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Abstract

Meta-analysis based on individual participant data (IPD) is a powerful methodology for synthesizing evidence by combining
information drawn from multiple trials. Hitherto, its principal application has been in questions of clinical management, but
an increasingly important use is in clarifying trials methodology, for instance in the selection of endpoints, as discussed in
this review. In oncology, the Aide et Recherche en Canc�erologie Digestive (ARCAD) Metastatic Colorectal Cancer Database is a
leader in the use of IPD-based meta-analysis in methodological research. The ARCAD database contains IPD from more than
38 000 patients enrolled in 46 studies and continues to collect phase III trial data. Here, we review the principal findings of the
ARCAD project in respect of endpoint selection and examine their implications for cancer trials. Analysis of the database has
confirmed that progression-free survival (PFS) is no longer a valid surrogate endpoint predictive of overall survival in the
first-line treatment of colorectal cancer. Nonetheless, PFS remains an endpoint of choice for most first-line trials in metastatic
colorectal cancer and other solid tumors. Only substantial PFS effects are likely to translate into clinically meaningful bene-
fits, and accordingly, we advocate an oncology research model designed to identify highly effective treatments in carefully
defined patient groups. We also review the use of the ARCAD database in assessing clinical response including novel re-
sponse metrics and prognostic markers. These studies demonstrate the value of IPD as a tool for methodological studies and
provide a reference point for the expansion of this approach within clinical cancer research.

Meta-analysis based on de-identified individual participant
data (IPD) is recognized as the gold standard approach for the
synthesis of multiple studies conducted in a specific disease
setting (1). One approach to IPD meta-analysis is to construct a
database of trials as a standing resource supporting ongoing re-
search projects, an approach pioneered within oncology by the

Early Breast Cancer Trialists’ Collaborative Group (EBCTCG) (2).
This group has established the oldest, largest, and most suc-
cessful standing IPD resource in oncology and uses it to address
numerous clinical issues in patients with early breast cancer (2).
Other similar initiatives in patients with early disease are the
Adjuvant Colon Cancer End Points collaboration (3) and the
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Intermediate Clinical Endpoints in Cancer of the Prostate collab-
oration (4). In the advanced disease setting, a pioneering contri-
bution has been made by the Aide et Recherche en Canc�erologie
Digestive (ARCAD) Metastatic Colorectal Cancer Database (5).
The ARCAD database has been used to clarify methodological
challenges that are pertinent to trials not only in unresectable
locally advanced or metastatic colorectal cancer (designated
hereafter as mCRC) but that also have relevance to studies in
virtually all advanced solid tumors. Our review provides a de-
tailed illustration of the application of data sharing to issues of
methodology, with the goal of informing similar initiatives.

The Changing Oncology Trials Paradigm

Clinical research in advanced solid tumors is in a period of tran-
sition, and studies in colorectal cancer exemplify these changes.
Trials in which large, heterogeneous patient populations are
treated with 1 or 2 uniform interventions are being replaced by
studies tailoring treatments to smaller and more stratified
groups defined by specific patient and tumor profiles. Clinical
management is also evolving, with growing use of targeted
therapy including immune checkpoint inhibitors, surgery and
ablative techniques, and treatment sequences with greater cu-
mulative effectiveness. A large collection of randomized clinical
trials spanning decades of new treatment development pro-
vides a reliable source of data to assess therapeutic progress not
only within trials but also over time. In contrast, real-world evi-
dence is often conflicting, probably because of the many con-
founding factors that cannot be accounted for when analyzing
data from various real-world sources. In mCRC, progression on
first-line treatment generally manifests itself in less than 1
year, with patients who receive optimal management with ad-
ditional lines of therapy surviving for 2-3 years or longer.
Outside clinical trials, patients are often older and in poorer
health or have poorer access to treatment, and their outcomes
may therefore be worse. For instance, a recent study by the
Dutch Cancer Registry found that across the Netherlands, in a
real-life setting, median overall survival (OS) in mCRC remained
approximately 12 months throughout the period 2008-2016 (6).
In the United States, the 2-year relative survival rate for patients
diagnosed with metastatic disease increased from 21% during
the mid-1990s to 37% during 2009-2015 (7).

One achievement of clinical trials conducted in the last
25 years has been a thorough investigation of clinical-trial end-
points, including response rate (RR), progression-free survival
(PFS), and their relationship with OS. Historically, OS has been
the endpoint of choice in advanced cancer trials and remains so
for trials of second and subsequent treatment lines, but in the
first-line setting, the availability of additional interventions af-
ter initial progression of disease is increasing OS, and this has
eroded the utility of OS as an informative endpoint. This is be-
cause of a number of factors including the confounding effects
of crossover in randomized trials, the expanding range of inter-
ventions available after first-line progression, greatly varying
use of salvage therapies, and the growing incursion of statistical
noise as the gap between first progression and death increases
(8,9).

