proxies for risk and benefit.  

 

Cumulative risk and benefit analyses revealed that over the course of VEGF inhibition drug 

development in breast cancer, the risk-benefit ratio remained mostly stable. On the one hand, 

this means that with the persistent testing of diverse regimens patients were not necessarily 

exposed to a higher burden in term of adverse events, but also that drug developers were not 

able to reduce risk or identify subgroups or combination treatment regimens that lead to greater 

clinical utility. 
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We characterized and measured the cumulative burden associated to the VEGF inhibition 

paradigm in breast cancer. 114 patients died from drug-related toxicities. In about every fifth 

trial, the safety profile of drugs tested were described as unacceptable, and combination therapy 

trials were more likely to find unacceptable toxicities.  Grade 5 SAEs – those leading to death 

– were reported in similar rates in monotherapy and combination therapy. This seems unlikely, 

given the overall less favorable toxicity profile in combination therapy. Hence, an under-

reporting of treatment-related Grade 5 SAEs in combination therapy may be one plausible 

explanation. 

 

Since we extracted the single most often occurring SAE of Grade 3-5 only, we are likely to 

have underestimated the number of toxicities experienced by patient-subjects. While aiming for 

comparability between trials and along the drug development trajectory, we may have missed 

VEGF inhibition specific adverse events and safety concerns. One such example can be found 

in the pivotal trial that led to the FDA approval of bevacizumab. We noted the most occurring 

SAE Grade 3-5, which was peripheral neuropathy. Peripheral neuropathy is often a main side 

effect of chemotherapy (201). This study recorded significantly more SAEs in the interventional 

bevacizumab + paclitaxel arm that we did not capture using our approach. This included Grade 

3 or 4 hypertension in 14.8% and cerebrovascular ischemia in 1.9% of the patients in the 

bevacizumab + paclitaxel arm vs. 0.0% in patients that received paclitaxel alone (17). Still, it 

is important to note that some of the most occurring SAEs that we found in the set of included 

trials such as hypertension and hand-foot-syndrome (202) are associated with VEGF inhibitor 

treatment. 

 

These results should be interpreted considering the following limitations. 

First, our research fully relied on published trial reports in the academic literature. We did not 

search any registries and did not assess possibilities for publication bias. Prior research 

estimates that up to 62% of phase II studies in oncology are never published (29). However, we 

suspect that unpublished results, if added to our analysis, are unlikely to change the risk/benefit 

balance of the trajectory. Also, another study (22) that a) took results from trial registries into 

account and b) had a later data cutoff date found evidence of similar research patterns (albeit 

only focusing on a subset of trials included in our analysis).  

Second, as discussed above, there are limitations to the way we extracted safety data. For our 

analysis, we only took the one single most occurring SAE of Grade 3-5 in each trial into account 

to allow for relative comparability between clinical trial reports; VEGF inhibitors were often 
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tested in combination with chemotherapy. The SAE we recorded may be connected more to the 

toxicity profile of the combination treatment than the VEGF inhibitor. 

Third, we extracted recommendations for the further testing of drugs only. The language 

authors use to present trial findings can be analyzed taking methodology to assess spin into 

account (203). Our approach is limited to the extraction of the recommendation authors give to 

further test VEGF inhibitors in breast cancer. 

Finally, citation analysis itself has many limitations. The ultimate question of why drug 

developers continue to pursue a paradigm that has shown limited efficacy is more complex. 

Citations can have many more motivations than just referencing prior work. They can be 

described as both an impartial scholarly method and a powerful form of social communication 

(27).  In addition, adopting prior results can happen in other ways than citations. In the given 

context, changes in trial design (like basket trials, umbrella trials) or formulation (PICO) may 

indicate learning. 

Recognizing the multiple facets of citations requires assessing their qualitative aspect as well. 

It matters how - not just how often - a prior article is referenced. We tried to enrich the citation 

information gathered by noting the section in which citations occurred. While this may add an 

additional layer of useful information for analysis, citation sections merely offer another 

surrogate for actual context. We only noted the citation context for the 11 references to critical 

preclinical studies that occurred (see Appendix 3). Citation context analyses are time-

consuming and not trivial to implement. Language in the biomedical sciences has little 

standardization (unlike law, where “shepardizing” is a standing term describing the “process of 

using a citator to discover the history of a case or statute to determine whether it is still good 

law.”(204)) and human interpretations of whether a citation is “confirmatory”, “refuting” , 

“comparing” or just “mentioning” are variable.  

