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ABSTRACT
OBJECTIVE
To evaluate pathological complete response as a 
surrogate endpoint for disease-free survival and 
overall survival in regulatory neoadjuvant trials of 
early stage breast cancer.
DESIGN
Systematic review and meta-analysis.
DATA SOURCES
Medline, Embase, and Scopus to 1 December 2020.
ELIGIBILITY CRITERIA FOR STUDY SELECTION
Randomised clinical trials that tested neoadjuvant 
chemotherapy given alone or combined with other 
treatments, including anti-human epidermal growth 
factor 2 (anti-HER2) drugs, targeted treatments, 
antivascular agents, bisphosphonates, and immune 
checkpoint inhibitors.
DATA EXTRACTION AND SYNTHESIS
Trial level associations between the surrogate 
endpoint pathological complete response and 
disease-free survival and overall survival.
METHODS
A weighted regression analysis was performed on 
log transformed treatment effect estimates (hazard 
ratio for disease-free survival and overall survival 
and relative risk for pathological complete response), 
and the coefficient of determination (R2) was used 
to quantify the association. The secondary objective 
was to explore heterogeneity of results in preplanned 
subgroups analysis, stratifying trials according 
treatment type in the experimental arm, definition 

used for pathological complete response (breast and 
lymph nodes v breast only), and biological features 
of the disease (HER2 positive or triple negative breast 
cancer). The surrogate threshold effect was also 
evaluated, indicating the minimum value of the relative 
risk for pathological complete response necessary to 
confidently predict a non-null effect on hazard ratio for 
disease-free survival or overall survival.
RESULTS
54 randomised clinical trials comprising a total 
of 32 611 patients were included in the analysis. 
A weak association was observed between the 
log(relative risk) for pathological complete response 
and log(hazard ratio) for both disease-free survival 
(R2=0.14, 95% confidence interval 0.00 to 0.29) 
and overall survival (R2 =0.08, 0.00 to 0.22). 
Similar results were found across all subgroups 
evaluated, independently of the definition used for 
pathological complete response, treatment type in 
the experimental arm, and biological features of the 
disease. The surrogate threshold effect was 5.19 for 
disease-free survival but was not estimable for overall 
survival. Consistent results were confirmed in three 
sensitivity analyses: excluding small trials (<200 
patients enrolled), excluding trials with short median 
follow-up (<24 months), and replacing the relative risk 
for pathological complete response with the absolute 
difference of pathological complete response rates 
between treatment arms.
CONCLUSION
A lack of surrogacy of pathological complete response 
was identified at trial level for both disease-free 
survival and overall survival. The findings suggest that 
pathological complete response should not be used 
as primary endpoint in regulatory neoadjuvant trials of 
early stage breast cancer.

Introduction
The US Food and Drug Administration and European 
Medicines Agency support the use of pathological 
complete response in neoadjuvant randomised 
clinical trials of early stage breast cancer as a 
surrogate endpoint for long term patients’ clinical 
outcome (event-free or disease-free survival and 
overall survival), in the accelerated approval process 
of new drugs; and the current FDA table of surrogate 
endpoints includes pathological complete response 
for breast cancer.1 2 This decision addressed the need 
to expedite drug approvals, allowing patients to have 
access to effective treatments faster, more efficiently, 
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WHAT IS ALREADY KNOWN ON THIS TOPIC
Pathological complete response is a US Food and Drug Administration approved 
surrogate endpoint for disease-free survival and overall survival in randomised 
clinical trials testing neoadjuvant treatments in early stage breast cancer
Previous meta-analyses including a limited number of trials showed a strong 
correlation between pathological complete response and disease-free survival 
and overall survival at patient level but not trial level
The surrogacy value of pathological complete response is controversial

WHAT THIS STUDY ADDS
This meta-analysis showed a weak association between pathological complete 
response and disease-free survival and overall survival at trial level
The findings suggest that pathological complete response should not be used as 
a surrogate endpoint in regulatory neoadjuvant randomised clinical trials of early 
stage breast cancer
Better surrogate endpoints are needed
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and more economically than waiting for the final 
results of adjuvant or neoadjuvant randomised clinical 
trials.1 2

Evidence supporting the decision of regulatory 
agencies was mainly derived from an FDA sponsored 
meta-analysis of individual patient data from 12 
randomised controlled trials.3 This analysis robustly 
showed a strong correlation between pathological 
complete response and both disease-free survival and 
overall survival at patient level, but it failed to show a 
statistically significant association at trial level.3

Buyse et al proposed that “a good surrogate 
endpoint must be shown to be causally linked to the 
true endpoint” and “to capture the whole effect of 
treatment upon the true endpoint.”4 5 Operationally 
this means that a good surrogate endpoint should fulfil 
the condition of a meaningful association with the true 
endpoint at both patient and trial level.4 5 A strong 
association at patient level indicates that the surrogate 
and true endpoint are likely causally linked, whereas 
a strong association at trial level indicates that the 
surrogate captures a large proportion of the treatment 
effect on the true endpoint.4 5 The trial level association 
between endpoints, however, does not simply follow 
from the patient level association.4 5

