
REVIEW

A Systematic Review and Meta-Analysis of Bevacizumab

in First-Line Metastatic Breast Cancer: Lessons for Research

and Regulatory Enterprises

Spencer Phillips Hey, Bishal Gyawali , Elvira D’Andrea, Manoj Kanagaraj,
Jessica M. Franklin, Aaron S. Kesselheim

See the Notes section for the full list of authors’ affiliations.
Correspondence to: Spencer Phillips Hey, PhD, Harvard Center for Bioethics, 641 Huntington Ave, Boston, MA 02115 (e-mail: heyspencer@gmail.com).

Abstract

Background: The US Food and Drug Administration’s accelerated approval and later withdrawal of bevacizumab in patients
with metastatic breast cancer (mBC) is a seminal case for ongoing debates about the validity of using progression-free sur-
vival (PFS) as a surrogate measure for overall survival (OS) in cancer drug approvals. We systematically reviewed and meta-
analyzed the evidence around bevacizumab’s regulatory approval and withdrawal in mBC.
Methods: We searched for all published phase II or III clinical trials testing bevacizumab as a first-line therapy for patients
with mBC. Data were extracted on trial demographics, interventions, and outcomes. Descriptive analysis was stratified by
whether the trial was initiated before, during, or after the accelerated approval. We used a cumulative random-effects meta-
analysis to assess the evolution of evidence of the effect of bevacizumab on PFS and OS. We estimated the association be-
tween the trial-level PFS and OS effect using a nonlinear mixed-regression model.
Results: Fifty-two studies were included. Trial activity dramatically dropped after the accelerated approval was withdrawn.
Eight clinical trials reported hazard ratios (hazard ratios) and were meta-analyzed. The cumulative hazard ratio for PFS was
0.72 (95% CI ¼ 0.65 to 0.79), and the cumulative hazard ratio for OS was 0.90 (95% CI ¼ 0.80 to 1.01). The regression model
showed a statistically nonsignificant association between PFS benefit and OS benefit (b¼0.43, SE¼0.81).
Conclusion: The US Food and Drug Administration’s decision-making in this case was consistent with the evolving state of
evidence. However, the fact that seven clinical trials are insufficient to conclude validity (or lack thereof) for a trial-level sur-
rogate suggests that it would be more efficient to conduct trials using the more clinically meaningful endpoints.

Progression-free survival (PFS) is a commonly used endpoint in
clinical trials of metastatic breast cancer (mBC) treatments, and
many investigational drugs have earned approval from the
US Food and Drug Administration (FDA) for mBC on the basis of
a statistically significant improvement in PFS (1). Although PFS
is believed to be a reliable surrogate measure for extending
overall survival (OS) for some cancers, in other cancers, treat-
ments may simply delay the time until a cancer progresses but
still fail to improve OS (2).

The relationship between PFS and OS is particularly compli-
cated in patients with mBC. Meta-analyses of the association

between PFS and OS in mBC trials have not always produced
consistent results (2), and consequently, the use of PFS as a sur-
rogate endpoint in this setting remains controversial (3). The
FDA’s 2008 decision to grant accelerated approval to bevacizu-
mab (Avastin) is a seminal case for this discussion, and bevaci-
zumab’s clinical utility continues to be a focus of evidence
reviews and meta-analyses (4). Bevacizumab is a humanized
monoclonal antibody directed against vascular endothelial
growth factor, and its accelerated approval was related to its
use in combination with paclitaxel (Taxol) as a first-line treat-
ment in patients with HER2-negative mBC. The approval was
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based on an improvement in PFS observed in a single multicen-
ter, open-label, randomized study comparing paclitaxel alone to
paclitaxel plus bevacizumab (at the time of approval, the beva-
cizumab arm had not shown an improvement in OS) (5).

