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to compare neoadjuvant chemotherapy efficacy between randomized trial
arms in breast cancer trials
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Background: Difference in pathologic complete response (pCR) rate after neoadjuvant chemotherapy does not capture
the impact of treatment on downstaging of residual cancer in the experimental arm. We developed a method to
compare the entire distribution of residual cancer burden (RCB) values between clinical trial arms to better quantify
the differences in cytotoxic efficacy of treatments.

Patients and methods: The Treatment Efficacy Score (TES) reflects the area between the weighted cumulative
distribution functions of RCB values from two trial arms. TES is based on a modified Kolmogorov—Smirnov test with
added weight function to capture the importance of high RCB values and uses the area under the difference
between two distribution functions as a statistical metric. The higher the TES the greater the shift to lower RCB
values in the experimental arm. We developed TES from the durvalumab -+ olaparib arm (n = 72) and
corresponding controls (n = 282) of the I-SPY2 trial. The 11 other experimental arms and control cohorts (n = 947)
were used as validation sets to assess the performance of TES. We compared TES to Kolmogorov—Smirnov,
Mann—Whitney, and Fisher’s exact tests to identify trial arms with higher cytotoxic efficacy and assessed
associations with trial arm level survival differences. Significance was assessed with a permutation test.

Results: In the validation set, TES identified arms with a higher pCR rate but was more accurate to identify regimens as
less effective if treatment did not reduce the frequency of high RCB values, even if the pCR rate improved. The
correlation between TES and survival was higher than the correlation between the pCR rate difference and survival.
Conclusions: TES quantifies the difference between the entire distribution of pathologic responses observed in trial
arms and could serve as a better early surrogate to predict trial arm level survival differences than pCR rate
difference alone.
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is ypNO], RCB-1 (RCB values: 0-1.36), RCB-Il (RCB values:
1.37-3.28), and RCB-IIl (RCB values >3.28) that represent
groups with increasingly larger residual cancer and worse
recurrence-free survival."* RCB 0/pCR has been adopted as
a clinical efficacy endpoint in neoadjuvant trials because of
its strong association with excellent long-term survival at
the patient level.> Comparing only the pCR rates between
trial arms, however, ignores the effect of downstaging of
residual cancers in those who fail to achieve a pCR by a
more effective treatment. Since the extent of residual
cancer correlates strongly with survival, differences in re-
sidual disease size distribution can have important effects
on trial arm level survival. Moving patients with minimal
residual disease to the pCR category will increase the pCR
rate, but will have only a small effect on survival, because
both minimal residual disease and pCR have a good long-
term prognosis. Moving many patients from RCB3 to
RCB2, and from RCB2 to RCB1 classes, however, while not
altering the pCR rate, could substantially affect trial arm
level survival. Several neoadjuvant trials have adopted RCB
as a co-primary endpoint, including the I-SPY 2 trial.

Using data from the I-SPY2 trial (NCT01042379), we pre-
viously showed that different neoadjuvant therapies cause
different types of shifts in RCB score distributions.® We noted
that immune checkpoint inhibitors or trastuzumab added to
chemotherapy causes large shifts towards smaller residual
disease values and this may explain the substantial
improvement in event-free survival (EFS) observed in the
neoadjuvant KEYNOTE-522 (NCT03036488) and GeparNuevo
(NCT02685059) immunotherapy trials despite modest in-
creases in pCR rates.””® We hypothesize that efficacy com-
parisons between two different neoadjuvant cytotoxic
regimens could be improved by comparing the entire dis-
tribution of RCB values rather than just comparing pCR rates.
A score that quantifies this additional treatment benefit in
cases with residual cancer could better predict trial arm level
survival improvement than increase in pCR rate alone and
could aid investigators and regulators to evaluate the impact
of new therapies in the neoadjuvant setting.