Several surrogate endpoints in oncology show a 
statistically significant association with patients’ 
overall survival at both individual and trial level, 
such as disease-free survival for human epidermal 
growth factor 2 (HER2) positive early stage breast 
cancer or disease-free survival and progression-free 
survival for early and advanced stage colorectal cancer, 
respectively.6 7 Berry and Hudis suggested that the 
absence of pathological complete response surrogacy 
at trial level observed in the FDA meta-analysis for 
breast cancer could be potentially explained by the 
limited number of trials analysed, especially given the 
little spread of treatment effects across the trials (ie, 
narrow range of the pathological complete response 
odd ratios and disease-free survival and overall survival 
hazard ratios reported in the 12 trials included in the 
analysis).8 Furthermore, the power of the surrogacy 
analysis could be affected by the use of hazard ratio 
as a measure of the effect of treatments on disease-
free survival and overall survival. Whereas the hazard 
ratio is the gold standard measure for treatment effect 
in adjuvant and neoadjuvant trials of breast cancer, 
it could be affected by the loss of the proportional 
hazards assumption. To account for the potential loss 
of power owing to non-proportionality, surrogacy 
analysis should be performed with many trials.

Berruti et al’s subsequent meta-analysis of aggregate 
data from 29 randomised controlled trials also failed 
to show a statistically significant surrogacy for 
pathological complete response at trial level.9 This 
analysis, however, had several limitations—one of the 
most important being that the potential heterogeneity 
of results according to the biological features of 
disease has not been evaluated.9 Another important 
limitation shared by the FDA sponsored analysis and 
that of Berruti et al is that the analyses only included 

randomised clinical trials that tested chemotherapy, 
and, in most cases old regimens, with the exception 
of only two trials that tested anti-HER2 targeted 
treatment.3 9

The FDA guidance for the use of complete 
pathological response as an endpoint to support 
accelerated approval has highlighted all such 
limitations affecting the results of the previous analyses 
and recognised the important value of further analyses 
to overcome these limitations.1 The controversy about 
the surrogacy value of pathological complete response 
was also discussed at the St Gallen International 
Breast Cancer Consensus Conference (Vienna, 2021), 
where only 40% of panellists supported its use as an 
appropriate endpoint for defining standard adjuvant 
or neoadjuvant systemic regimens to treat early stage 
breast cancer.

Because a larger number of trials is now available, 
we performed a meta-analysis of all the randomised 
clinical trials that tested neoadjuvant treatments 
for early stage breast cancer, to assess the utility of 
pathological complete response as a surrogate for long 
term patients’ outcome at trial level.

Methods
In this study we followed the Preferred Reporting Items 
for Systematic Reviews and Meta analyses (PRISMA) 
and Reporting of Surrogate Endpoint Evaluation 
using Meta analyses (ReSEEM) guidelines.10 We 
systematically searched PubMed, Medline, Embase, 
and Scopus to 1 December 2020 for all randomised 
clinical trials that tested neoadjuvant chemotherapy 
given alone or combined with other treatments. The 
search terms were “breast cancer”, “neoadjuvant 
therapy”, “preoperative therapy”, and “pathologic 
complete response”.

Trials were considered eligible for inclusion if 
they were randomised clinical trials that tested 
chemotherapy administered alone or in combination 
with other treatments in a neoadjuvant setting; they 
contained data on pathological complete response 
rates and survival outcomes (ie, a combination of 
disease-free survival, event-free survival, relapse-free 
survival, and overall survival) in the different treatment 
arms; and an explicit definition of pathological 
complete response was reported and based on excision 
histology.

Any trial in which additional post-surgical adjuvant 
treatments were delivered were considered to be 
eligible if all participants received the same treatment. 
We excluded neoadjuvant trials that tested endocrine 
treatment because of the low associated rate of 
pathological complete response. Two investigators (FC 
and LP) independently reviewed the list of retrieved 
articles for relevancy, and two investigators (IS and 
CO) independently extracted data from the studies, 
with discrepancies resolved by consensus with all 
investigators. Data were extracted on study design, 
number of patients enrolled, type of treatment, 
pathological complete response rate, definition of 
pathological complete response, number of disease-
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free survival and overall survival events, and duration 
of follow-up. The Cochrane Collaboration’s risk of 
bias tool was used to determine study methodological 
quality.11

The primary objective was to assess the trial level 
association between pathological complete response 
as the surrogate endpoint and long term outcome in 
patients (ie, disease-free survival, overall survival, 
or both). The secondary objective was to explore 
heterogeneity of results according to the type of 
treatment in the experimental arm, the definition of 
pathological complete response (breast and lymph 
nodes v breast only), and biological features of the 
disease (HER2 positive and triple negative breast 
cancer).