Bevacizumab’s accelerated approval led to widespread clinical
uptake (6). However, subsequent randomized trials and follow-up
of the original study revealed that the drug offered no benefit to pa-
tient survival, while substantially increasing the risk of serious ad-
verse effects (7). After a year of public discussion, the FDA
ultimately removed bevacizumab’s approval for this indication in
November 2011 (7). But controversy continued; immediately after
the withdrawal, the Centers for Medicare and Medicaid Services an-
nounced it would continue to reimburse for the use of bevacizumab
as first-line treatment in patients with mBC, a policy that continues
to the present day (although use of bevacizumab in this indication
has substantially declined [6]). The National Comprehensive Cancer
Network’s (NCCN’s) drug compendium also still categorizes bevaci-
zumab as “2 A,” which indicates “uniform NCCN consensus that
the intervention is appropriate” for mBC.

Discordance between the regulatory action and the reim-
bursement policy and present-day practice guidelines under-
scores important and unresolved questions about how to
evaluate the evolving state of scientific evidence for (or against)
surrogate measures used in the accelerated approval pathway.
We therefore sought to review the evolution of evidence sur-
rounding bevacizumab as a first-line treatment for mBC, exam-
ining the level of evidence available when the FDA granted its
accelerated approval, as well as exploring whether subsequent
data supported greater confidence or skepticism for the utility
of PFS as a surrogate measure in mBC for this drug. To elucidate
these details about the research process and regulatory
decision-making related to bevacizumab and mBC, we con-
ducted a systematic review, cumulative meta-analysis, and evi-
dence mapping of phase II and phase III bevacizumab trials in
first-line treatment for mBC.

Methods

Literature Search

We searched PubMed, ClinicalTrials.gov, and the Cochrane
Systematic Review Database (initially in May 2017 and updated
in March 2018) for all phase II or III clinical trials testing bevaci-
zumab as an experimental first-line treatment for mBC. Our
search included terms for the condition (metastatic and breast
neoplasms), the intervention (bevacizumab or Avastin), and the
study type (Clinical Trial, Phase II or Clinical Trial, Phase III).

Titles and abstracts of the database results were screened by
two reviewers (SPH and MK) to exclude nonhuman studies, non-
first-line trials, nonmetastatic breast cancer trials, and nonprimary
trial reports (eg, evidence reviews). After obtaining full-text ver-
sions of the remaining records, we further excluded any published
studies that were not breast cancer, were not metastatic disease,
were not first-line therapy trials, did not include bevacizumab, did
not report either PFS or OS data, or did not report primary data. For
unpublished studies, exclusion criteria 1–4 were used. We then
conducted a recursive manual search for additional published
studies based on the references in eligible reports.

Data Extraction

For studies meeting our inclusion criteria, two authors (SPH, BG,
or MK) independently extracted the following elements (any

discrepancies were resolved through consultation with a third
author): NCT registration number (if available), trial phase,
study design (eg, single-arm or randomized), tumor subtype,
treatment interventions, trial status (according to registration
record), primary study completion date (according to registra-
tion record), availability of results on ClinicalTrials.gov, study
start and completion dates, date of publication (if published, or
date on which results were uploaded to ClinicalTrials.gov), sam-
ple size, primary study endpoint, median PFS and OS, hazard ra-
tios (hazard ratios) for PFS and OS, and whether quality of life
(QoL) measures were included as trial outcomes.

Descriptive Analysis

We sought to investigate the effect that the FDA’s accelerated
approval may have had on bevacizumab trial characteristics.
Therefore, we stratified our descriptive analysis into three peri-
ods: trials initiated during the preapproval period (before
February 2008), trials initiated during approval (March 2008 to
November 2011), and trials initiated postwithdrawal (after
November 2011). We used AERO graphing to examine the pat-
terns of research activity (8). This method graphically repre-
sents each study as a node arranged in time along the x-axis
and stratified by study design properties along the y-axis. Node
shape and color are then used to represent qualitative or cate-
gorical properties of the study outcome.

Statistical Analysis

We analyzed the evidence on the effect of bevacizumab on PFS
and OS over time using a cumulative random-effects meta-
analysis (9). Trials were sequentially added by the year their
results on PFS or OS became available, either through journal
publication or reporting on ClinicalTrials.gov. Between-study
heterogeneity was assessed using the I2 statistic, which
describes the percentage of total variation across studies that is
the result of heterogeneity rather than chance (10).