Nevertheless, recent advances in machine learning and the increasing digitization of the 

scientific corpus have enabled commercial services that could help citation context analysis at 

scale in the future (205,206). 
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5.1 Conclusion 

In this systematic analysis, we found a substantial patient burden associated with the 

unsuccessful drug development paradigm of VEGF inhibition in breast cancer. The majority of 

patient burden occurred around the accelerated FDA approval of bevacizumab in 2008. It 

appears that the research agenda stagnated after the FDA revoked the accelerated approval of 

bevacizumab in 2011. Not a single VEGF inhibitor provided a survival benefit over a 

comparator arm in any of the trials analysed. 

We explored possible reasons for the perseverance of this particular paradigm and identified 

substantial citation biases across the drug development trajectory. First, only a small and biased 

sample of prior studies was taken into account. Patients enrolled in positive studies were 2.4 

times more likely to be referenced in the discussion section of subsequent trial reports. Second, 

few bevacizumab testing trials referenced prior trials on another VEGF inhibitor, suggesting 

that little comparative learning took place. Third, preclinical studies questioning the paradigm 

of VEGF inhibition in cancer therapy were only discussed in a small fraction of trial reports.  

Another important finding concerns recommendations within the published trial reports. Many 

investigators suggested further testing of a VEGF inhibitor despite the fact that a study had not 

reached its primary efficacy endpoint with acceptable toxicity. This may be explained by the 

diversity of breast cancer (i.e., different receptor status) and complexity of treatment regimens 

(adjuvant vs. neoadjuvant, with a plethora of possible combinations). Investigators suggested 

further testing over and over again to identify the right biomarker or combination. Our analysis 

showed, however, that the risk vs. benefit profile did not improve over the drug development 

trajectory. 
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5.2 Outlook 

There are many opportunities for future research to build on our findings. 

Our results could be confirmed and potentially amended by interviews with the investigators 

that tested VEGF inhibitors in breast cancer trials. These interviews could shed light on the 

precise reasoning for investigating a VEGF inhibitor in breast cancer in the past.  

 

We found the VEGF inhibition paradigm in breast cancer to be fuelled and motivated by 

translational success of VEGF inhibitors in other indications. A possible next step would be to 

extend our analyses to a different and successful drug development trajectory - for example 

VEGF inhibition in renal cancer. The comparison of our (so far unique) findings in a failing 

trajectory to a successful trajectory would improve understanding of the indicators gathered in 

the present study.  

 

Additional analyses could include gathering information on trial design (e.g. PICO) to explore 

different ways in which learning took place within the paradigm. Also, it has been shown that 

factors other than directionality of results are predictors of citation bias. These go beyond study 

quality or design and include journal prestige (JIF), authors' achievements and institutional 

affiliations, and could additionally be explored in the context of the VEGF inhibition paradigm 

(207). 

 

Another possibility to extend our findings could be a semi-automated citation context analysis 

which takes into account not only the number and meta-information of citations, but also the 

quality of citations. Using social network theory and graph theory, this may allow us to 

determine the degree in which citation distortions and incorrect citations occurred within the 

set of clinical trials (208). 

 

Finally, although it seemed like the VEGF inhibition paradigm in breast cancer had come to an 

end by the data cutoff for this study in February 2017, more trial reports may have been 

published since then. A targeted search on clinicaltrials.gov on April 6, 2021 revealed that there 

were 27 interventional trials actively enrolling breast cancer patients for the drugs studied in 

this analysis (209). 
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Appendices 

Appendix 1 Search strategies in Embase and Medline 

Clinical Search Strategy Embase 

Database: Embase <1980 to present> 

1. exp "randomized controlled trial"/ 

2. exp "randomized controlled trial (topic)"/ 

3. exp "controlled clinical trial"/ 

4. exp "controlled clinical trial (topic)"/ 

5. exp randomization/ 

6. double blind procedure/ 

7. exp placebo/ 

8. "controlled clinical trial".tw. 

9. (random* or RCT$1 or placebo*).tw. 

10. ((singl* or doubl* or trebl* or tripl*) and 

(mask* or blind* or dumm*)).tw. 

11. or/1-10 

12. exp clinical trial/ 

13. "clinical trial".tw. 