We used the classification reported in the original 
paper to define treatment arms as experimental 
or control for each trial. In all analyses we used 
the endpoints for long term outcome in patients, 
as provided by the trial investigators. Because the 
endpoints definition was not standardised in most of 
the neoadjuvant trials, we considered several time-
to-event endpoints to be equivalent to disease-free 
survival: relapse-free survival, event-free survival, 
and progression-free survival. In the case of studies 
reporting results for more than one time-to-event 
endpoint, we selected only one for the regression 
analysis using the following hierarchical order: 
disease-free survival, event-free survival, relapse-free 
survival, and progression-free survival. The hazard 
ratio of disease-free survival (or equivalent endpoint) 
and overall survival between the experimental arm 
and the control arm was used as the treatment effect 
estimate for the long term patients’ clinical outcome 
(the true endpoint).

From each trial we extracted the proportion of 
patients with a pathological complete response per 
treatment arm as the surrogate endpoint for the 
analysis. The relative risk of pathological complete 
response between the experimental and control arm 
was used as the treatment effect estimate on the 
surrogate outcome. We recognised specific definitions 
of what constitutes a pathological complete response: 
ypT0-ypN0 indicates absence of invasive and 
intraductal disease in breast and nodes; ypT0/is-ypN0 
indicates absence of invasive disease in breast and 
nodes; ypT0-ypN0/+indicates absence of invasive and 
intraductal disease in breast, irrespective of nodes; 
and ypT0/is-ypN0/+indicates absence of invasive 
disease in breast, irrespective of nodes. When studies 
used more than one definition to report the rates 
of pathological complete response, we recorded all 
information and selected the appropriate definition 
of the primary analysis using the hierarchical order: 
ypT0-ypN0, ypT0/is-ypN0 (in both cases the endpoint 
applies to breast and lymph nodes), ypT0-ypN0/+, and 
ypT0/is-ypN0/+ (in both cases the endpoint applies to 
breast only).

Finally, we performed three sensitivity analyses: 
in the first we excluded small trials enrolling fewer 
than 200 patients, in the second we excluded trials 

with a median follow-up shorter than 24 months, 
and in the third we used the absolute difference of 
pathological complete response rates between control 
and experimental arm (rate in experimental arm–rate 
in control arm) instead of relative risk for pathological 
complete response as an estimate of treatment effects 
on the surrogate endpoint.

Statistical analysis
We used a correlation approach to assess surrogacy as 
previously described.4 5 12 To quantify the association 
between the effect of treatment on the reference 
endpoints of disease-free survival and overall survival 
and the effect of treatment on the surrogate endpoint 
of pathological complete response, we used a weighted 
linear regression model. From each trial we extracted 
treatment effects, expressed as hazard ratios for 
disease-free survival and overall survival and relative 
risks for pathological complete response, from each 
trial and considered these on a log scale in the model. 
Weights were defined as the number of disease-free 
survival and overall survival events reported or derived 
from each trial. In addition, as sensitivity analysis 
we also evaluated two different weighting systems 
based on the inverse of the variance of the log of the 
pathological complete response relative risk and on 
the trial sample size.

The coefficient of determination (R2) was used to 
measure the variation of the weighted treatment effects 
explained by the model and to quantify the surrogacy 
level of pathological complete response. We used the 
TrialLevelMA function of the R package Surrogate to 
calculate R2 and associated 95% confidence intervals.13 
According to ReSEEM (Systematic Review and 
Recommendation for Reporting of Surrogate Endpoint 
Evaluation using Meta-analyses) guidelines, R2 values 
≥0.7 represent strong correlations (and thus suggest 
surrogacy), values between 0.69 and 0.5 represent 
moderate correlations, and values <0.5 represent weak 
correlations.10 The slope of the regression line was also 
reported as an alternative measure of surrogacy.

Leave-one-out cross validation was performed 
to validate results obtained in the main analysis. 
Each trial was left out once, and the surrogate model 
was built with the other trials; this model was then 
reapplied to the left out trial to predict the effect of 
treatment on the reference endpoints (disease-free 
survival or overall survival). The leave-one-out cross 
validated R2 was calculated as the correlation between 
the individual predictions made by the model over all 
trials and the actual treatment effects.

To assess homogeneity of slopes according to 
the levels of a defined factor, we included the 
interaction term between log(relative risk) for 
pathological complete response and the defined 
factor in a multivariable meta-regression model and 
calculated the associated F statistic. Moreover, to 
adjust the R2 for trial level covariates, we also fitted 
a multivariable weighted linear model, including the 
trial level covariates as adjustable variables. We report 
the adjusted R2—that is, the square of the partial 
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correlation coefficient obtained from the multivariable 
model.