To estimate the association between the trial-level PFS
hazard ratio and the trial-level OS hazard ratio, we fit a joint
nonlinear mixed-effects model (11). The model of surrogacy
described a linear relationship between the true log hazard ra-
tio for OS and the true log hazard ratio for PFS, accounting for
the uncertainty in the hazard ratio estimates. If PFS is a reli-
able trial-level surrogate for OS, b (the slope of the linear rela-
tionship) should be positive and large in absolute value.

All statistical analyses were performed using STATA 15
(STATA Corp, College Station, TX) and R statistical software.
The trial-level surrogate analysis was performed using the R
source package developed by Korn et al. (Available from https://
brb.nci.nih.gov/programdownload/pCRsoftware.html, accessed
April 19, 2019.) Results were considered statistically significant
when the 95% confidence interval did not cross 1.00.

Results

Sample Characteristics

Fifty-two studies met eligibility criteria (see Supplementary
Figure 1, available online, for PRISMA diagram). These trials
evaluated 44 different bevacizumab combination regimens and
collectively enrolled 11 897 participants. Table 1 lists the proper-
ties of the total sample, as well as the properties of the three
time-stratified subsets. At the time of this analysis, 48 (92.3%) of
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the trials were completed. Of the 48 completed trials, 27 (56.3%)
have published their results, and 34 (70.8%) have either pub-
lished or reported results on ClinicalTrials.gov (5,12–36). In total,
data from 8354 (67.5%) patient subjects are available.

The majorities of trials in our sample were phase II (73.1%),
nonrandomized (55.8%), and open-label (86.5%). The most com-
mon primary trial endpoint was PFS (63.5%), followed by objec-
tive response rate (25.0%). Only one trial used OS as its primary
endpoint. Most trials restricted enrollment to patients with ei-
ther HER2–negative (n ¼ 27, 51.9%) or triple-negative (n ¼ 7,
13.5%) tumors. Three trials (5.8%) involved administering beva-
cizumab in all study arms (23,30,35).

Six trials (13.3%) achieved statistically significant outcomes
favorable to bevacizumab on the primary study endpoint (clas-
sified as having a “favorable” outcome in Table 1)
(12,21,22,26,32,34). All seven trials that reported an hazard ratio
for OS found no survival benefit with addition of bevacizumab,
but each was small and not well powered to identify moderate
effect sizes (5,13,15,24,29,36). Ten trials (20.8%) were terminated,
and the results of 14 completed trials (29.2%) remain unknown.
One trial had a “mixed” result: a single-arm study of docetaxelþ
epirubicinþbevacizumab that found activity with the regimen
but also substantial toxicity (25).

Trial characteristics were similar across our three time peri-
ods. Our evidence mapping (see Supplementary Figure 2, avail-
able online) found that 55.8% (29 of 52) of trials were initiated

before accelerated approval. Only four (7.7%) were initiated fol-
lowing the FDA’s withdrawal of bevacizumab’s mBC indication.
The three trials that had bevacizumab across all study arms
were initiated during the approval period (2008–2011). The most
vigorous period of research activity occurred in the period lead-
ing up to and immediately following bevacizumab’s initial ap-
proval. Thirty-seven (71.1%) trials were initiated between 2006
and 2009.

Eight (15.4%) of the completed studies, which included nine
comparisons of a bevacizumab-containing regimen to a control
regimen, reported sufficient data to be included in the quantita-
tive analysis. Seven of these presented their results in publica-
tions, and one unpublished study (NCT00520975) has results
available on ClinicalTrials.gov (5,13,15,24,29). Table 2 presents
the trial design, tumor types, treatment regimens, sample sizes,
and outcome data extracted from these reports. For the three
trials (Miller et al. [5], NCT00520975, and Gianni et al. [24]) that
included QoL assessments along with PFS or OS outcomes, none
found a statistically significant difference between the bevaci-
zumab and control arms.

