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Background: The clinical development of new drugs with radiation appears to be limited. We hypothesised that phase I clinical
trials with radiation therapy (RT) are initiated too late into a new drug’s lifetime, impeding the ability to complete RT–drug
development programmes before patent expiration.

Methods: We identified novel drug–radiation phase I combination trials performed between 1980 and 2012 within the PubMed
and ClinicalTrials.gov databases. Data gathered for each drug included: date the initial phase I trial with/without RT was opened/
published, date of the published positive phase III trials, and patent expiration dates. Lag time was defined as the interval between
opening of the phase I trial without RT and the opening of the phase I with RT. Linear regression was used to model how the lag
time has changed over time.

Results: The median lag time was 6 years. The initial phase I trial with RT was typically published 2 years after the first published
positive phase III trial and 11 years before patent expiration. Using a best-fit linear model, lag time decreased from 10 years for
phase I trials published in 1990 to 5 years in 2005 (slope significantly non-zero, Po0.001).

Conclusions: Clinical drug development with RT commences late in the life cycle of anti-cancer agents. Taking into account the
additional time required for late-phase clinical trials, the delay in initiating clinical testing of drug–RT combinations discourages
drug companies from further pursuing RT-based development. Encouragingly, lag time appears to be decreasing. Further
reduction in lag time may accelerate RT-based drug development, potentially improving patient outcomes.

The addition of concomitant chemotherapy to radiation therapy
(RT) has increased the cure rate for many types of cancer, and
quantitatively is one of the most important advances in cancer care
over the past 30 years (Seiwert et al, 2007). In parallel, advances in
our understanding of cancer biology over the past two decades
have led to the development of a new generation of targeted
treatments (Lawrence et al, 2013b). Although there is good
rationale and solid preclinical data supporting the utility of
combining many of these new agents with RT, the clinical
development of new radiation–drug combinations appears to be

limited (Lawrence et al, 2013a). Very few of these newer biological
agents have been combined with RT in phase III trials, and only
one (cetuximab) has received a specific FDA-approved indication
(Bonner et al, 2006).

We hypothesised that, one reason for this lack of progress may
be that phase I clinical trials with RT are initiated late into a new
drug’s lifetime (i.e., close to the patent-expiry date). We
investigated the relationship between the initial clinical testing of
a new drug as a single-agent, initial clinical testing with radiation,
and patent-expiry dates.
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MATERIALS AND METHODS

A search was performed to identify phase I trials involving novel
drug–radiation combinations within the PubMed and Clinical-
Trials.gov databases. For PubMed the search terms used were:
(phase I) AND (radiation OR radiotherapy OR chemoradiotherapy
OR chemoradiation). Specific limits that were placed on the
PubMed search were Publication Dates 1980–2012; Species
Humans; Language English; and Article Type Clinical Trials. For
ClinicalTrials.gov an advanced search was performed using the
terms (radiation OR radiotherapy OR chemoradiotherapy OR
chemoradiation) and selecting phase I as an additional criterion.

Exclusion criteria were: (1) if the year that the clinical trial
combining drug and radiation opened could not be determined
from either the PubMed abstract, the complete manuscript, or the
ClinicalTrails.gov website; (2) drugs that were pure radiosensitisers
(i.e., drugs that were not tested as single agents in the absence of
RT); and (3) trials of non-malignant pathologies.

For each drug for which a phase I trial involving concomitant
radiation could be identified, we went back to identify additional
time points that are as follows:

1. The opening of the initial phase I trial without RT by searching
the PubMed and ClinicalTrials.gov databases.

2. The publication date of the initial phase I trial without RT.
3. The year of publication of the first positive phase III study of the

drug without RT, as determined from the PubMed database.
A positive study was defined as one that showed a significant
difference (Po0.05) in the primary end point (i.e., overall
survival, disease-free survival, and cause-specific survival) of the
study group.

4. Drug type categorised as chemotherapeutic, antibody, or
targeted agent.

5. Sponsorship of the trial categorised as academic, industry,
combined, or not-stated based on the information provided on
the Clinicaltrials.gov database.

6. Initial FDA approval.
7. Patent expiration as determined from DrugPatentWatch

(Friedman, 2012) and other websites.

Two definitions of lag time were pragmatically defined to
account for missing data, especially for older drugs. Lag time-O
was defined as the interval from the opening of the phase I trial
without radiation until the opening of a phase I trial with radiation.
Lag time-P was defined as the interval from publication of phase I
trial without radiation until the opening of a phase I trial with
radiation.