Finally, we calculated the surrogate threshold 
effect, defined as the minimum relative risk of the 
pathological complete response necessary to predict 
a statistically significant disease-free survival or 
overall survival benefit in a future trial. The surrogate 
threshold effect was located as the intersection of 
the upper limit of the 95% prediction band and the 
horizontal line representing the predicted hazard ratio 
for disease-free survival or overall survival  equal to 1 
(null effect).14 The 95% prediction band was calculated 
from the weighted regression model used to derive the 
coefficient of determination R2 and was based on the 
predicted weight assigned to the hazard ratio for a 
future trial. Because the regression model in the main 
analyses was weighted by the number of events, in the 
calculation of the prediction band and consequently 
in the identification of the surrogate threshold effect, 
we considered a future trial with expected number of 
events to be equal to the average number of events 
observed in the set of trials included in the model itself. 
As a sensitivity analysis the surrogate threshold effect 
was computed for different scenarios, varying the 
expected number of events for a future trial.

Patient and public involvement
Members of the study group have regular meetings 
with patient representatives about ongoing scientific 
projects and activities. During these meetings the 
project and its objectives are discussed, and we 
accepted the patients’ suggestions, which were mainly 
focused on the need to make the final version of the 
paper as clear and less technical as possible, to widely 
disseminate the results given the relevant implications 
for research and clinical practice.

Results
Characteristics and quality assessment
Overall, 54 randomised clinical trials comprising a 
total of 32 611 patients were included in the analysis 
(supplementary fig S1 and table S1; references in table 
S1 are cited in the full paper only). Seven trials had 
three arms and three trials had four arms, for a total of 
67 comparisons analysed.15-82

The trials tested different regimens or schedule of 
neoadjuvant chemotherapy. Ten trials evaluated an 
anthracycline based regimen versus an anthracycline 
or taxane based chemotherapy or the two  
combined.15-25 82 Ten compared a dose dense or 
intensified chemotherapy regimen or both with a 
standard dose regimen.26-36 Six trials tested the addition 
of capecitabine,37-43 78 three of carboplatin,57-60 75 
two of nab-paclitaxel, two of gemcitabine, and one 
of vinorelbine to a standard anthracycline or taxane 
based regimen or the two combined.61 62 71 77 78 Twelve 
trials tested the combination of chemotherapy with 
anti-HER2 targeted treatment,44-53 68 69 74 80 83 five with 
bevacizumab,57 70 72 78 81 two with anti-programmed 
death 1(PD1) or anti-PDL1 drugs,63 64 two with 
everolimus,73 76 and one with zoledronic acid.65

Forty studies applied a pathological complete 
response definition to breast and lymph nodes and 13 
to breast only. Study specific pathological complete 
response rates ranged between 2% and 68%, relative 
risks for pathological complete response ranged 
between 0.52 and 3.0 (pooled relative risk 1.21, 95% 
confidence interval 1.15 to 1.27) and the hazard ratios 
for disease-free survival ranged between 0.26 and 2.61 
(pooled hazard ratio 0.91, 95% confidence interval 
0.85 to 0.96) and for overall survival ranged between 
0.19 and 2.27 (pooled hazard ratio 0.89, 0.84 to 0.94; 
supplementary table S1).

The endpoint for time to recurrence was disease-free 
survival in 35 trials, event-free survival in nine trials, 
relapse-free survival in seven trials, and progression-
free survival in three trials (supplementary table S2). 
The median follow-up across trials was 56 months 
(range 15.5-120 months).

Randomised treatment allocation sequences 
were generated in all trials. Six trials were double 
blinded. Supplementary table 3 lists the quality scores 
according to the risk of bias tool for each trial. No trial 
was scored as low quality.

Main analysis
The effects of breast cancer treatment on pathological 
complete response compared with on disease-free 
survival or overall survival was assessed and a 
regression equation was estimated based on data 
from all the trials included in the analysis. A weak 
association was found between the log(relative 
risk) for pathological complete response and the 
log(hazard ratio) for disease-free survival (R2=0.14, 
95% confidence interval 0.00 to 0.29), and the slope 
of the regression line was −0.27 (fig 1 and table 1). 
The corresponding association for overall survival 
was similarly weak (R2=0.08, 0.00 to 0.22), and  
the slope of the regression line was −0.20 (fig 1 and 
table 1). After adjustment for trial level covariates, 
such as definition of pathological complete response, 
type of treatment, and size of trial, the R2 values did 
not materially change (disease-free survival R2=0.11, 
0.00 to 0.25, overall survival R2=0.08, 0.00 to 0.22).

The leave-one-out cross validation analysis confirmed  
that the surrogacy of pathological complete response 
was weak for both disease-free survival and overall 
survival: the leave one-out cross validated R2 was 0.07 
for disease-free survival and 0.02 for overall survival. 
The R2 values obtained in the leave-one-out models 
ranged from 0.11 to 0.20 for disease-free survival and 
from 0.06 to 0.12 for overall survival (supplementary 
fig S2A and B).