14. (volunteer or volunteers or open label* or 

nonrandom* or non random* or 

quasirandom* or quasi-random*).tw. 

15. (longitudinal or prospective).tw. 

16. ((follow-up or followup) adj stud*).tw. 

17. ((multicenter adj stud*) or (multi-center 

adj stud*) or (multicentr* adj stud*) or (multicentr* 

adj stud*)).tw. 

18. ((comparative adj study) or (comparative 

adj studies)).tw. 

19. "head-to-head".tw. 

20. or/12-19 

21. 11 or 20 

22. (editorial or letter or note).pt. 

23. 21 not 22 

24. exp Animal/ not (exp Animal/ and Human/) 

25. 23 not 24 

26. exp “breast tumor”/ 

27. exp “breast cancer”/ 

28. 26 or 27 

29. 28 and 25_ 

 

Clinical Search Strategy MEDLINE 

Database: Ovid MEDLINE(R) In-Process & 

Other Non-Indexed Citations and Ovid 

MEDLINE(R) <1946 to Present> 

1. (controlled clinical trial or randomized 

controlled trial).pt. 

2. exp randomized controlled trials as topic/ or 

exp controlled clinical trials as topic/ or exp 

random allocation/ or exp double-blind 

method/ or exp single-blind method/ or exp 

placebos/ 
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3. "controlled clinical trial".tw. 

4. (random* or RCT$1 or placebo*).tw. 

5. ((singl* or doubl* or trebl* or tripl*) and 

(mask* or blind* or dumm*)).tw. 

6. or/1-5 

7. clinical trial.pt. 

8. (clinical trial phase ii or clinical trial phase 

iii or clinical trial phase iv).pt. 

9. exp Clinical Trial/ 

10. exp Clinical Trials as Topic/ 

11. "clinical trial".tw. 

12. (volunteer or volunteers or open label* or 

nonrandom* or non random* or 

quasirandom* or quasi-random*).tw. 

13. exp Longitudinal Studies/ or exp 

Prospective Studies/ or exp Follow-Up Studies/ 

14. (longitudinal or prospective).tw. 

15. ((follow-up or followup) adj stud*).tw. 

16. Multicenter Study.pt. 

17. exp Multicenter Study/ or exp Multicenter 

Studies as Topic/ 

18. ((multicenter adj stud*) or (multi-center 

adj stud*) or (multicentr* adj stud*) or (multicentr* 

adj stud*)).tw. 

19. Comparative Study.pt. 

20. ((comparative adj study) or (comparative 

adj studies)).tw. 

21. "head-to-head".tw. 

22. exp Pilot Projects/ or exp Feasibility 

Studies/ 

23. or/7-22 

24. 6 or 23 

25. (comment or editorial or guideline or 

practice guideline or interview or letter).pt. 

26. 24 not 25 

27. exp Animals/ not (exp Animals/ and 

Humans/) 

28. 26 not 27 

29. breast neoplasms/ or carcinoma, ductal, 

breast/ or "hereditary breast and ovarian cancer 

syndrome"/ 

30. breast/ or mammary glands, human/ or 

nipples/ or Breast Diseases/ 

31. Neoplasms/ or Adenocarcinoma/ or 

Carcinoma/ 

32. 30 and 31 

33. (brca or (breast adj4 (adenocarcinoma* or 

cancer* or carcinoma* or metasta* or neoplasm* 

or tumo?r))).ti,ab,kw. 

34. 29 or 32 or 33 

35. 34 and 28   
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Appendix 2: Codebook 

Basic Info and dates 

Should this study be excluded? 

Variable type: Categorical (single selection only) 

Database column name: exclude 

Extractors were prompted to select one of the following mutually exclusive options. 

Displayed option name Database value 

yes 1 

no 0 

  

What are the VEGF inhibitors tested? 

Variable type: Categorical (multiple selection allowed) 

Database column prefix: drug 

Extractors were prompted to select one or more of the following options. 

Displayed option name Database value 

Sunitinib Sunitinib 

Sorafenib Sorafenib 

Bevacizumab Bevacizumab 

Aflibercept Aflibercept 

Axitinib Axitinib 

Cabozantinib Cabozantinib 

Cediranib Cediranib 

Motesanib Motesanib 

Nintedanib Nintedanib 

Orantinib Orantinib 

Pazopanib Pazopanib 

Ramucirumab Ramucirumab 

Semaxinib Semaxinib 

Tivozanib Tivozanib 

Vandetanib Vandetanib 

Angiozyme Angiozyme 

Foretenib Foretenib 

Apatinib Apatinib 

Dovitinib Dovitinib 

Extractor prompt: 

multiple possible 

 

Was Bevacizumab standard or intervention? 