Investigators who are designing clinical trials in mCRC and
other solid tumors therefore face a dilemma. On the one hand,
the foremost goal of clinical intervention is usually increased
survival, and regulatory authorities therefore continue to prefer
OS as a primary endpoint; yet assessing treatments by their im-
pact on OS in an unselected patient population requires larger,

more complex, expensive, and lengthy trials, with the possibil-
ity that positive treatment effects might be missed or poorly
characterized. On the other hand, although PFS is representa-
tive of the direct antitumor effects of an investigational treat-
ment, its weakened association with OS raises the problem that
medicines might gain market access on the basis of PFS data de-
spite having no true impact on OS. This could hamper clinical
decision making and result in an accumulation of expensive
novel therapeutics that lack clinically meaningful new benefits
for patients. The ARCAD Advanced Colorectal Cancer Database
has enabled in-depth analyses of the surrogacy of PFS for OS in
mCRC patients treated with contemporary therapies, as dis-
cussed further below.

Trialists and regulators have taken a pragmatic approach to
this dilemma, assessing treatment effects according to a mix-
ture of parameters, including both PFS and OS, as well as RR,
disease control rate, duration of response, and increasingly,
other factors such as symptom control, secondary curative-
intent surgery, and quality of life (QOL). In addition, phase IV
observational cohort studies and academic clinical trials con-
ducted after regulatory approval continue to play a critical role
in optimizing the use of new therapeutics. Given the modest ef-
ficacy of most emerging therapeutics in unselected patient pop-
ulations, it typically takes several years after initial approval
before the optimal deployment of new treatments in concert
with other interventions is established.

Against this background, our scientific understanding of
cancer is now developing rapidly. The disease is being subtyped
according to its molecular and genetic characteristics (10), new
targeted and investigational treatments including immuno-
oncologic agents are being introduced, and a diversity of new
markers of response and prognosis are becoming available, as
discussed below. We are also now entering an era of increased
data sharing, and IPD pooled from multiple trials is providing a
more powerful approach than meta-analysis based on aggre-
gate data (11).

Applying IPD to the Evaluation and Selection of
Trials Endpoints

ARCAD is an international collaboration of leading experts and
trialists in colorectal cancer and currently has some 80 aca-
demic members in 16 countries. The collaborative engages di-
rectly in research through its database and holds consensus
discussions drawing on its members’ clinical and research ex-
pertise. At the time of writing, IPD from more than 38 000
patients in 46 trials published between 2002 and 2015 are in-
cluded in ARCAD’s Metastatic Colorectal Cancer Database
(Supplementary Table 1, available online). We are currently in
negotiations with the leading investigators of several other tri-
als to provide data from their studies, and the database is now
an enduring, shared resource for the CRC research community.
The collaboration welcomes proposals and participation from
trialists globally. Currently, ARCAD is also constructing a data-
base of European trials in pancreatic cancer as a research re-
source modeled on the mCRC database.

Assembling the mCRC database has and continues to require
considerable effort including contractual negotiations with trial
sponsors and subsequent data processing for integration into
the database. Because of intellectual property considerations
important to many of the contributors, especially pharmaceuti-
cal companies, the database is by agreement not used to inves-
tigate the comparative efficacy and toxicity of different specific
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cancer drugs. Its primary focus is on trial methodology and clin-
ical management of mCRC. In particular, the ARCAD database
has helped expand our knowledge of trial endpoints and prog-
nostic and predictive markers in mCRC.

Progression-Free Survival

PFS is a standard endpoint in cancer studies particularly in
patients with advanced disease. It permits more rapid endpoint
assessment than OS, supports smaller trials, and is unaffected
by crossover or postprogression treatment and events. As dis-
cussed above, however, it is no longer clear that increases in
PFS in clinical trials are predictive of corresponding increases in
OS. Furthermore, PFS is vulnerable to error and bias because of
its dependence on tumor measurements, the definition of pro-
gression, and censoring. Rules concerning assessment of PFS
are heterogeneous, differ between trials, and remain the subject
of continued debate [see for example, (12-14)]. The use of PFS is
also less reasonable in trials involving de-intensification of
therapy and reintroduction at progression, as opposed to trials
in which patients receive sustained treatment until that inter-
vention fails.