Subgroup and sensitivity analyses
The surrogacy of pathological complete response 
was explored in preplanned analyses stratifying 
trials according to the type of treatment in the 
experimental arm, definition of pathological complete 
response, and biological features of the disease. The 
different systemic treatments administered in the 
experimental arm were classified according to five 
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groups (supplementary table S1): regimens using 
anthracycline or taxane based chemotherapy, or both 
(10 trials; fig.2A and fig2D), dose dense or intensified 
chemotherapy regimens (10 trials; fig 2B and fig2E), 
regimens containing capecitabine (six trials; fig 2G 
and fig2J), chemotherapy in combination with anti-
HER2 targeted treatments (12 trials; fig 2C and fig2F), 
chemotherapy in combination with bevacizumab (five 
trials; fig 2H and fig2K), and other treatments (17 
trials; fig 2I and fig2L). The association between the 
log(relative risk) for pathological complete response 
and log(hazard ratio) for both disease-free survival 
and overall survival was weak in all the treatment 
subgroups explored (F test for homogeneity of slopes: 
P=0.03 for disease-free survival and P=0.17 for overall 
survival; table 1), with the only exception represented 
by the two subgroups of trials testing, respectively, 
the dose dense or intensified regimens, in which the 
association was moderate for disease-free survival 
(R2=0.62, 95% confidence interval 0.18 to 1.00; fig 2B) 
but weak for overall survival (R2=0.45, 0.00 to 0.99; fig 
2E and table 1) and regimens containing capecitabine, 
in which the association was weak for disease-free 
survival (R2=0.21, 0.00 to 1.00; fig 2G) and moderate 
for overall survival (R2=0.64, 0.00 to 1.00; fig.2J and 
table 1).

Both definitions of pathological complete response 
showed a weak association with disease-free survival 
and with overall survival: R2 for disease-free survival 

and overall survival was, respectively, 0.02 (0.00 
to 0.19) and 0.01 (0.00 to 0.12) for pathological 
complete response applied to breast only (fig S3A and 
C), and 0.15 (0.00 to 0.34) and 0.10 (0.00 to 0.28) for 
pathological complete response applied to breast and 
lymph nodes (fig S3B and D; F test for homogeneity of 
slopes: P=0.23 for disease-free survival and P=0.35 for 
overall survival; table 1).

The association between the log(relative risk) for 
pathological complete response and log(hazard ratio) 
for both disease-free survival and overall survival was 
weak in both triple negative and HER2 positive breast 
cancer: R2 for disease-free survival and overall survival 
was, respectively, 0.42 (0.05 to 0.79; fig 3A) and 0.17 
(0.00 to 0.55; fig 3C) for triple negative breast cancer, 
and 0.37 (0.05 to 0.69; fig 3B) and <0.01 (0.00 to 0.05; 
fig 3D) for HER2 positive disease (F test for homogeneity 
of slopes: P=0.56 for disease-free survival and P=0.33 
for overall survival; table 1).

A post hoc analysis was also performed with trials 
stratified according to the type of time-to-event 
endpoint used (disease-free survival, event-free 
survival, or other endpoints, including relapse-free 
survival and progression-free survival; table 1): the 
R2 for the association between the log(relative risk) 
for pathological complete response and log(hazard 
ratio) was 0.03 (0.00 to 0.15) for disease-free survival 
(supplementary fig S4A), 0.40 (0.00 to 0.85) for event-
free survival (fig S4B), and 0.39 (0.00 to 0.82) for the 
other endpoints (fig S4C).

Sensitivity analyses were performed excluding 
small trials (11 trials with a sample size <200 patients; 
supplementary fig S5A and B and table 1); excluding 
trials with short median follow-up (five trials with 
median follow-up <24 months; table 1); using 
absolute difference of pathological complete response 
between treatment arms instead of the relative risk 
for pathological complete response (supplementary 
fig S6A and B and table S4, and table 1); using the 
sample size as weighting systems in the regression 
model, instead of number of disease-free survival 
and overall survival events (table 1); and using the 
inverse of the variance of the log of the pathological 
complete response relative risk as weighting systems 
in the regression model (table 1). The results of the 
sensitivity analyses were comparable to those of the 
main analysis.

Assessment of surrogate threshold effect of 
pathological complete response
The surrogate threshold effect was calculated, 
indicating the minimum relative risk of the pathological 
complete response necessary to confidently predict 
a non-null effect on hazard ratios for disease-free 
survival or overall survival in a future randomised 
trial. In this calculation, a future trial was considered 
to have an expected number of events equal to the 
average number of events observed in the main analysis 
including all the trials (131 disease-free survival events 
and 91 overall survival events). Because of the weak 
association observed between pathological complete 
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Table 1 | Results of main analyses, subgroup analyses, and sensitivity analyses

Subgroups: long term outcomes
No of comparisons 
analysed R2 (95% CI)

Slope of  
regression line STE

F test for homogeneity of slopes

Disease-free survival Overall survival
Main analyses
Disease-free survival 67 0.14 (0.00 to 0.29) −0.27 5.19 -Overall survival 59 0.08 (0.00 to 0.22) −0.20 -
Subgroups analyses
pCR definition:
  Breast only
    Disease-free survival 14 0.02 (0.00 to 0.19) −0.08 -