Variable type: Categorical (single selection only) 

Database column name: standard 

Extractors were prompted to select one of the following mutually exclusive options. 
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Displayed option name Database value 

standard 1 

intervention 0 

 

Combination or Monotherapy 

Variable type: Categorical (single selection only) 

Database column name: combo_mono 

Extractors were prompted to select one of the following mutually exclusive options. 

Displayed option name Database value 

Monotherapy mono 

Combination therapy combo 

  

With what other drugs was the VEGF inhibitor combined? 

Variable type: Open text field 

Database column name: open_text_2 

 

Publication date 

Variable type: Date 

Database column name: pub_date 

Extractors were prompted to enter a date. 

 

Start of enrollment 

Variable type: Date 

Database column name: enr_date 

Extractors were prompted to enter a date. 

 

Study closure (data cut off) 

Variable type: Date 

Database column name: data_cut_off 

Extractors were prompted to enter a date. 

 

End of patient enrolment 

Variable type: Date 

Database column name: end_of_enrollment 

Extractors were prompted to enter a date. 

 

Study Identifiers 

Variable type: Open text field 

Database column name: identifier 

Extractor prompt: 
whatever unique identifiers you can find (NCT number, or initialism (eg IRIS 

or ENESTnd)  

If surgery is involved, is it adjuvant or neoadjuvant? 

Variable type: Categorical (single selection only) 
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Database column name: surgery 

Extractors were prompted to select one of the following mutually exclusive options. 

Displayed option name Database value 

neoadjuvant neoadjuvant 

adjuvant adjuvant 

no surgery no_surg 

 

What is the disease status? 

Variable type: Categorical (single selection only) 

Database column name: disease_status 

Extractors were prompted to select one of the following mutually exclusive options. 

Displayed option name Database value 

not metastatic not_metastatic 

metastatic metastatic 

mixed mixed 

  

What is the line of treatment? 

Variable type: Categorical (single selection only) 

Database column name: line 

Extractors were prompted to select one of the following mutually exclusive options. 

Displayed option name Database value 

first line first_line 

not first line not_first_line 

  

Does the study characterise the tumor further? 

Variable type: Open text field 

Database column name: tumorcha 

Extractor prompt: 
Write as following: 

HER positive: "HER+" 

HER negative: "HER-" 

ER positive: "ER+" 

ER negative: "ER-" 

Triple negative :"TN" 

Hormone Receptor positive: "HoR+" 

Hormone Receptor negative:"HoR-" 

if multiple, separate by comma 

 

Total N 

Variable type: Open text field 

Database column name: total_N 

 

What is the Phase of the trial? 

Variable type: Categorical (single selection only) 

Database column name: phase 

Extractors were prompted to select one of the following mutually exclusive options. 

Displayed option name Database value 

Phase 1 phase1 

Phase 1/2 phase12 
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Displayed option name Database value 

Phase 2 phase2 

Phase 2/3 phase23 

Phase 3 phase3 

Extractor prompt: 
If the phase number is not explicitly stated: 

Phase 1: healthy volunteers OR patients lacking target disorder, OR dose 

escalation where safety, dosage, OR PK are primary endpoints. Typically < 50 

patients. 

Phase 2: in patients with target disorder, AND primary endpoint not specified 

OR primary endpoint is specified, and it is a surrogate (i.e. tumor response), 

... other pieces of evidence: call for large randomized trials 

Phase 3: "confirmatory," "pivotal", OR randomized trial enrolling > 200 

patients where primary endpoint is clearly specified, and it is a clinical 

endpoint. Typically uses 1 or perhaps 2 dose arms. 

 

Single or Multicenter study? 

Variable type: Categorical (single selection only) 

Database column name: center 

Extractors were prompted to select one of the following mutually exclusive options. 

Displayed option name Database value 

Single center single 

Multi center multi 

not stated NA 

  

Funding source 

Variable type: Categorical (single selection only) 

Database column name: funding 

Extractors were prompted to select one of the following mutually exclusive options. 