In this paper, we compare different statistical methods to
capture differences in RCB value distributions in trial arms
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and propose a novel statistical metric, the Treatment Effi-
cacy Score (TES), as a new efficacy measure in neoadjuvant
trials. The distribution of RCB values is non-normal and
multimodal and therefore changes in mean or median
values do not fully capture RCB shifts. We use the non-
parametric, two-sample Kolmogorov—Smirnov (KS) test
with modifications to compare the entire distributions of
RCB values between treatment arms. To develop TES, we
used data from the durvalumab + olaparib arm and cor-
responding controls of the I-SPY 2 trial (i.e. discovery
cohort).? In subsampling of the discovery set and in simu-
lation experiments we compared TES with KS, Mann—
Whitney (MW), and Fisher’s exact (F) tests to identify the
superior trial arm within biomarker subsets and to assess
the robustness of the results under variable sample sizes
and sample size imbalances. The remaining 11 experimental
arms and 2 additional control arms of the I-SPY2 trial were
used as validation sets to examine the association between
TES and survival.

METHODS

Discovery and test cohorts

The discovery cohort included 354 human epidermal
growth factor receptor-2 (HER2)-negative breast cancer
patients treated with paclitaxel (n = 282; control arm) or
durvalumab + olaparib added to paclitaxel (n = 72;
experimental arm; Table 1).° We selected this arm for dis-
covery because it includes both immune checkpoint therapy
and chemotherapy that resulted in an RCB-wide down-
staging compared with control. The remaining 11 experi-
mental arms and additional control arms from the I-SPY2
trial’®*? (n = 947 patients) were used as the test cohort
(Table 1). Data were analyzed separately within the three
breast cancer subtypes including hormone receptor-positive
HER2-negative (HR+/HER2—), HER2 positive (HER2+), and
triple-negative breast cancer (TNBC). For the HER2+ sub-
type, paclitaxel + trastuzumab was used as the control
treatment; for the other subtypes, paclitaxel alone was
used. In all arms, patients also received doxorubicin +

Table 1. Number of patients in different breast cancer subtypes per treatment arm in the discovery and test cohorts. Zero indicates that a given regimen was
not tested in that subtype

Cohort Treatment name Treatment type HR+ /HER2 — subtype HER2+ subtype TNBC subtype
Discovery Paclitaxel Control 152 0 130

Discovery Paclitaxel 4+ durvalumab + olaparib Experimental 52 0 20

Test Paclitaxel Control 93 0 78

Test Paclitaxel 4 trastuzumab Control 0 30 0

Test Regimen 1 Experimental 32 0 37

Test Regimen 2 Experimental 61 0 52

Test Regimen 3 Experimental 46 0 42

Test Regimen 4 Experimental 57 0 45

Test Regimen 5 Experimental 26 0 30

Test Regimen 6 Experimental 17 61 32

Test Regimen 7 Experimental 39 0 28

Test Regimen 8 Experimental 0 19 0

Test Regimen 9 Experimental 0 29 0

Test Regimen 10 Experimental 0 43 0

Test Regimen 11 Experimental 0 50 0

HER2, human epidermal growth factor receptor-2; HR, hormone receptor; TNBC, triple-negative breast cancer.
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cyclophosphamide after completion of the paclitaxel or
experimental treatments.

TES

A widely used method to measure distance between two
empirical cumulative distribution functions (eCDF) is the KS
test. The KS test, however, was designed for continuous
data and assumes that the data do not contain repeated
values. This assumption is not valid for RCB distributions
that contain many zeros (i.e. pCR), and therefore we
modified KS to develop a new metric. A weight function was
added for calculating eCDF which varies the importance of
different RCB scores. The weighted eCDF of continuous
variable x = (x4, ..., x,) is defined as:

1 n

T w(x) Z

WF,(x) w(x;)* Lyj<x (1)

where x is the RCB score, 1, is the indicator of event A and
w(x) is a weight function. wF,(x) is a step function which
jumps at the unique values of x. The height of the jump at a
given point is the total number of tied observations at that
value scaled by weight at that value. The following non-
negative weight function is used:

_ 2
" 1 4 elxaiex)

w(x) (2)

where x is the RCB score, and scale is a parameter controlling
the shape of weight function w(x). For scale equal to 0, w(x)
is equal to 1 for any x and wF,(x) equal to standard eCDF. As
a result, higher positive scale gives higher importance to low
RCB score values, whereas lower negative scale gives higher
importance to high RCB scores. We define the TES as the area
under the difference between wF and wG, not supremum as
in KS, that summarizes in a single value the overall benefit, or
inferiority, of the experimental treatment. wF and wG are
weighted eCDF calculated for RCB scores (x) in the experi-
mental and control arms, respectively. TES is denoted as:

TES = (wF(x) — wG(x))dx (3)

O\Jg

TES ranges from —1 to +1. The larger the positive TES value,
the greater the overall shift to smaller RCB values in the
experimental arm compared with the control. Statistical sig-
nificance for TES was calculated using random permutation of
control and experimental cohort labels to obtain a null dis-
tribution. The observed TES values were compared with the
random null distribution and a one-sided P-value was calcu-
lated as the proportion of permutations where the calculated
statistic was >TES.