0.23 0.35
    Overall survival 14 0.01 (0.00 to 0.12) −0.06 -
  Breast and lymph nodes:
    Disease-free survival 52 0.15 (0.00 to 0.34) −0.32 4.44
    Overall survival 44 0.10 (0.00 to 0.28) −0.26 -
Treatment arms
Antracycline and taxane based v antracycline based regimens:
  Disease-free survival 10 0.002 (0.00 to 0.06) 0.02 -

0.03 0.17

  Overall survival 9 0.01 (0.00 to 0.14) −0.03 -
Intensified/dose dense v standard dose regimens:
  Disease-free survival 10 0.62 (0.18 to 1.00) −0.49 2.43
  Overall survival 10 0.45 (0.00 to 0.99) −0.38 4.88
Chemotherapy plus anti-HER2 targeted treatment:
  Disease-free survival 17 0.46 (0.08 to 0.85) −0.80 2.74
  Overall survival 13 0.31 (0.00 to 0.78) −0.69 -
Capecitabine-containing v standard regimens
  Disease-free survival 6 0.21 (0.00 to 1.00) −0.64 -
  Overall survival 6 0.64 (0.00 to 1.00) −1.05 -
Chemotherapy plus bevacizumab:
  Disease-free survival 5 0.06 (0.00 to 0.72) 0.52 -
  Overall survival 5 0.10 (0.00 to 0.87) 1.00 -
Other comparisons:
  Disease-free survival 19 0.02 (0.00 to 0.14) −0.08 -
  Overall survival 16 0.02 (0.00 to 0.15) −0.08 -
Biological features of disease
Triple negative:
  Disease-free survival 19 0.42 (0.05 to 0.79) −0.63 2.24

0.56 0.33
  Overall survival 16 0.17 (0.00 to 0.55) −0.37 -
HER2 positive:
  Disease-free survival 25 0.37 (0.05 to 0.69) −0.80 2.43
  Overall survival 18 0.002 (0.00 to 0.05) 0.08 -
Time-to-recurrence endpoint definition:
  Disease free survival
    Disease-free survival 38 0.03 (0.00 to 0.15) −0.11 -

0.03 0.34

    Overall survival 37 0.02 (0.00 to 0.10) −0.09 -
Event-free survival
  Event-free survival 14 0.40 (0.00 to 0.85) −0.86 2.05
  Overall survival 10 0.25 (0.00 to 0.81) −0.34 -
Others
  Others 15 0.39 (0.00 to 0.82) −0.44 4.39
  Overall survival 12 0.29 (0.00 to 0.79) −0.38 -
Sensitivity analyses
Delta-pCR as surrogate endpoint:
  Disease-free survival 67 0.24 (0.06 to 0.42) −1.83 0.22

-

  Overall survival 59 0.13 (0.00 to 0.30) −1.38 0.31
Randomised controlled trials with sample size <200 patients excluded:
  Disease-free survival 56 0.13 (0.00 to 0.30) −0.26 -
  Overall survival 49 0.06 (0.00 to 0.20) −0.18 -
Trial sample size as weight in the regression model:
  Disease-free survival 67 0.14 (0.00 to 0.30) −0.34 5.00
  Overall survival 59 0.09 (0.00 to 0.23) −0.26 -
Inverse of variance of log of pCR relative risk as weight in regression model:
  Disease-free survival 67 0.25 (0.07 to 0.44) −0.69 2.32
  Overall survival 59 0.14 (0.00 to 0.31) −0.43 3.29
Randomised controlled trials with <24 months of follow-up excluded:
  Disease-free survival 63 0.13 (0.00 to 0.29) −0.25 6.05
  Overall survival 57 0.07 (0.00 to 0.20) −0.19 -
STE=surrogate threshold effect; pCR=pathological complete response; anti-HER2=anti-human epidermal growth factor 2.
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response and disease-free survival and overall survival, 
the surrogate threshold effect was not estimable or was 
high for the main analysis including all the trials (fig 
4A and fig4B), as well as for all the subgroups explored 

(supplementary figs S7-S10 and table 1). The surrogate 
threshold effect calculated for absolute difference of 
pathological complete response instead of the relative 
risk was, respectively, 0.22 for disease-free survival 
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Fig 2 | Correlation between effects of breast cancer treatment on pathological complete response (pCR) and disease-free survival (panels A-C and G-I) 
and overall survival (panels D-F and J-L). A and D=Antracycline and taxane based v antracycline based regimens; B and E=dose dense or intensified 
v standard dose regimens; C and F=chemotherapy plus anti-human epidermal growth factor 2 targeted treatment; G and J=regimens containing 
capecitabine v standard regimens; H and K=chemotherapy plus bevacizumab; I and L=other treatments. Each circle represents a trial, and the surface 
area of the circle is proportional to the number of events observed in the corresponding trial. Straight lines represent weighted regression lines
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and 0.31 for overall survival (table 1). Supplementary 
table S5 and figures S11-S14 show the surrogate 
threshold effect obtained by varying the number of 
expected events in a future randomised controlled 
trial—for example, in a randomised controlled trial 
with, respectively, 800 disease-free survival or overall 
survival events, a relative risk greater than 1.67 for 
pathological complete response predicts significant 
gains in disease-free survival, whereas a relative risk 
greater than 1.51 predicts significant gains in overall 
survival.