Statistical analysis. Statistical analyses were performed using the
Stata Statistical package (version IC 11.1, StataCorp LP, College
Station, TX, USA). Univariate logistic regression was used to assess
variables that were associated with a longer lag time. A P-value of
o0.05 was considered statistically significant. Linear regression was
used to model how lag time has changed over time. Graphs were
created using Prism 6 (GraphPad Software, Inc., La Jolla, CA, USA).

RESULTS

Eighty-four drugs were identified for which an initial phase I trial
involving concomitant radiation could be obtained from the
Pubmed and ClinicalTrials.gov databases. Of these, 18 drugs were
excluded (for 13, the date the RT trial opened was not stated and
for 5, the drug had not been tested in the absence of radiation), see
Figure 1. The remaining 66 drugs formed the study population,
consisting of 11 monoclonal antibodies, 20 chemotherapeutic

cytotoxic agents, and 35 targeted small molecules. Sponsorship for
the phase I trials was identified for 66 of the trials with RT and 58
of the trials without RT. Of those trials with RT, 68% of the
sponsorship was academic, 23% was from industry, and 9% was
combined; whereas for the trials without RT, 48% was academic,
39% was from industry, and 12% not stated (Supplementary Table
S1). Non-radiation trials were more likely to be sponsored by
the industry than radiation phase I trials (39% vs 23%),
(P-valueo0.01).

Not all time points were obtainable for all drugs (Table 1);
therefore, lag time-O could be calculated for 47 drugs and lag time-
P for 65 drugs. The median lag time-O between the opening of the
phase I trial without RT and the opening of the phase I with RT
was 6 years (interquartile range 5–8 years). The median lag time-P
between the published phase I trial without RT and the opening
phase I with RT was 3 years (interquartile range 1–6 years), see
Table 2. On the basis of these median time points, we created a
typical timeline for the clinical development of a novel anti-cancer
agent with radiation (Figure 2). Further analysis was based on the
lag time-P variable as this was available for all 66 drugs.

Lag time-P was associated with the year of publication of the
initial phase I trial without RT on linear regression (Po0.001).
Neither drug-class nor sponsorship of the RT phase I trial were
associated with lag time (Table 3). Using a best-fit linear model, the
lag time-P was shown to have decreased from 9 years for phase I
trials published in 1990 to 3 years for trials published in 2005
(slope significantly non-zero, Po0.001), see Figure 3. Likewise, lag
time-O was found to have decreased from 10 years in 1990 to
5 years in 2005 (slope significantly non-zero, Po0.001),
(Supplementary Figure 1). The website ClinicalTrials.gov was
created in 2000, and the International Committee of Medical
Journal Editors (ICMJE) began to require trial registration as a
condition of publication only in 2005. We were concerned that the
decrease in lag time seen in recent years may be the result of bias
resulting from the creation of the database. We therefore
performed an additional analysis confined to dates obtainable
from the manuscripts themselves without reference to Clinical-
Trials.gov. For this analysis, we looked at the lag time from
publication of phase I without RT to publication of phase I with RT
(the opening dates were very rarely listed in the manuscript) for 44
drugs for which dates were available. Similarly, this analysis
showed the time interval decreased from 12 years for RT trials
published in 1990 to 5 years for RT trials published in 2005
(Supplementary Figure 2).

DISCUSSION

We have demonstrated that clinical drug development with RT
commences late in the life cycle of anti-cancer agents, a median 6
years after the opening of the first phase I trial without RT and 15
years before patent expiration. Positively, we discovered that lag
times have decreased in recent years, although they remain long.

To our knowledge, this is the first study to have quantified the
lag time in initiating clinical trials with RT for novel anti-cancer
agents. Our finding of a decrease in lag time in recent years is
encouraging, although the reasons behind this shift are not evident.
Ataman et al (2012) recently noted that combination chemo–RT
trials using novel agents were not initiated until after drug
approval, suggesting the existence of ‘lag between the proof of
clinical activity of novel targeted agents and the initiation of
clinical trials of their use in combination with radiation therapy.’
Our work, however, shows that phase I trials are initiated on an
average 1 year before FDA approval. This discrepancy may be
explained by the difference in methodology: Atamen’s study
analysed specifically targeted agents and looked at all phase I trials,
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categorising them by the location of tumour site, whereas our study
looked at the first combination study for the specific drug and was
not site specific.