Subsampling and simulation experiments

A robust efficacy metric gives the same answer over a wide
range of population sizes and in the presence of noise. To
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assess whether our proposed metric is technically robust,
four datasets were created, either by subsampling from the
discovery cohort, or by creating artificial RCB values using
Gaussian mixture models (GMMs)."*> We compared the
robustness of TES with KS, MW, and F statistical tests in
these datasets. TES, KS, and MW were calculated on
continuous RCB values, while the F test was calculated on
pCR rates. All tests were one-sided. Spearman (for mono-
tonic relationship) and Pearson (for linear relationship)
correlations were used to assess the correlation of TES and
differences in pCR rates (ApCR) between treatment arms.
A one-sided t-test was used to compare correlation
coefficients. In all analyses, statistical significance was set to
0.05.

False-positive rate control was evaluated in the discovery
set with randomly permuted assignment of patients to
control or experimental arms in 10 000 iterations. Robust-
ness to small sample size was evaluated by stratified sub-
sampling from the discovery cohort to create sample sizes
between 10% and 90% of the original cohort size, but
keeping the proportion of patients in the experimental to
control arms the same. Each sampling was repeated 50
times. Robustness to sample size imbalance between the
experimental and control arms was evaluated by sub-
sampling the experimental arm from the discovery cohort
while keeping the control cohort size the same. Experi-
mental treatment cohort sizes varied between n = 5 and
n = 70. Each subsampling was repeated 50 times. The po-
wer and false-positive rate control were evaluated on
simulated cohorts with artificially created RCB scores. A
two-component GMM was fitted to the distribution of RCB
scores in the discovery cohort, excluding cases with pCR,
using GaMRed."! The estimated parameters of the Gaussians
are: (i) p = 1.4648, ¢ = 0.44497; (ii) L = 3.1706, C =
0.76035. Another component was added to simulate the
pCR group. The proportions of patients with pCR, RCB
drawn from the first component, and RCB drawn from the
second component, estimated using GMM weight param-
eters and pCR rate from the discovery cohort, were equal to
0.3133, 0.33109, and 0.35561, respectively. We created
multiple artificial cohorts including 100 patients assigned to
control and 100 to experimental treatment using this
model. To simulate the difference in RCB scores between
treatments, the number of patients with reduced RCB score
in the experimental arm compared with control treatment
was varied between 0 and 20. For example, reduction of
RCB score in one patient in the experimental cohort could
mean that there is one additional patient with pCR and one
less patient with a non-zero RCB value simulated using
second GMM component parameters. Each experiment was
repeated 50 times.

Survival analysis

We used the Kaplan—Meier (KM) method to create EFS and
distant recurrence-free survival (DRFS) curves and esti-
mated the restricted mean survival time (RMST)*** at
4 years follow-up. RMST corresponds to the area under the
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KM curve up to a specific follow-up time. We chose RMST as
a survival measure because it is less susceptible to uncer-
tainty than Cox regression hazard ratios when the number
of events is small, resulting in narrower confidence in-
tervals. The treatment effect is expressed as the difference
in RMST between trial arms (ARMST) in months, which can
be interpreted as the average difference in survival between
the two arms. EFS was defined as the time from registration
to first local or distant recurrence, new primary cancer,
contralateral breast cancer, or death from any cause, and
patients who were alive without an event, or died without
an event censored at the date of the last follow-up date.
DRFS was defined as the time from registration to the first
distant recurrence, and patients who were alive without
distant recurrence or died without recurrence were
censored at the date of the last follow-up. The proportional
hazards assumption for a Cox regression model fit was
tested using cox.zph function from R survival package (cran.
r-project.org).