Discussion
The findings from this meta-analysis do not support the 
use of pathological complete response as a surrogate 
endpoint for disease-free survival and overall survival 
in neoadjuvant trials of early stage breast cancer. 
We found that the coefficient of determination of the 
association between pathological complete response 
and overall survival was 0.08 (95% confidence interval 
0.00 to 0.22), indicating that only 8% of the variability 
among treatment effects on overall survival is explained 
by the effects observed with pathological complete 
response. This coefficient was even lower when 
estimated using leave-one-out cross validation. Much 
has been discussed about when a surrogate endpoint 
could be theoretically considered validated, but the 
consensus is that a candidate surrogate endpoint would 

be valid only if the coefficient of determination (R2) is at 
least equal to or higher than 0.7.4 5 10 Furthermore, our 
subgroup analysis confirmed that the weak association 
between pathological complete response and long term 
clinical outcomes was evident for all the subgroups 
explored, independently of the type of treatment, the 
definition of pathological complete response, and the 
biological features of the disease. Finally, results of 
the surrogate threshold effect analysis suggested that a 
statistically significant effect on overall survival could 
be confidently predicted only if a very high relative risk 
for pathological complete response was observed.

Several explanations might account for the lack of 
pathological complete response surrogacy at trial level. 
One hypothesis is that pathological complete response 
measures the effect of a treatment only on the primary 
tumour and not on micrometastatic systemic disease, 
which is the main target of adjuvant and neoadjuvant 
treatments. The surrogacy assumption is that 
responses of primary tumours and micrometastases 
are comparable, but the validity of such an assumption 
could be affected by the disease itself and type of 
neoadjuvant treatments.84 85 In our opinion, the strong 
association observed between pathological complete 
response and long term outcomes at patient level in 
early stage breast cancer, and the excellent prognosis of 
patients achieving a pathological complete response, 
do not support such an hypothesis.3
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Another potential explanation is that patients who 
do not achieve a pathological complete response 
might not be disadvantaged, as shown by those with 
endocrine responsive breast cancers who derive 
important survival benefit from endocrine treatments 
but rarely obtain a pathological complete response.86 In 
fact, several more granular definitions of pathological 
response that could capture treatment effects better 
than pathological complete response have been 
proposed as surrogate endpoints, such as residual 
cancer burden in breast cancer or major pathological 
response (<10% vital tumour cells) in lung cancer and 
melanoma. Although a strong association between 
such surrogate endpoints and long term outcomes 
has been found at patient level, no evidence has been 
provided yet on their surrogacy value at trial level.87 88

Another explanation could be that a surrogate 
endpoint that exclusively relies on comparing 
pathological complete response rates between 
treatment arms overlooks relevant information 
from most of the other patients who do not achieve 
a pathological complete response and who might 
experience a large spectrum of responses, including 
primary resistance and disease progression during 
neoadjuvant treatment. Such a broad spectrum of 
responses might not be equally distributed between 

treatment arms, affecting the overall prognosis of 
the population more than pathological complete 
response rates. This is the scenario described in the 
study by Fleming et al, in which false negative and 
false positive conclusions about clinical efficacy of a 
new intervention compared with standard treatment 
could arise if a surrogate endpoint only captures the 
effects of interventions on one causal pathway of 
the disease process (ie, a substantial reduction of 
relapses in patients achieving a pathological complete 
response), while the interventions also have an impact 
on other principal causal pathways (ie, the ability of 
treatments to modify the clinical course of disease and 
thus the risk of relapse independently of achieving a 
pathological complete response).89 This could explain 
results such as those observed in the large GeparTrio 
trial, which found no difference in pathological 
complete response rates between treatment arms but 
reported a survival advantage for the experimental 
treatments.40 A composite surrogate endpoint that 
takes into account differences between arms not only 
in pathological complete response rates but also in 
the rate of the other types of response, including 
progression of disease, might have greater surrogacy 
value at trial level.4 5 In a recent retrospective analysis 
of 938 women treated in the neoadjuvant I-SPY2 trial, 
patients’ event-free survival was found to worsen 
significantly for each unit of residual cancer burden, 
regardless of tumour subtype and type of neoadjuvant 
treatment. Comparing distributions of residual cancer 
burden as a continuous measure of response obtained 
by treatment arms in randomised controlled trials, 
would probably provide additional information 
beyond pathological complete response rate and would 
better capture the effect of treatments on long term 
patients’ clinical outcomes.83 Furthermore, recently, 
meta-analytical methods allowing for use of multiple 
surrogate endpoints jointly have been proposed with 
the potential benefit of reducing the uncertainty 
around predictions.90

All such hypotheses to explain lack of trial level 
surrogacy in the presence of strong patient level 
surrogacy are speculative and remain to be shown. 
Moreover, this discrepancy can simply occur because of 
causal inference mechanisms, such as the confounding 
effect by known and unknown prognostic factors that 
have a similar influence on both the surrogate and the 
final endpoints creating a correlation between them at 
individual level, even when the association is weak at 
trial level.4 5