In total, 36 different bevacizumab-containing regimens were
evaluated across this portfolio. Only seven regimens (19.4%)
were evaluated in more than one trial. The most frequently
tested regimen was bevacizumabþpaclitaxel (eight trials).
When regimens were retested, the results were largely consis-
tent. In one instance, completed trials of the same regimen

Table 1. Characteristics of sample

Characteristic
Total Before Feb. 2008 Mar. 2008–Nov. 2011 After Nov. 2011

No. (%) No. (%) No. (%) No. (%)

Trials 52 (100) 29 (53.8) 19 (36.5) 4 (7.7)
Completed 48 (92.3) 28 (96.5) 19 (100.0) 1 (25.0)
Design

Phase 3 14 (26.9) 8 (27.6) 5 (26.3) 1 (25.0)
Randomized 23 (44.2) 13 (44.8) 6 (31.6) 4 (100.0)
Double-blind 7 (13.5) 5 (17.2) 1 (5.3) 1 (25.0)
Single arm 29 (55.8) 16 (55.2) 13 (68.4) 0 (0.0)
Arms > 2 8 (15.4) 6 (20.7) 1 (5.3) 1 (25.0)
BVZ in all arms 3 (5.8) 0 (0.0) 3 (15.8) 0 (0.0)

Primary endpoint
ORR 13 (25.0) 7 (24.1) 6 (31.6) 0 (0.0)
PFS 33 (63.5) 19 (65.5) 11 (57.9) 3 (75.0)
OS 1 (1.9) 0 (0.0) 1 (5.3) 0 (0.0)
Dose/safety 4 (7.7) 3 (10.3) 1 (5.3) 0 (0.0)
Other 1 (1.9) 0 (0.0) 0 (0.0) 1 (25.0)

Tumor type
HER2- 27 (51.9) 15 (51.7) 10 (52.6) 2 (50.0)
TNBC 7 (13.5) 1 (3.4) 5 (26.3) 1 (25.0)
HER2þ 5 (9.6) 4 (13.8) 1 (5.3) 0 (0.0)

Data availability*
Published 27 (56.3) 16 (57.1) 10 (55.6) 1 (100.0)
Results on ClinicalTrials.gov 26 (54.2) 19 (67.9) 6 (33.3) 1 (100.0)

Outcome†
Favorable 6 (13%) 3 (10.7) 3 (20.0) 0 (0.0)
Unfavorable 13 (29%) 10 (35.7) 2 (13.3) 1 (100.0)
Mixed 1 (2%) 0 (0.0) 1 (6.7) 0 (0.0)
Terminated 10 (21%) 6 (21.4) 4 (22.2) 0 (0.0)
Unknown 14 (29%) 9 (32.1) 5 (27.8) 0 (0.0)

*For calculating the percentage of trials with available data, the denominator excludes active trials. Abbreviations: ORR ¼ objective response rate; PFS ¼ progression-

free survival; OS ¼ overall survival; TNBC ¼ triple-negative breast cancer.

†For calculating the percentage of favorable, unfavorable, and mixed outcomes, the denominator excludes active trials and trials that contained BVZ in all treatment

arms. For calculating the percentage of terminated trials or trials whose outcome is unknown, the denominator excludes active trials.
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found discordant results: a favorable single-arm phase II trial of
docetaxelþtrastuzumabþbevacizumab that showed promising
PFS (26) was followed by an unfavorable phase III trial that found
no PFS or OS benefit of docetaxelþtrastuzumabþbevacizumab over
docetaxelþtrastuzumab alone (24).

Relationship Between PFS and OS

Figure 1 shows the results of the cumulative meta-analyses
for PFS and OS hazard ratios across the sample. The final
pooled estimate for PFS benefit was 0.72 (95% CI ¼ 0.65 to
0.79), which regressed from the initial estimate of 0.60 (95%
CI ¼ 0.51 to 0.70). By contrast, the pooled hazard ratio for OS
remained relatively stable over time, ranging between 0.87
and 0.92. The FDA’s decision to withdraw the indication was
based on the first three trials (5,13,15) in the sample (7), and
our analysis accords with the Agency’s assessment that the
evidence from those trials did not show a statistically signif-
icant OS benefit. The final pooled estimate for OS, which
includes results from four additional trials, remains statisti-
cally nonsignificant (hazard ratio¼ 0.90, 95% CI ¼ 0.80 to
1.01) but does show a stable 10% OS benefit.