RESULTS

Comparison of statistical tests to identify the superior trial
arm in the discovery cohort

All three standard statistical tests (KS, MW, F) showed sig-
nificant benefit from durvalumab + olaparib relative to
control therapy in the HER2— (n = 73) and HR+/HER2—
(n 52) subsets. In TNBC (n 20), significance was

M. Marczyk et al.

borderline (Figure 1A). These results are consistent with the
reported efficacy of the regimen using Bayesian modelling
as a primary endpoint in [-SPY2, which predicted the
probability of success in a hypothetical phase Il trial to be
0.944, 0.950, and 0.838 in HER2—, HR+/HER2—, and TNBC,
respectively.®. The MW and F tests yielded significant but
smaller P values than KS, suggesting that KS has less power
to detect differences in response between arms.

TES was developed to improve the discriminatory power
of KS by introducing weight function (Figure 1B). We
empirically tested scale parameters of TES weight function
in a range between —0.5 to +0.5 to minimize the P value
when comparing the two treatment arms in the discovery
cohort. The optimum was observed for a scale of —0.136
(Supplementary Figure S1, available at https://doi.org/10.
1016/j.annonc.2022.04.072) that assigns higher impor-
tance to high RCB values (i.e. a decrease of RCB score from
4 to 3 is more important than a decrease from 3 to 2, which
is more important than a decrease from 2 to 1, etc.). The
scaled TES showed significant benefit from durvalumab +
olaparib in all HER2— (P = 0.0015) and in the HR-+/HER2—
(P = 0.00047) subtypes and a trend for benefit in TNBC
(P = 0.073) (Figure 1C). We note that the small sample size
of the TNBC subset implies lesser statistical power relative
to the other subsets.

Random assignment of patients into experimental or
control arms was used to estimate false-positive rates
(i.e. falsely identify an arm as better using pCR rate

B Standard regimen B Experimental regimen

HR+/HER2—

Method

TES = 0.063
P=0.011

TES =-0.031
P=0.85

TES =0.0098
P=0.37

-3
log10(P value)

Explanation

All HER2- patients

TES =0.105 (P = 0.0015) TES

1 2 3 4 1 2 3 4 1 2 3 4
Residual cancer burden score Residual cancer burden score Residual cancer burden score

No difference between
treatments (TES ~0)

Standard regimen
works better (TES <0)

Experimental regimen
works better (TES >0)

HR+/HER2- patients
TES = 0.141 (P = 0.00047)

TNBC patients
=0.0963 (P =0.073)

0.3

0.2

Density
Density

0.1

0.0 0.0

Density

0.0

2 3

2 3 4 5

Residual cancer burden score

Residual cancer burden score

Residual cancer burden score

M Paclitaxel (n = 282) W Paclitaxel + durvalumab + olaparib (n = 72) M Paclitaxel (n = 130) W Paclitaxel + durvalumab + olaparib (n = 20) M Paclitaxel (n = 152) B Paclitaxel + durvalumab + olaparib (n = 52)

Figure 1. Development of Treatment Efficacy Score in discovery cohort. (A) P values from the Kolmogorov—Smirnov (KS), Mann—Whitney U (MW), and Fisher’s
exact (F) tests comparing residual cancer burden (RCB) values between control and experimental arms. Dotted line shows significance level at 0.05. (B). Examples of
hypothetical RCB value distributions and their corresponding empirical cumulative distribution functions (eCDF) under different treatment efficacy assumptions. (C)
Examples of TES results from I-SPY2 in three breast cancer subtypes. The plots show RCB distributions between two treatment arms with corresponding TES value and
significance.

HER2, human epidermal growth factor receptor-2; HR, hormone receptor; TES, Treatment Efficacy Score; TNBC, triple-negative breast cancer.
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Figure 2. Evaluation of TES performance in the discovery cohort and with simulated data. (A) False-positive rate control. P value distributions on randomly
permuted patient labels for the four statistical tests. (B) Robustness to small sample size. P values for the four tests run with decreasing overall sample sizes. (C)
Robustness to treatment arm sample size imbalance. P values for tests run with subsampled data for the experimental arm only while keeping the control arm the
same (n = 282). (D) Power comparison of the test. P values for tests run on artificial data with controlled number of high/low RCB score patients. In each plot, the
solid lines indicate less smoothing function, and the broken lines show significance level at 0.05.