Policy implications
To date, the FDA has approved two drugs in the 
neoadjuvant setting for breast cancer under the 
accelerated approval pathway, based on results on 
surrogate endpoints: pertuzumab for HER2 positive 
disease and pembrolizumab for triple negative breast 
cancer. Although the follow-up for overall survival 
of the Keynote-522 trial, leading to accelerated 
approval of pembrolizumab, is too short to draw any 
conclusions, the discrepancy observed in the Adjuvant 
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Fig 4 | Surrogate threshold effect (STE) for disease-free survival and overall survival. 
Each circle represents a trial, and the surface area of the circle is proportional to 
the number of events observed in the corresponding trial. Straight lines represent 
weighted regression lines and dashed lines represent 95% prediction bands (prediction 
bands were based on the values predicted by the weighted regression model). In the 
predictions, the median weight was considered. STE, when definable, is represented by 
the intersection point between the horizonal line y=1 and upper 95% prediction band
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Pertuzumab and Herceptin IN Initial TherapY in Breast 
Cancer (APHINITY) trial between the statistically 
significant and large improvement of pathological 
complete response rate and the lack of evidence of 
survival benefit for patients treated with pertuzumab, 
pointed to the risk of using pathological complete 
response as a surrogate endpoint. In oncology, 
many drugs were originally approved on the basis of 
substantial improvement of a supposed—but actually 
not fully shown—surrogate endpoint, which in later 
studies failed to show evidence of survival benefit, 
such as bevacizumab for breast cancer, olaratumab  
for sarcoma, and atezolizumab for urothelial 
carcinoma.91 92 These and numerous other examples 
suggest a fundamental flaw in the use of surrogate 
endpoints for drug approvals and the need for rigorous 
evidence of the surrogacy value of drugs before  
use.91 92 Despite the caveats, the reliance of regulatory 
agencies on surrogate endpoints for drug approval has 
increased considerably in recent years.91 92

The lack of surrogacy at trial level showed here, 
substantially limits the possibility of using pathological 
complete response to confidently anticipate the results 
of randomised controlled trials and to predict long 
term outcome of the populations enrolled and thus to 
support accelerated drugs approval. However, all this 
does not undermine the value of pathological complete 
response when used for other reasons, as well as the 
importance of neoadjuvant trials.93 Indeed, given the 
strong association between pathological complete 
response and overall survival shown at patient level, 
pathological complete response represents the best 
biomarker available to predict patients’ residual risk 
of relapse after neoadjuvant therapy and has utility 
in identifying those at substantial risk who require 
escalation of adjuvant therapy, as shown for HER2 
positive disease in the KATHERYNE trial and for triple 
negative breast cancer in the Capecitabine for Residual 
Cancer as Adjuvant Therapy (CREATE-X) trial.94 95

Limitations of this study
Our study has several limitations. Our analysis is based 
on aggregate data from trials, and not on individual 
patient data (IPD). IPD analyses allow for checking the 
plausibility of randomisation sequences, verifying data 
integrity and consistency, fitting bivariate and copula 
based models that are among the preferred methods 
of assessment of trial level associations, adjusting the 
analyses for baseline prognostic covariates, and taking 
into account the fact that each within trial surrogate 
outcome is estimated with error. Nevertheless, the 
specific aim of our analysis was to assess surrogacy 
at trial level, and we used only data from randomised 
clinical trials of high quality, making it unlikely that 
an IPD analysis would substantially change our 
conclusions.96-98 We also did not explore potential 
differences of the pathological complete response 
surrogacy value within the subgroups of HER2 positive 
disease defined by hormone receptor status. Finally, 
the terminology of time to recurrence endpoints 
used across trials is heterogenous. However, in many 

cases—particularly in the earliest trials—the definition 
provided by authors in the original papers for both 
disease-free survival and progression-free survival 
endpoints substantially resembled the FDA definition 
of event-free survival.1 50 An IPD meta-analysis of 
a large number of randomised controlled trials to 
assess the surrogacy value of pathological complete 
response as well as of other intermediate endpoints in 
adjuvant and neoadjuvant trials would complement 
our analyses, and we hope that the Early Breast Cancer 
Trialists’ Collaborative Group might support such an 
analysis in the future.

Conclusions
Our meta-analysis found lack of surrogacy of 
pathological complete response for long term patients’ 
outcome at trial level. Although this finding does 
not affect the role of pathological complete response 
to estimate patients’ residual risk of relapse after 
neoadjuvant treatment and to identify those patients 
who are candidates for further adjuvant treatments, 
use of pathological complete response to predict long 
term outcomes of patient populations enrolled in 
neoadjuvant randomised clinical trials is questionable. 
For this reason, we suggest that pathological complete 
response should not be used as a primary endpoint 
in regulatory neoadjuvant trials in early stage breast 
cancer.
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