Displayed option name Database value 

Industry only industry 

some industry some_industry 

not stated NA 

  

Efficacy and Safety Info 

Efficacy Endpoint table 

Table data 

Extractors were prompted to add rows to a table of open text fields with the following column 

headings. 

Displayed column name Database column name 

Outcome outcome 

Arm arm 

Treated Mean Value value 

Denominator denom 

Stats stats 

Primary or secondary (enter 1 or 2) primary_secondary 

Extractor prompt: 
Always write the name of the drug, not just "Tx." 
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Denominator for ORR or PFS-6 months or the like, where the value is a 

proportion, enter the number of patients who responded and the number of 

patients evaluable in Value and Denominator respectively. 

 

For median PFS/TTP/OS, leave this field blank. 

We only record: 

1: primary outcome 

2: ORR (no CI) defined as Partial Response plus Complete Response 

3: PFS (only median) 

4: TTP 

5: HR (with CI and p-value) 

 

Safety data 

Table data 

Extractors were prompted to add rows to a table of open text fields with the following column 

headings. 

Displayed column name Database column name 

Arm arm 

Grade 3-4 SAE grade_34 

Grade 5 SAE grade_5 

Denominator denom 

  

What is the most common Grade 3-4 Adverse Event? 

Variable type: Text area 

Database column name: most_common_SAE 

 

Primary endpoint 

Variable type: Open text field 

Database column name: endpoint 

Extractor prompt: 
What was the primary endpoint of the study? 

 

Was the primary endpoint met? 

Variable type: Categorical (single selection only) 

Database column name: pos_endpoint 

Extractors were prompted to select one of the following mutually exclusive options. 

Displayed option name Database value 

Yes 1 

No 0 

  

Toxicity described as… 

Variable type: Categorical (single selection only) 

Database column name: toxicity 

Extractors were prompted to select one of the following mutually exclusive options. 

Displayed option name Database value 

Acceptable acceptable 

Unacceptable unacceptable 

not stated not stated 
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Displayed option name Database value 

  

Recruitment failure? 

Variable type: Categorical (single selection only) 

Database column name: accrual 

Extractors were prompted to select one of the following mutually exclusive options. 

Displayed option name Database value 

Yes 1 

No 0 

  

AERO node colour 

Variable type: Categorical (single selection only) 

Database column name: AERO_colour 

Extractors were prompted to select one of the following mutually exclusive options. 

Displayed option name Database value 

red red 

yellow yellow 

green green 

white white 

Extractor prompt: 
This is the "all things considered, final answer" colour that should be 

assigned to this trial on the AERO diagram. 

 

For a trial with a single arm, choose red if the primary endpoint is negative. 

If the primary endpoint is positive, but the toxicity is unacceptable, choose 

red. If the primary endpoint is positive and the toxicity is acceptable, 

choose green. If the primary endpoint falls between the prespecified numbers 

for a positive and negative response and the toxicity is acceptable, choose 

yellow. If the primary endpoint is only non-efficacy (safety or PK only), 

choose white. 

 

Discussion 

Citations 

Citation selector 

Extractors were prompted to enter citation data. 

Extractors were prompted to code each extraction for the following properties. 

Displayed prompt 
Database 

column 

Is a study with the same VEGF inhibitor cited? (Y/N) same_drug 

Is the Citation in the Introduction, Discussion or both (I/D/B) Intro_disc 

Abstract (Y, if not leave empty) abstract 

Non primary publication citation? (subgroup, biomarker?) (Y, if not leave 

empty) 
non_primary 

Citation in another indication other_ind 

 property_2 

Extractor prompt: 
Each citation of another clinical trial investigating VEGF inhibitoron in 

breast cancer. 
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Begin by typing an author's name or part of the title of the citation. When 

you have found the citation you're looking for, click "Add citation" and this 

will attach it to this extraction. If you can't find the citation in the list 

of suggestions that appears, choose "Add a new reference" from the panel at 

the left. Also record Abstracts! 

 

Do authors suggest further clinical testing of the drug? 

Variable type: Categorical (single selection only) 

Database column name: further_testing 

Extractors were prompted to select one of the following mutually exclusive options. 

Displayed option name Database value 

further testing recommended yes 

no mention of further testing no 

  

What further testing was recommended? 

Variable type: Text area 

Database column name: recommendation 

 

If there was anything strange about this extraction, please note it here 

Variable type: Text area 

Database column name: comments  
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