F, Fisher’s exact test; KS, Kolmogorov—Smirnov test; MW, Mann—Whitney test; RCB, residual cancer burden; TES, Treatment Efficacy Score.

difference as the gold standard) (Figure 2A). At a signifi-
cance level of 0.05, all tests yielded <5% false-positive
findings. At small sample sizes, TES reached significance
more often than the other methods, indicating the highest
power (Figure 2B, Supplementary Figures S1 and S2A,
available at https://doi.org/10.1016/j.annonc.2022.04.072).

We also estimated how imbalance in trial arm sizes in-
fluences test results by subsampling only from the experi-
mental arm and comparing these to all patients in the
control arm (Figure 2C, Supplementary Figure S2B, available
at  https://doi.org/10.1016/j.annonc.2022.04.072).  On
average, F, MW, and TES had similar power to detect
treatment benefit even with only 25 patients in the
experimental arm (8.8% of all samples); KS was the least
robust to trial arm sample size imbalance.

Using a mixture model (two normal distributions + constant
pCR rate), we generated 200 RCB values to simulate a trial
result of n = 100 controls and n = 100 experimental treat-
ment, to compare the power of the four methods under
different RCB distributions (Figure 2D, Supplementary
Figure S2C, available at https://doi.org/10.1016/j.annonc.
2022.04.072). The performance differences were small, but
MW and TES showed the highest power. The TES metric was
linearly proportional to the number of patients with lower RCB
values in the experimental arm relative to the control (r=0.92,
P < 1 x 10—16) demonstrating its utility as an effect size
measure (Supplementary Figure S2D, available at https://doi.
org/10.1016/j.annonc.2022.04.072).
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Assessing TES in independent trial arms

We also assessed the ability of the four tests to identify the
more effective experimental therapies in the different mo-
lecular subtypes and examined the consistency of the re-
sults in the remaining 11 previously reported arms and
corresponding controls of I-SPY2 (Figure 3). All tests iden-
tified the same experimental treatments as superior, with
two exceptions (Figure 4A). In TNBC, experimental regimen
4 was identified as significantly better than the control by F,
MW, and TES tests, but not by the KS test. In HER2+ can-
cers, regimen 11 was borderline significant with TES (P =
0.059), but was significant with all other methods. Regimen
11 has graduated in the HER2+ subtype according to effi-
cacy analysis rules of I-SPY2'®; regimen 4 showed numeri-
cally higher pCR rates in TNBC but did not meet the
prespecified threshold for graduation of I-SPY."” Inspection
of the RCB distributions of regimen 11 revealed that the
treatment moved many RCB values between 1 and 2 to <1
or to 0, and the proportion of patients with any RCB value
>2 was very low in both arms resulting in TES having low
power to identify this arm as statistically superior.

The correlation of test statistics (Figure 4B, upper triangle)
and P values (Figure 4B, lower triangle) between the four
statistical methods was high. TES correlated with ApCR
closely, but captured additional features of response
(Figure 4C). Examples of different RCB distributions from
arms with significantly increased pCR rates but lower TES
values are shown in Figure 4C. In HR+/HER2— cancers,

https://doi.org/10.1016/j.annonc.2022.04.072 5
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Figure 3. Density plots of residual cancer burden score distributions in (A) HR+/HER2— cancers, (B) HER2+ cancers, (C) TNBC. Density plots of residual cancer
burden scores in the experimental arms are represented by the broken line and control arms by the solid line. TES score and its P value are shown in the bottom left

corner of each plot.