For mCRC trials conducted up to 1999, first-line PFS was
shown to be a strong surrogate endpoint for OS for chemother-
apy treatments alone on the basis of meta-analysis [(15); for an
account of the difference between prognostic and predictive
markers in individuals and trial-level surrogate endpoints, see
(16)]. However, these trials were conducted during a period in
which there were limited treatment options, treatment was less
effective than it is today, and survival after progression was typ-
ically short. During this time, there were few second-line
options, they had limited efficacy, and there was minimal bio-
logical stratification or use of targeted therapies. Investigations
of trials conducted after 2000 have generally failed to demon-
strate valid surrogacy of later-line PFS for OS, either in mCRC or
other metastatic cancers. For instance, PFS and response-based
endpoints were not found to be acceptable surrogates for OS in
patients with breast cancer (17). PFS was correlated with OS at
the individual and trial levels in studies of HER2-amplified
breast cancer, as well as in lung cancer, but the relationships
were modest, and PFS failed to qualify as a reliable surrogate for
OS (18,19). Haslam et al. (20) reviewed studies of surrogate end-
points predicated on meta-analysis across a range of oncology
settings and reported that trial-level validation studies gener-
ally found at best low correlations with OS.

The ARCAD database has been used in several studies to in-
vestigate PFS and OS in the setting of advanced CRC (21,22). In
an analysis of all trials in the database involving first-line treat-
ment, Shi et al. (22) examined IPD for 16 762 patients from 22
first-line studies first published from 2003 to 2012. In total, 12 of
these studies tested anti-angiogenic and/or anti-epidermal
growth factor receptor (EGFR) agents. Overall, median first-line
PFS was 8.3 months, and median OS was 18.2 months, both of
which are shorter than we have come to expect in contempo-
rary trials. The correlation between treatment effects on PFS
and OS was modest, with an R2 of 0.45-0.69 in different analyses,
indicating a correspondingly modest surrogacy (Figure 1). Of
note, there is no consensus on the strength of the trial level as-
sociation required for claims of surrogacy, but a threshold for R2

of 0.75, which corresponds with a correlation coefficient above
0.865 and exceeds that obtained in this analysis, is often used
(23). The degree of surrogacy was not improved in analyses lim-
ited to trials that investigated biologic agents or when limited to

trials that treated patients continuously to progression as op-
posed to trials in which treatment was discontinued or reduced
in intensity prior to progression or when limited to superiority
trials. In most of the studies included in this analysis, more
than 50% of patients received subsequent treatment, in many
cases with targeted agents, which likely contributed to the long
postprogression survival, reducing the strength of formal surro-
gacy. Median postprogression survival was longer than median
first-line PFS irrespective of whether patients received biologic
agents in first-line treatment.

In the contemporary setting, both PFS and OS have become
longer, and as additional new treatment options emerge, these
are likely to result in further increases in OS. This trend is also
apparent in other solid tumors such as non-small cell lung can-
cer (24). Therefore, at least in first-line treatment, the modest
surrogacy of PFS for OS documented in the 2015 ARCAD study is
likely to become weaker for trials with new effective targeted
agents and in broad patient populations. Conversely, surrogacy
of PFS for OS would likely be restored in the case of trials that
test highly effective treatments, often in patients selected be-
cause their tumors harbor defined genomic vulnerabilities en-
abling substantial extensions in first-line PFS. This might be
achieved through careful biomarker and clinically defined pa-
tient selection for likely responsive disease subtypes or through
the emergence of highly effective new therapeutics in defined
patient subgroups, such as immune checkpoint inhibitors, as
discussed below.

Regardless of whether surrogacy for OS is achieved, how-
ever, PFS remains the best available direct measure of the activ-
ity of most new treatments. Furthermore, improvement in PFS
may constitute a valuable clinical and patient benefit in its own
right; in clinical studies conducted in patients with mCRC and
other solid tumors, a prolonged PFS has been found to correlate
with enduring QOL and reduction of disease symptoms (eg, 25-
27). PFS therefore remains the preferred primary endpoint for
most first-line superiority trials in mCRC. Agents that demon-
strate a clinically meaningful PFS treatment effect, have accept-
able tolerability, and do not appear to negatively impact OS
should be considered acceptable options for ongoing research
and introduction of new therapeutics into clinical use.

Response-Based Endpoints

Response-based endpoints such as objective RR were not vali-
dated as trial-level surrogate endpoints for OS even when tested
in trials conducted prior to 2000 (28). However, response is a
good predictor of outcome at the individual level for therapeu-
tics designed to cause tumor shrinkage, and in recent years,
there has been interest in the utility of both time to response
and magnitude of response as endpoints in the mCRC and other
settings [eg, (29-31)]. The ARCAD database has therefore been
used to conduct several investigations of response-based end-
points, both as predictive markers at the individual level and as
potential trial-level surrogates for OS and PFS.