Figure 2 shows the association between trial-level hazard ra-
tio for PFS effects and trial-level hazard ratio for OS effects ob-
served in the seven trials with data on both outcomes. The solid
line represents equality between OS and PFS effects, whereas
the dashed line represents the estimated linear association
from the random-effects model. The pattern of points clustering
around the dashed line suggests a positive slope (b ¼ 0:43, SD =
0.81), meaning that a 1-unit increase in log-hazard ratio for PFS
was associated with a 0.43-unit increase in log-hazard ratio for
OS. However, our sample size (seven studies) was small, the
standard error was large, and these data would be consistent
with a negative slope as well. The model also indicates that
nearly all of the heterogeneity in OS treatment effects between
studies can be explained by PFS or random variability, as there
was little residual heterogeneity (g¼ 0). All estimates of the
parameters from the model of surrogacy are presented in
Table 3.

We conducted sensitivity analyses for all of the statistical
analyses, removing the one study whose results were only
available on ClinicalTrials.gov. This did not qualitatively change
the results (see Supplementary Figures 3–5 and Supplementary
Table 1, available online).

Discussion

The portfolio of clinical trials testing bevacizumab as a first-line
treatment for mBC showed that at the time of the FDA’s deci-
sion to withdraw bevacizumab’s accelerated approval, the total
body of evidence showed a statistically significant 32% improve-
ment in PFS and a non-statistically significant 10% improve-
ment in OS. As additional evidence has accumulated since that
time, these estimates have remained stable, validating the
FDA’s decision.

We also observed extensive exploration of bevacizumab-
containing combination regimens, amounting to trials of 36 dif-
ferent regimens initiated within a period of 12 years. To date,
none of these 36 regimens has been shown to offer a statisti-
cally significantly improvement in patient survival or QoL over
a non-bevacizumab comparator. Although this does not pre-
clude the possibility that an effective bevacizumab combination
therapy for mBC could still be found, the FDA’s withdrawal ofT
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bevacizumab’s mBC indication in 2011 (and perhaps the contro-
versy surrounding this decision) appears to have dampened en-
thusiasm for this search. Only one registered trial
(NCT01898117) testing a new combination has been initiated
since the start of 2012, and in January 2018, this trial replaced
bevacizumab with the PD-L1 inhibitor atezolizumab as the ex-
perimental intervention.

Finally, we found that the accumulated evidence covering
seven randomized clinical trials that enrolled 3141 patients
remains insufficient to draw definitive conclusions about the
validity of PFS as a surrogate for this treatment and indication.
This result challenges a common interpretation of this case,
which emphasizes the dangers of relying on unvalidated surro-
gate measures for new drug approvals (1,4). Our analysis

A

B
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to

to

to

to

to

to

to

to

to

to

to

to

to

to
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Figure 1. Forest plots of cumulative meta-analysis on the effect of bevacizumab on progression-free survival (PFS) and overall survival (OS). A) PFS and B) OS panels

show cumulative meta-analyses performed by adding individual trials chronologically and summarizing the point estimate as each new trial is added. The plus sym-

bol before each trial indicates that the point estimate (ie, hazard ratio) of that trial is pooled with the previous summary estimate. The final result is a trial-level cumu-

lative estimate over time and corresponding 95% confidence intervals. The diamonds represent the cumulative point estimates and the horizontal segments represent

the 95% confidence intervals. Ctrl ¼ number of participants in the control group; Cum. Ctrl ¼ cumulative number of participants in the control group; Cum. Exp ¼ cu-

mulative number of participants in the experimental group; Exp ¼ number of participants in the experimental group; OS ¼ overall survival; PFS ¼ progression-free

survival.
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suggests, by contrast, that we do not yet have sufficient evi-
dence to conclude whether PFS is a valid or invalid trial-level
surrogate in this indication, and indeed, simulation studies
have suggested that, when the number of trials is small, estima-
tion of the surrogacy model may be highly unstable and the sta-
tistical power to demonstrate surrogacy is limited (37).