HER2, human epidermal growth factor receptor-2; HR, hormone receptor; TES, Treatment Efficacy Score; TNBC, triple-negative breast cancer.

regimen 7 shows increased pCR and a reduced proportion of
patients with RCB values between 1 and 2, but without
effecting the proportion of patients with higher RCB values,
hence the low TES of 0.059. In TNBC, the same regimen
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results in a consistent down shift in RCB values across the
entire range, leading to a high TES of 0.27 (Figure 3). For
regimen 6 in TNBC, increased pCR rate was borderline sig-
nificant with the F test (P = 0.054), but the proportion of
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Figure 4. Assessment of TES in independent cohorts. (A) P-values from four statistical tests comparing different residual cancer burden (RCB) values between control
and experimental treatments in 11 treatment arms (rows) grouped by the three molecular subtypes. The same treatment can be tested in more than one subtype. Red
font shows significant result at P < 0.05. (B) Spearman correlation between test statistics (upper triangle) and P values (lower triangle) across all treatments and
subtypes combined. (C) Associations between difference in pathologic complete response rates (experimental versus control treatment) and TES for different I-SPY2
trial arms by subtype. On the right side, arrows point to examples of RCB score distributions between treatments and corresponding control from three distinct
treatment arms. Circle/dashed line = HR+/HER2—, triangle/dot/dashed line = HER2+, square/long dashed line = TNBC.

F, Fisher’s exact test; HER2, human epidermal growth factor receptor-2; HR, hormone receptor; KS, Kolmogorov—Smirnov test; MW, Mann—Whitney test; pCR,
pathologic complete response; TES, Treatment Efficacy Score; TNBC, triple-negative breast cancer.

high RCB values was not affected by treatment, leading to
low TES (Figure 4C). These illustrate how pCR rate difference
can be decoupled from treatment effect on non-zero RCB
distribution.

Association of TES with patient survival

The ability to assess the entire distribution of pathologic
response makes TES a promising candidate to predict the
survival impact of a regimen more accurately than the pCR
rate difference alone. Due to the short follow-up of I-SPY2,
and violation of proportional hazards in six arms, we used
the difference in RMST (ARMST) at 4 years, which is the
maximum follow-up observed for all 11 treatment arms, as

Volume xxx m Issue xxx m 2022

the measure of EFS and DRFS benefit. For both survival
endpoints, we observed a stronger correlation between TES
and ARMST (Spearman R = 0.78 for EFS, R = 0.74 for
DRFS), than between ApCR and ARMST (Spearman R =
0.65 for EFS, R = 0.64 for DRFS) (Figure 5A and B). TES also
showed higher correlation with survival than estimates
given by F, KS, and MW (Supplementary Figure S3, available
at https://doi.org/10.1016/j.annonc.2022.04.072). These
differences between correlation coefficients did not reach
statistical significance when all treatment arms were
considered. In many arms and in several molecular sub-
types, the experimental treatment was not superior to
control using any of the pathologic response metrics and
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Figure 5. Association between TES and trial arm level survival. (A) Association between pCR rate difference (ApCR) and difference in restricted mean survival time
(ARMST) for event-free survival (EFS) and distant recurrence-free survival (DRFS). (B) Association between TES and ARMST for the two survival endpoints. (C)
Comparison of ARMST between treatment arms that showed significant versus non-significant improvement in TES. (D) Comparison of ARMST between treatment
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P values are from Mann—Whitney test.

HER2, human epidermal growth factor receptor-2; HR, hormone receptor; pCR, pathologic complete response; TES, Treatment Efficacy Score; TNBC, triple-negative

breast cancer.

therefore these arms are non-informative in response and
survival correlation analysis. When we analyzed only the
treatment arms that showed a significant superiority over
control using TES, these arms also had significantly higher
survival improvement compared with survival improvement
seen in arms with non-significant TES (Figure 5C). This
supports that a statistically significant TES predicts statisti-
cally significant improvement in survival. TES also efficiently
captured the traditional pCR rate improvement, because
when the pCR rate difference was significant TES was also
significant (Figure 5D).

On-line web tools

The R scripts to calculate TES are freely available at GitHub:
https://github.com/mmarczyk363/RCB_compare. We also
created a free web tool to calculate TES that can be
accessed at http://dssoftware.aei.polsl.pl/TES/TES/. The

8 https://doi.org/10.1016/j.annonc.2022.04.072

tool requires RCB values from two treatment cohorts in tab-
delimited text file format as input and plots RCB distribu-
tions, TES, TES P value, and provides an estimate of the
predicted 4-year ARMST (Supplementary Figure S4, avail-
able at https://doi.org/10.1016/j.annonc.2022.04.072).