Considering first the time to tumor response, Sommeijer et
al. (32) assessed early tumor response, defined as any confirmed
complete or partial response by Response Evaluation Criteria in
Solid Tumors (RECIST) at 6, 8, or 12 weeks according to the trial,
for individual-level correlation with OS and PFS in first-line tri-
als. IPD from 13 949 patients enrolled in 15 randomized first-line
phase III trials were used, of which 8 trials used anti-angiogenic
or anti-EGFR targeted agents. Early response was found to be a
strong and independent predictor of OS and PFS (P< .0001). The

R
EV

IE
W

R. M. Goldberg et al. | 821



individual-level predictive value remained statistically signifi-
cant after adjusting for age, sex, performance status, and loca-
tion of metastatic disease in the liver or lung. Overall tumor
response at 26 weeks proved to be superior to early response
parameters in predicting OS.

In a similar study, Sommeijer et al. (33) compared markers of
early response at 6, 8-9, or 12 weeks with the standard response
endpoints of best overall response and confirmed response, in
patients treated only with chemotherapy, as predictors of PFS
and OS. All the patients in this analysis were treated with 5-
fluorouracil–leucovorin or capecitabine alone or with the addi-
tion of oxaliplatin and/or irinotecan. In addition to early

objective tumor response as above, the study assessed 2 further
metrics of response: early tumor shrinkage (defined as a�20%
decrease from baseline) and nonprogression status, defined as
either a response or as stable disease. At the individual level, all
these measures of early response were found to be statistically
significantly predictive of PFS and OS (Figure 2). The strength of
association at all time points was equivalent to that seen in the
standard RECIST response endpoints of best overall response
and confirmed response. A further study examined early re-
sponse endpoints in trials of anti-angiogenic therapies and che-
motherapy and again found strong correlations between speed
of response and outcomes at the individual level (34).

The demonstration of an association between response and
outcome for individual patients does not necessarily imply,
however, that a corresponding association between response
and outcome will be observed at the level of clinical trials,
where treatment effects are compared between groups of
patients (16,35). It is in fact rare for individual-level correlations
between response and outcome to translate into trial-level sur-
rogacy. In a study using the ARCAD database, Coart et al. (36)
demonstrated that despite their prognostic importance at the
individual level, the early response endpoints discussed above
were not viable surrogates for PFS or OS at the trial level. The
study also assessed the 2 conventional endpoints of best overall
response and confirmed response. None of the endpoints inves-
tigated had consistently strong trial-level correlations with PFS
or OS to qualify them as surrogates. There were different levels
of association of response parameters with PFS and OS, ranging
from 0.01 to 0.92, with the width of the confidence intervals for
the R2 estimates indicating either a weak trial-level association
between PFS and OS or merely a high level of uncertainty
(Table 1). The findings were consistent for early and conven-
tional response parameters and for chemotherapy alone and for
chemotherapy that was administered with biologic agents.

A further study of 20 first-line trials investigated early re-
sponse and depth of response as potential trial-level surrogates
for OS (37). The study estimated time to nadir (ie, maximum re-
sponse) and depth of nadir, with the nadir estimated using a
linear mixed-effects model rather than based on direct tumor
measurements.

Using this approach, separate analyses were conducted for
patients treated with chemotherapy alone, those who received
additional anti-angiogenic agents, and those who received addi-
tional EGFR pathway-targeted agents. In no setting was time to
nadir or depth of nadir found to be an acceptable surrogate for
OS. Figure 3 presents the results for patients treated with che-
motherapy alone; time to nadir demonstrated only a moderate
association and depth of nadir a weak association with OS.

Of note, the study also identified differences in tumor-
growth kinetics between anti-angiogenic and anti-EGFR agents.
The addition of an anti-angiogenic agent to chemotherapy
appeared to be associated with a later, although not typically
deeper, nadir, whereas the addition of an anti-EGFR agent often
produced a deeper nadir but with a varying time to best re-
sponse. These observations appeared to support the clinical im-
pression that the addition of an anti-EGFR agent for patients
with RAS wild-type tumors may achieve a greater depth of re-
sponse than the addition of an anti-angiogenic agent.