Nevertheless, this analysis provides several insights into the
use of trial-level surrogates and the FDA’s accelerated approval
pathway. First, the accelerated approval standard in the statute
is that a surrogate measure must be “reasonably likely” to pre-
dict clinical endpoints measuring how a patient feels, functions,
or survives. However, umbrella reviews suggest the FDA rou-
tinely grants approvals for drugs treating cancer based on effects
observed in surrogates that are known to have poor correlation
with overall survival or for which the correlation is unproven (2).
A recent analysis of the FDA–mandated confirmatory trials for
new cancer therapies that received accelerated approval based
on a surrogate endpoint also found that many confirmatory tri-
als used the same surrogate endpoint for their primary outcome,
and that in some cases, a negative outcome in the confirmatory
trial did not lead to withdrawal of the indication (38). The appar-
ent lack of consistency in regulatory actions suggests that
greater guidance is needed about what degree of evidence is
needed to satisfy the “reasonably likely” standard, as well as
what endpoints should be considered clinically beneficial.

In the case of bevacizumab and mBC, seven randomized
controlled trials were insufficient to determine whether PFS is a
valid trial-level surrogate for this one intervention and setting.
It is therefore clearly impractical to suggest that a surrogate
measure could be validated for each intervention and setting.
Yet, neither does it seem prudent to suggest that a surrogate
validated for one drug (or mechanism) and setting will likely be
valid for other drugs or mechanisms or settings. Indeed, evi-
dence from a recent umbrella review of trial-level surrogates in
cancer provides compelling evidence that even within one set-
ting, drugs that act through a different mechanism may have a
very different surrogacy relationship between PFS and OS (2).
Therefore, any extrapolation of surrogate validity from other
drugs or other diseases is speculative.

We therefore propose that whenever regulators approved a
new drug on the basis of a surrogate measure, they should re-
quire follow-up trials using more clinically meaningful end-
points, such as OS or QoL measures. Whereas such follow-up
trials were required after accelerated approval of bevacizumab
for the treatment of mBC, more recent first-line treatments for
mBC (eg, everolimus, palbociclib) have received standard ap-
proval from the FDA on the basis of PFS benefits only, and
similar to bevacizumab, the early evidence on OS has not shown
a clear benefit (39). Because these treatments received standard
approvals, rather than accelerated approvals, the FDA does not
have the same authority to mandate follow-up trials to estab-
lish efficacy, and these indications cannot be as easily with-
drawn. Future legislation should provide authority to the FDA to
require follow-up trials with patient-centered clinical endpoints
when standard approvals are based on surrogate measures.

Second, our findings show how regulatory decisions can af-
fect the clinical research enterprise. A regulatory approval not
only allows a product to be marketed and enter clinical practice
but also can stimulate research activity. Trials after a regulatory
approval may be more likely to be modeled on the preapproval
studies, since these have established the de facto standard of
evidence for an approved indication. For example, the fact that
PFS was the basis for bevacizumab’s approval may explain why
nearly every phase III trial in our sample also adopted PFS as its
primary endpoint, despite the fact that OS is the more clinically
meaningful and patient-centered outcome. Although patient
crossover and postprogression therapy can complicate the anal-
ysis of OS as a trial endpoint (40), it would nevertheless seem to
be more informative and efficient if, following an accelerated
approval, at least some randomized controlled trials in the
same indication were adequately powered to assess the gold-
standard, clinical endpoint or QoL measures. If so, then even in
cases of high clinical need, we can be assured of timely resolu-
tion of the uncertainty about the product’s clinical utility.

Finally, the withdrawal of bevacizumab’s approval largely
halted further research into its use for this indication. This
highlights another important power of the FDA. Accelerated
approvals are naturally based on limited data. Requiring the
manufacturer to conduct follow-up studies is thus valuable and
necessary to address the remaining uncertainties about a prod-
uct’s benefit and risk profile. These results show that enforcing
that requirement and withdrawing an indication (when war-
ranted) can have a beneficial effect on the research enterprise
by mitigating exposure of future research participants to unnec-
essary risks and burdens.