Our manuscript has a number of limitations, and the potential
sources of bias are: (1) the small number of new drugs analysed;
however, this is an inevitable reflection of the limited number of
trials performed with RT. (2) The ClinicalTrials.gov registry was
created in 2000, and the ICMJE began to require trial registration as
a condition of publication only in 2005; as the opening date listed in
ClinicalTrials.gov may precede the true opening date, this may
create a false impression that lag time has decreased in recent years.
In order to overcome this, we performed an additional analysis,
which ignored ClinicalTrials.gov and was based entirely on manu-
script publication dates. This analysis similarly demonstrated a
decrease in lag time from 12 to 5 years. (3) Not all trials listed in
ClinicalTrials.gov are truly active—some may never be completed or
even accrue patients. (4) For each drug, we searched for the first
published trial without/with radiation. Unfortunately, not all
completed trials are published (publication bias) (Dickersin et al,

1987). We did not consider trials that were only published in the
abstract form as the information contained therein was insufficient
(e.g., they rarely mention as to when was the trial opened).

Much clinical research is funded by the pharmaceutical industry
(Rettig, 2000), even within the NCI cooperative group network.
Consequently, the majority of drug development occurs within a
specific time window that terminates a number of years before
patent expiration (Serajuddin and Serajuddin, 2006). Our study
suggests a relative lack of interest by drug companies to perform
clinical trials with RT, as demonstrated by the fact that phase I
trials without RT were much more likely to be sponsored by the
industry than phase I trials with RT. The reasons for the lack of
interest of the drug industry are complex but may include an
(unjustified?) fear of radiation-associated toxicity, and their
reluctance to invest resources in an unproven drug. Taking into
account the additional time required for late-phase (i.e., phase II/III)

PubMed search: (phase I) And (radiation OR
radiotherapy OR chemoradiation OR

chemoradiotherapy);
Limits: ‘1980–2012’; ‘Clinical trial, phase 1’;

‘humans’; ‘english’

ClinicalTrials.Gov search: (radiation OR
radiotherapy OR chemoradiation OR

chemoradiotherapy);
Additional critera: ‘phase 1’

700 Publications on PubMed
2399 trials on clinicaltrials.gov

Selected aff first phase I trials with RT

84 Trials

Exclude 18 trials
13 Date trial opened not stated;

5 Pure radiosensitisers

Compare dates to
define ‘lag-time’ in

development
Locate original phase I trial w/o RT

66 ‘first phase I trials combination RT+
drug’

Figure 1. Flow diagram of the process used to Identify trials for analysis.

Table 1. Time points obtained for the analysed drugs and trials

Time points

Number
of drugs
for which

data
obtainable Median Range

Year of first trial without RT opened 47 2001 1960–2008

Year of first trial without RT published 65 2002 1963–2011

Year of first trial with RT opened 66 2005 1983–2012

Year of first trial with RT published 45 2006 1996–2012

Year of first phase III published 45 2003 1979–2012

Year of FDA approval 34 1999 1967–2011

Year of patent expiry 34 2014 1994–2021

Abbreviations: FDA¼Food and Drug Administration; RT¼ radiation therapy.

Table 2. The time intervals between different time points studied and the
publication date of the initial phase I trial without radiation (in years)

Time-interval from
publication date of initial

phase I trial without
radiation

Time points Median
Interquartile

range

Opening of first trial without RT � 3 4 to 2

Opening of first trial with RT 3 1 to 6

Publication of first trial with RT published 7 5.5 to 12

Publication of first phase III published 5 3 to 9

FDA approval 4 1 to 6

Patent expiry 18 13 to 20

Abbreviations: FDA¼ Food and Drug Administration; RT¼ radiation therapy.
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clinical trials, this delay in initiating clinical testing of drug–RT
combinations produces an additional disincentive for drug
companies to pursue drug development with RT, as it becomes
nearly impossible to obtain new, approved indications before
patent expiration.

Lack of interest by the pharmaceutical industry in drug
development with RT has been noted in the literature; with one
reason being that the pharmaceutical industry does not view
radiation combination trials as a path to drug registration
(Lawrence et al, 2013b; Lin et al, 2013). Barton and Emmanuel
(2005) have discussed the complex role that patent expiry has in
drug development. On the one hand patent expiry is an incentive
to innovation (Magazzini et al, 2004), on the other hand it places a
time limit on a company’s interest in any particular agent.
Hence, the issues highlighted in this paper are a reflection of the
bigger issues that market demand rather than genuine health needs
often determine research priorities (Barton and Emanuel, 2005;
Viergever, 2013). The proposed solutions include increased
public–private cooperation and increased governmental funding
of the areas that the industry neglects (i.e., radiation-based drug
development) (Viergever, 2013).