In summary, analyses of response by ARCAD and others sug-
gest that response-based endpoints are informative and have a
continuing role in clinical trials in mCRC, though they also have
important limitations. ARCAD studies were unable to establish
surrogacy of either conventional or novel response endpoints
for PFS or OS, but at the individual level, early response is a

Figure 1. Correlation of PFS and overall survival in 22 first-line advanced colorec-

tal cancer trials published from 2003 to 2012. From Shi et al. (22), with permis-

sion. A) Correlation between progression-free survival (PFS) at 6 months and

overall survival (OS) at 12 months at the treatment arm level. B) Correlation be-

tween treatment effects on PFS and OS. Circles indicate treatment arm with

nonbiologic agents only; triangles indicate treatment arm with biologic agents;

diagonal lines indicate 95% prediction limits. Log scale was used for x and y

axes. Horizontal line corresponds to the hazard ratio (HR) for OS of 1. The verti-

cal line corresponds to the hazard ratio for PFS of 1.
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robust indicator of prognosis, and depth of response has direct
clinical relevance in respect of symptom control and in some
circumstances an increased likelihood of surgical resection.
Response-based endpoints have long been considered useful in
early phase trials when selecting regimens for further testing in
phase III trials and will continue to be useful in this setting.

Endpoints and Thresholds in Contemporary
Research

Currently, our understanding of metastatic cancer and its man-
agement is developing rapidly, and this has important implica-
tions for trial methodology and endpoints. Most importantly,
cancers are being subclassified according to an expanding range
of driving genetic aberrations, based on the consensus molecu-
lar subclassification of disease (9) and burgeoning knowledge of
signal transduction pathways and immune-system responses.
In mCRC, the chief focus to date has been the EGFR and vascular
endothelial growth factor signaling pathways, for which tar-
geted therapies exist that have been in the clinic for over a de-
cade. Numerous other agents are in development that target
these pathways. For a contemporary review of biomarker-
guided therapeutics targeting these and other pathways, see Xie
et al. (38). The most remarkable recent advances have been seen
with immune checkpoint inhibitors. In mCRC, only about 5% of
all patients have DNA mismatch repair-deficient (dMMR) or
high microsatellite instability (MSI-H) tumors in which highly
durable responses may be achieved using these inhibitors (39).
A major current research interest is to optimize their use and
generate strategies that lead to comparable responses in a wider
range of CRC and other cancers (40).

The cardinal features of contemporary research in mCRC are
the development of new targeted and immune therapies and
the coordinated identification of new biomarkers. Within this
approach, clinical trialists design studies to identify and vali-
date biomarkers and to achieve substantial efficacy in selected
populations that often represent a small fraction of patients

with mCRC. To this end, multi-arm, multi-strategy approaches
have been pioneered in trials such as FOCUS4, a molecularly
stratified trial (41). With this type of trial design, the investiga-
tors anticipate more tumor responses and delayed progression,
with a restoration of surrogacy between PFS and OS in some set-
tings. Realistically, however, many new agents entering clinical
research in mCRC are likely to remain modestly effective, and
much research will continue to be concerned with optimizing
their use through the integration of interventions that individu-
ally are relatively minor advances. Clinical research must there-
fore identify both highly effective new treatments in bespoke
populations and more modest advances affording more cumu-
lative incremental benefits, and trial endpoints must serve
these objectives.

Accordingly, we recommend an investigational model in
which highly effective treatments are identified according to
strong responses and substantial absolute increases in PFS that
are of sufficient magnitude to be readily detectable in trials of
modest sample size that can be rapidly completed. There is de-
bate within the oncology community about the scientific and
ethical suitability of conventional parallel-group trial designs
for the validation of highly effective treatments, but further
evaluation is required before a consensus can be reached on
how alternatives such as single-arm studies might be employed
(42). Single-arm studies with response rate as an endpoint are
useful in demonstrating the antitumor activity of new agents
that induces substantial tumor shrinkage, but single-arm trials
provide sufficient evidence for the adoption of a treatment only
in exceptional circumstances unlikely to be achieved by most
emerging oncology therapeutics. Even when the effect size jus-
tifies a small trial, a randomized comparison should therefore
be required for regulatory approval. Other alternatives to stan-
dard parallel-group trials, such as intrapatient designs for trials
of second- and third-line therapies, may have potential in some
settings, but their utility remains to be demonstrated for the
vast majority of therapeutic advances (43,44). Treatments that
are introduced into clinical practice on the basis of small, rapid

ETS Events / total HR (95% CI) P C (95% CI) 