Limitations of our study include the following: First, we ex-
amined only first-line mBC treatment trials that included beva-
cizumab. It is possible that there is a more robust correlation
between PFS benefit and OS benefit in mBC treatment across

Figure 2. Association of trial-level PFS hazard ratio (HR) and OS hazard ratio. The

graph shows the association of trial-level PFS and OS effects expressed as hazard

ratios. The solid line represents equality between OS and PFS effects. The dashed

line represents the estimated slope of the linear association from the random-

effects model. Areas of circles are proportional to trial sample sizes, and horizontal

and vertical line segments represent 95% confidence intervals for the trial-level

hazard ratios. OS¼ overall survival; PFS¼ progression-free survival.

Table 3. Parameters (6 standard error) for a nonlinear mixed-effects
model for the association of log-HR for OS and log-HR for PFS

Parameter* Estimate Standard error

a 0.045 0.291
b 0.425 0.805
l �0.332 0.054
g 0 0.001
r2 0.007 0.009

*a ¼ intercept of the linear relationship between the log-HR for OS and log-HR for

PFS (when the HR for PFS is 1.0, the estimated HR for OS is e0.045 ¼ 1.05); b ¼ coeffi-

cient of the linear relationship between the log-HR for OS and log-HR for PFS; l ¼
average log-HR for PFS across trials; corresponding to an HR of e�0.332 ¼ 0.72; g ¼
variance of log-HR for OS across trials that is not explained by PFS; r2¼ variance of

log-HR for PFS across trials. HR = hazard ratio; OS¼ overall survival; PFS ¼ progres-

sion-free survival.
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the entire portfolio of experimental therapies. Therefore, addi-
tional analyses will be needed to clarify the domains of validity
and utility for PFS as a surrogate measure in mBC treatment
more broadly. Second, most of the trials in our analysis were
not powered to detect effects on OS, and therefore, our pooled
estimate for bevacizumab’s effect on OS is based on a limited
number of events. Third, although the trials in our meta-
analysis were all testing the benefits of adding bevacizumab to
a background regimen, the control arms did differ across the
sample, and this heterogeneity may make our pooled estimates
for PFS and OS less reliable. Fourth, some commentators argue
that even if PFS does not predict OS benefit, PFS should still be
considered a beneficial endpoint in its own right or may be pre-
dictive of improvements in QoL. However, prior studies have
suggested that PFS is generally a poor surrogate for QoL (41).
Fifth, our evidence mapping can only estimate when a result be-
came known, disseminated, or shared with the FDA, based on
study completion and publication dates. It is therefore possible
that the FDA or other decision-makers may have access to more
trial data than are reflected in our study. Sixth, although we in-
cluded both registered and published trials in our analysis, we
cannot rule out the influence of publication bias. Seventh, we
did not have access to patient-level data from these trials,
which would have permitted a more precise evaluation of surro-
gacy that could account for the fact that death is a common
event between PFS and OS outcomes. Finally, our quantitative
analysis was limited to hazard ratios for measures of treatment
effects, even though differences in survival time may be the
more clinically relevant measure. This limitation was due to the
fact that measures of precision were generally unavailable for
the reported survival time differences, making appropriate
quantitative analysis on these endpoints impossible.

The FDA’s approval and withdrawal of bevacizumab in
mBC treatment illuminates a number of important lessons
for how to test and rely on surrogate measures in drug de-
velopment. Surrogate measures used in trials and by regula-
tors to facilitate clinical translation may increase the
efficiency of new drug development, but the utility of relying
on surrogate endpoints requires that we understand (as
much as possible) how they predict (or fail to predict)
patient-centered outcomes. The fact that seven clinical trials
may be insufficient to conclude validity (or lack thereof) for a
trial-level surrogate highlights an important limitation in the
use of surrogate measures, and it suggests that it may be far
more efficient over the longer term to simply conduct trials
using the more clinically meaningful endpoints.
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