There are likely other reasons for the observed delay in
performing phase I trials with RT. To some extent this is an issue
of scale— there are far more medical oncologists than radiation
oncologists, e.g. in the USA there are 14 000 medical oncologists
but only 4000 radiation oncologists (Smith et al, 2010; Kirkwood
et al, 2013). Within the specialty, there is also a lack of suitably
trained personnel: developing phase I trials requires solid pre-
clinical work in the lab, which is then followed up in a clinical trial.
Unfortunately, the number of trained radiation biologists appears
to be dropping (Rosenstein et al, 2009). Also, there are
comparatively few physicians who have the skill sets and
appropriate institutional support network to perform phase I
studies with radiation. Phase I trials without radiation are generally
performed in highly specialized and experienced high-throughput
units. Conversely, radiation phase I trials appear to be performed
by individual academic investigators working within busy clinical
departments.

Drug–radiation trials are by definition multi-modality and
hence logistically complex, creating a number of unique issues that
can be sources of disagreement with, for example, scientific and
ethical review boards (Lawrence et al, 2013b): How should the drug
and radiation treatments be coordinated? How is toxicity
attributed? Which modality should be adjusted when side effects
occur? How should dose escalation be performed and what is the
appropriate dose of drug (not necessarily the maximal tolerated
dose)? A further issue is that the patient populations for non-RT
and RT phase I trials are quite distinct. Whereas most non-RT
phase I trials are performed in the advanced metastatic setting, for
patients lacking additional standard options, radiation phase I
trials often involve adding novel agents to the first-line therapy,
attempting to cure the patient of locally advanced cancer.

While choosing which agent to combine with radiation, there is
a recent trend to concentrate upon new pharmaceutical agents that
have demonstrated activity as mono-agents (Serajuddin and
Serajuddin, 2006). However, it is quite conceivable that a drug
may enhance radiation–cell kill without having noticeable mono-
therapy activity (e.g., a pure DNA repair inhibitor). A new
opportunity for drug development with radiation is provided by
the emerging class of immunomodulating agents, for example,
programmed death-1 (PD-1) inhibitors that are generating much
interest as anti-cancer agents in melanoma and other solid tissues.
There is evidence that radiotherapy/radiosurgery can uncover
cancer cell antigens, stimulate the immune response and potentiate
response to these agents (Formenti and Demaria, 2013; Lawrence
and Dicker, 2014).

Although the lag time has decreased considerably over the last
few years, there is a need to further shorten lag times to promote
the viability of RT–drug combination development programmes.
Increased cooperation between industry and academic radiation
oncologists is required, to this end, both a European group and
NCI/RTOG recently published guidelines to encourage a more
streamlined approach for drug development with radiation
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Figure 2. Typical time line of drug development with radiation. Time intervals refer to median values derived from the study of 66 drugs, as
detailed in Table 2.

Table 3. Univariate analysis of factors associated with length of Lag
time-P

Variable Coefficient P-value

Year published without RT 0.523 o0.001

Drug class �1.528 0.106

Sponsorship of RT trial �1.738 0.111

Abbreviation: RT¼ radiation therapy.
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Figure 3. Lag time-P as a function of the publication year of phase I
without RT.
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(Harrington et al, 2011; Lawrence et al, 2013b). In addition to
better collaboration between pharmaceutical companies and
radiation oncologists, incentivising pharmaceutical companies to
get more involved in radiation studies, improved trial designs, and
guidance from the regulatory authorities to determine acceptable
end points for radiation studies are imperative to successfully
improving lag time. Increased non-industry funding for radiation-
based trials would help. Alternatively, patent expiry dates could be
extended, although this would be complicated.

A number of other variables may potentially be associated with
lag time and will be the subject of future studies, for example, the
severity of toxicity when the drug is used alone, the extent of pre-
clinical data with RT, accrual rate for studies, and experience of
combining similar sister drugs with radiation.

In conclusion, we have quantified the lag time in the clinical
testing of new drugs with radiation. We have shown that there is a
trend of decreasing lag times in recent years, although they remain
too long. Although the combination of radiation with novel agents
holds much promise for improving cancer cure rates, drug
development with radiation is often initiated too late into a drug’s
patent lifetime to make the process commercially viable. Short-
ening the lag time will promote the commercial viability of
developing novel radiation–drug combinations.
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