)16.0ot25.0(65.01000.0<)86.0ot65.0(16.04842/6271skeew6

)06.0ot25.0(65.01000.0<)77.0ot95.0(76.05711/459skeew9/8

)16.0ot35.0(75.01000.0<)86.0ot95.0(36.03364/4253skeew21

EOTR 

)85.0ot25.0(55.01000.0<)96.0ot45.0(16.08842/6371skeew6

)16.0ot55.0(85.01000.0<)96.0ot25.0(06.01011/928skeew9/8

)16.0ot45.0(85.01000.0<)56.0ot65.0(16.02424/7023skeew21

EnPD 

)75.0ot45.0(65.01000.0<)63.0ot72.0(13.08842/6371skeew6

)75.0ot45.0(65.01000.0<)03.0ot91.0(42.01011/928skeew9/8

)95.0ot55.0(75.01000.0<)93.0ot23.0(53.02424/7023skeew21

)16.0ot55.0(85.01000.0<)36.0ot65.0(95.09126/8764esnopserllarevotseB

Confirmed response 2926/4038 0.65 (0.59 to 0.70) <0.0001 0.55 (0.52 to 0.59) 

Hazard ratio 

Figure 2. Association between early responses and overall survival in 16 first-line trials. From Sommeijer et al. (33), with permission. Best overall response, complete or

partial response by RECIST within initial 26 weeks of treatment; C index (C) used for comparing the prediction accuracy of candidate surrogate endpoints, with values

closer to 1 indicating better prediction accuracy; Confirmed response, complete or partial response by RECIST confirmed at least 4 weeks later during initial 26 weeks of

treatment. The P values were calculated using 2-sided tests. The error bars represent the 95% confidence intervals (CIs) corresponding to the hazard ratios. ETS ¼ early

tumor shrinkage; EOTR ¼ early objective tumor response; EnPD ¼ no early progression; RECIST ¼ Response Evaluation Criteria in Solid Tumours.
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randomized trials should be subjected to further randomized
trials with patient-relevant clinical endpoints. Such treatments
should also undergo stringent scrutiny in real-life settings.
More modestly effective treatments can be investigated using
multi-arm, multi-strategy and larger parallel-group trials, with
biomarker-directed patient selection and stratification when-
ever possible. Early stopping rules can be incorporated for futil-
ity, but these thresholds should be set cautiously to prevent
minor but potentially useful benefits being overlooked.

PFS should in general continue to be the primary endpoint of
choice for randomized first-line trials, subject to the detailed
qualifications set out in this paper. To encourage ambitious re-
search goals, and building on the concept of defining a clinically
meaningful outcome (45-47), trialists should determine an up-
per PFS hazard ratio threshold as a research target. This will
permit them to distinguish highly effective treatments from
more modestly effective ones. In addition, determining a lower
PFS hazard ratio or response odds ratio threshold will enable
trialists to distinguish modestly effective treatments from likely
futile ones. In the setting of mCRC, we suggest that if a hazard
ratio is used to quantify the treatment effect, then a hazard ra-
tio threshold of approximately 0.5 or lower should be the target
for considering a treatment to be classified as paradigm chang-
ing and a candidate for rapid introduction into clinical use. This
is an ambitious goal; for instance, the recent KEYNOTE-177
phase III trial of pembrolizumab vs chemotherapy in dMMR/
MSI-H mCRC reported an interim hazard ratio for PFS of 0.6 (39).
Subsequently, a hazard ratio of 0.74 was reported for OS, with
crossover to immune checkpoint inhibitors in almost 60% of
patients in the control arm (48). Conversely, thresholds of 0.8 or
higher in biomarker-defined populations are likely to indicate
futility. These thresholds are intended to be approximate, and
factors such as toxicity, QOL benefits, and cost should also im-
pact on the evaluation of new treatments.

Emerging Markers, Assessments, and
Endpoints

Alongside studies of standard trial endpoints and their variants,
IPD meta-analysis can be used to assess a burgeoning variety of
prognostic markers, response measures, and candidate end-
points currently being investigated in mCRC and other settings.
These include the following.

Prognostic Markers for Trial Stratification and
Treatment Planning

Alongside the molecular reclassification of CRC, an increasing
number of clinical prognostic markers are emerging from post
hoc and meta-analyses of large trial data sets, and with respect
to mCRC, the ARCAD database is proving instrumental in help-
ing identify, validate, and characterize their prognostic impor-
tance (49,50). Specific parameters investigated include patient
age (51), body mass index (52), the presence or absence of peri-
toneal disease (53), whether the primary tumor has been
resected (54), primary tumor location on the right vs those origi-
nating in the left colon and rectum (55), the presence or absence
of lung metastases (56), and the presence or absence of hetero-
geneous lesion responses (57,58). This ongoing work will con-
tinue to inform treatment planning and trial stratification. In
terms of patient demographics, we draw particular attention to
elderly patients as a population with a high risk of mCRC who
are often underrepresented in trials and for whom furtherT
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research is needed to optimize treatment. Despite increasing in-
cidence in younger patients, mCRC remains predominantly a
disease of the elderly (7), and age and comorbidities should be a
standard consideration in trials design, both in mCRC and other
cancers.