DISCUSSION

Different extents of residual cancer after neoadjuvant
chemotherapy have significantly different recurrence-free
survivals, and the difference in the proportion of the most
favorable prognostic group, pCR/RCB 0, became the domi-
nant metric for efficacy comparisons in neoadjuvant trials.
Focusing on pCR ignores the effect of treatment on the non-
zero residual cancer distribution. If the treatment-induced
improvements were proportional across all RCB values, pCR
could serve as a good surrogate of the overall treatment
effect. This is, however, rarely observed (Figure 3). Not
considering the effect of treatment on non-zero RCB values
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may partly explain the difficulty of establishing a clear rela-
tionship between pCR rate improvement and improvement
in survival at the trial arm level.***?

We developed a statistical tool to compare two different
RCB distributions and summarize the difference between
them in a single metric, the TES. When we compared the
performance of TES with the standard KS test, MW U test,
or comparing pCR rate differences with the F test under
various scenarios including small sample size, unbalanced
samples size, and a range of RCB distributions, TES per-
formed equally well, and often better, than these other
methods to identify the more cytotoxic regimen. In inde-
pendent trial arms, all four statistical tests could identify
regimens with greater pCR rates. In instances when TES
showed only a borderline significant effect despite signifi-
cant improvement in pCR rate by other methods, inspection
of the RCB distributions revealed that TES is more sensitive
to a lack of difference in the high end of the RCB value
distributions. When an experimental regimen does not
result in a downshift in high RCB values, TES may not
identify it as more effective, even if the pCR rate is some-
what higher in the experimental arm. This feature could
provide an advantage for TES in capturing the impact of
treatment on survival.

We found that the correlation between survival and TES
was higher than the correlation between survival and pCR
rate difference. We also found a significantly greater
improvement in EFS and DRFS in the experimental arms
compared with controls when TES was statistically signifi-
cant. Among TNBC, the highest TES, indicating a broad and
consistent shift to smaller RCB values across the entire
spectrum, were seen in the two immunotherapy arms,
pembrolizumab and durvalumab + olaparib, respectively.
Both arms graduated in I-SPY2 and KEYNOTE-522 demon-
strated improved invasive disease-free survival with the
inclusion of pembrolizumab with neoadjuvant chemo-
therapy, even with the modest final ApCR of 7%.” This
result is consistent with our hypothesis that TES might
predict long-term survival differences between trial arms
more accurately than ApCR.

Our study has limitations. The combined sample size of
our test cohort is large, 947 patients; however, the indi-
vidual treatment arms vary between n = 19 to n = 171.
Because the efficacy of neoadjuvant chemotherapy regi-
mens varies by molecular subtypes, we further subdivided
the treatment arms into the three major receptor subtypes
resulting in even smaller cohorts for final comparisons.
Survival events are still few and the median duration of
follow-up is unequal among experimental arms, which
further limits the power of survival analyses and compar-
isons between arms. However, I-SPY2 is the only trial that
has RCB data and multiple treatment regimens across
multiple molecular subtypes with survival information that
allowed us to assess correlation between TES and survival
across many arms and molecular subsets. There are also
inherent limitations of pCR and primary tumor response as
predictors of future survival events. For example, central
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nervous system (CNS) recurrences are similar across RCB
classes (including RCB 0) confirming that the CNS is a
treatment sanctuary site.”” Tumor response also cannot
inform about the risk of a future second primary cancer in
the breast or elsewhere, or death unrelated to breast
cancer. These events weaken associations between RCB
metrics and overall survival. As additional larger data sets
become available, however, the weight functions could be
further optimized and data from other studies will allow
independent validation of TES as an early surrogate for
trial arm level improvement in recurrence-free survival.
Additional validation of our model will be required on the
current standard of care regimens by independent trial
groups before wide adoption of this proposed new efficacy
metric. To facilitate this, we made the R scripts for TES
available at GitHub and created a free web tool for clinical
trialists to calculate the TES statistic.

In summary, TES is a novel metric to identify a more
effective cytotoxic neoadjuvant regimen from the entire
distribution of pathologic responses. TES significantly cor-
relates with survival and may serve as a better early sur-
rogate for EFS and DRFS than pCR rate difference.
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