Novel Assessments of Response

A variety of emerging markers of response are entering into tri-
als and clinical practice, such as change in carcinoembryonic
antigen (59), circulating tumor cells, mRNA, and circulating tu-
mor DNA (60,61). The latter is rapidly becoming established in
many fields of oncology as a useful longitudinal marker of dy-
namic subclone development and may provide an earlier and
more sensitive means for assessing treatment response than
measurement of tumor dimensions. However, comparison and
standardization of methods for the evaluation of circulating tu-
mor DNA from plasma samples are needed. Diagnostic imaging
is also developing rapidly; for instance, the Positron Emission
Tomography Response Criteria in Soild Tumors (PERCIST) re-
sponse criteria based on positron emission tomography is find-
ing wider use, and magnetic resonance imaging is emerging as
a sensitive technique for evaluating response and guiding man-
agement, for instance in the early detection of liver metastases
(62). Determining the optimal role of these new assessments in
the clinic and within clinical trials will require extensive study,
and the ARCAD database will provide a research tool as it
assimilates relevant data from forthcoming trials.

Novel Trial Endpoints

The evolving oncology landscape will involve an increasingly
diverse set of endpoints to characterize the effects of treat-
ments in diverse patient groups and clinical settings. In terms
of efficacy, strategy endpoints such as duration of disease con-
trol or time to failure of strategy will likely grow in importance
as attempts to characterize specific multiline treatment strate-
gies continue and have been shown by ARCAD to correlate at
the trial level with OS (21). For instance, QOL, patient-reported
outcomes, and related holistic endpoints have been investi-
gated by ARCAD and others and are likely to grow in importance
(63-65). The use of cost-benefit analysis will also expand.
Circulating tumor DNA kinetics have been demonstrated to be a

useful early predictor of response to immunotherapy in non-
small cell lung cancer (66) and will be investigated by ARCAD as
relevant data are accrued. Novel endpoints may be required for
certain classes of therapy such as immune therapies if their
effects on response and progression by RECIST 1.1 differ mark-
edly from conventional chemotherapy and targeted therapies,
and new radiologic criteria of evaluation such as iRECIST crite-
ria are likely to grow in importance (67). There is likely also to be
greater use of composite endpoints, for example, response rate
coupled with QOL or cost metrics. It will also be necessary to
further clarify the meaning of clinical benefit in different pa-
tient contexts and design endpoints accordingly. For instance,
in trials involving very elderly patients, OS can be a misleading
measure of a treatment’s effectiveness because life expectancy
is shorter than in younger patients and many patients die of
noncancer causes. Accordingly, factors such as the patient’s
QOL, maintenance of function, and independence need to be
given appropriate weight (68).

Conclusions

Analyses by ARCAD and others that pool individual patient data
from multiple large trials conducted during the past 25 years
have led to a detailed understanding of the strengths and limi-
tations of study endpoints in advanced colorectal cancer, in-
cluding PFS, tumor response, strategy endpoints such as
duration of disease control, and OS. Substantial progress has
been made in understanding the clinical meaning of these end-
points, the predictive value of early endpoints for OS at the indi-
vidual level, and their trial-level surrogacy for OS. PFS remains
the endpoint of choice for first-line trials in this setting despite
lack of strong trial-level association with OS. The ARCAD data-
base is also actively used in identifying and characterizing
novel prognostic markers and has the potential to become a
productive platform for validating and exploiting a burgeoning
diversity of novel assessment techniques and candidate end-
points. The range of methodological issues and novel assess-
ments investigated by ARCAD in colorectal cancer is typical of
many advanced solid tumors and fundamentally reflects a re-
search environment in which most emerging treatments con-
tinue to have only modest efficacy individually, that when
deployed in an optimal sequence and aggregated over multiple
lines of therapy can lead to meaningful prolongation of OS.

O
S 

H
R

 

O
S 

H
R

 

Difference in time to nadir, mo Difference in nadir, mm 

Figure 3. Trial-level association between response-based endpoints (time to nadir and depth of nadir) and overall survival. Adapted from Burzykowski et al. (37), with

permission. Hazard ratios (HRs) of overall survival (OS) associated with time to nadir and depth of nadir in chemotherapy-only treated patients. The difference in nadir

is the difference between the model-estimated mean relative tumor-size change at nadir (relative to baseline) in each contrast. The line indicates weighted regression;

the sizes of the circles are proportional to the total sample sizes of the corresponding contrasts.
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Meanwhile, advances in molecular medicine are raising the
possibility of optimizing choices and making more substantial
progress.

On the basis of these studies, we favor a research paradigm
for the introduction and optimization of new therapeutics in
which highly promising new treatments are identified in
small, randomized trials, on the basis of relatively large effects
on PFS supported by response data, whereas less effective treat-
ments are qualified in specific patient groups using larger trials
designed to confirm more modest benefits. In addition to clini-
cal trials focused on efficacy, there is now increasing interest
in real-life clinical effectiveness trials and monitoring by
means of registries or electronic health records. Real-world
data should ideally confirm conclusions from clinical trials and
meta-analyses about clinical practice, assessment criteria
and endpoints, and feedback into new hypotheses and trial
designs (Figure 4). ARCAD will explore the possibility of syner-
gies between its IPD approach and real-life data in the investiga-
tion of prognostic markers, assessments of response, and trial
endpoints.

The ARCAD Advanced Colorectal Cancer Database has pio-
neered wide data sharing within 1 type of cancer oncology. By
applying this model across other disease types, ARCAD mem-
bers believe that it can contribute to realizing the full promise of

data sharing for patients. Ideally, data sharing within medicine
should be prospective, with trials designed to facilitate the in-
corporation of the de-identified individual participant data into
multitrial databases (69). It should also ideally be used to assess
questions of treatment efficacy, toxicity, QOL, and cost-
effectiveness in addition to those of methodology and bio-
markers, although substantial institutional, commercial, and
intellectual property issues are likely to limit progress toward
this ideal. In oncology, the EBCTCG remains preeminent in re-
spect of its achievement of these goals and size and conse-
quently its power as a research tool. In recent years, the
pharmaceutical industry has collaborated across companies to
introduce several initiatives to facilitate data sharing (11,69), but
intellectual property concerns are likely to continue to limit the
academic use of proprietary data. Of note, real-world patient
data are also of high commercial value, and academic research-
ers may meet similar challenges to those that have been en-
countered in clinical trials in accessing and sharing this data for
independent study. Notwithstanding the challenges of the data
sharing era, the ARCAD Metastatic Colorectal Cancer Database
demonstrates that highly informative standing databases can
be successfully established if the objectives of all contributors
are accommodated within a collegial framework which recog-
nizes that the most important stakeholders are our patients.

Proposed treatment
combinations, strategies,
and patient groups

Clinical and biomarker-
driven patient selection

New therapeutic agents

Small randomized
trials for highly

effective treatments

MAMS trials

Larger parallel
group trials

Highly effective 
treatments (smaller

patient groups)

Moderately effective 
treatments (larger

patient groups)

Discard

Toxicity

QOL

Price

PFS
HR 
<0.5

PFS
HR 
>0.8

Basic biology

Pharmaceutical
research

Clinical effectiveness trials
Registries, electronic patient
records

IPD database meta-analysis

Applied medical
research
Novel assessment
techniques, endpoints 
etc.

Downgrade

Upgrade

Figure 4. Hypothesis development, clinical trials, treatment qualification, and research feedback in advanced colorectal cancer. Trial hypotheses (left box) are formed

on the basis of basic biological knowledge, available treatments, and phase I clinical trials results and informed by the choice of evaluation criteria. Phase II-III trials

(center box) may include multi-arm multi-strategy (MAMS) trials; small, rapid trials for potentially highly effective treatments; and larger and longer trials for more

modestly effective treatments. In trials investigating first-line treatments, if hazard ratio (HR) is used to quantify the effect, a PFS HR of approximately <0.5 compared

with standard of care should be considered a major advance likely leading to rapid qualification of a treatment in the specific patient group in which the effect was

achieved. Candidate treatments with negligible response or hazard ratios approximately >0.8 for PFS should in general be discarded. The clinical value of treatments

should be upgraded or downgraded according to toxicity, QOL, and cost considerations (right box). Clinical trials data should be collated in multitrial databases—in the

advanced colorectal cancer setting, the ARCAD database. Real-life performance of treatments should be monitored through registries and electronic patient records.

Analysis of this information should feed back into novel hypotheses and clinical trials, refine the use of evaluation criteria, and potentially directly inform the intro-

duction of new therapeutics. PFS ¼ progression-free survival; QOL ¼ quality of life.
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