
Heterogeneity of Residual Disease After Neoadjuvant Systemic Therapy
in Breast Cancer
A Review
Paolo Tarantino, MD; Gabriel Hortobagyi, MD; Sara M. Tolaney, MD, MPH;
Elizabeth A. Mittendorf, MD, PhD, MHCM

R ecognizing that the administration of adjuvant chemo-
therapy can significantly reduce the risk of breast cancer
recurrence has ignited great advancements in the treat-

ment of this disease.1 In the past 50 years, chemotherapy regimens
have been fine-tuned, biologic treatments have been developed, and
identification of breast cancer subtypes, genomic signatures,
and other prognostic factors have allowed for the refined use of sys-
temic therapy.2 Notably, a major change that has occurred in the field
has been the movement from the adjuvant use of chemotherapy to
neoadjuvant administration. Indeed, most patients with ERBB2-
positive (formerly HER2-positive) and triple-negative breast can-
cer (TNBC) are currently treated with neoadjuvant systemic therapy
before surgery.3 While the pendulum had swung away from neoad-
juvant systemic therapy for hormone receptor (HR)–positive dis-
ease with the use of multigene assays identifying even node-
positive patients who would not benefit from chemotherapy,

preoperative systemic therapy in high-risk HR-positive disease may
experience a resurgence given the promising data with neoadju-
vant chemoimmunotherapy in two phase 3 trials.4-6

The neoadjuvant administration of systemic therapy has several
advantages compared to the adjuvant administration, including down-
staging the disease allowing for less extensive surgery, obtaining an
in vivo assessment of treatment sensitivity, and providing more re-
fined information about a patient’s prognosis. Patients with residual
disease (RD) at surgery after neoadjuvant systemic therapy have worse
long-term prognosis than those experiencing a pathologic complete
response (pCR).7 However, recent insights into the complexity of RD
have enabled further refinement of this binary concept and the analy-
sis of different degrees of RD associated with distinct prognoses within
each breast cancer subtype. In this Review, we discuss ongoing ef-
forts and future perspectives in the tailoring of treatment according
to the complexity of RD after neoadjuvant therapy.

IMPORTANCE Over the past 2 decades, systemic therapy for early-stage breast cancer has
gradually moved from the adjuvant to the neoadjuvant setting. Administration of systemic
therapy before surgery leads to potential improvements in surgical outcomes and allows for
the assessment of the pathologic response to treatment. For patients with residual disease
(RD), 3 adjuvant strategies have been shown to improve outcomes: (1) adjuvant trastuzumab
emtansine for ERBB2-positive disease, (2) adjuvant capecitabine for triple-negative disease,
and (3) adjuvant olaparib for patients with germline BRCA variants. Furthermore, studies are
testing novel drugs in the postneoadjuvant setting. Given the potential to tailor adjuvant
therapy based on the response to preoperative systemic therapy, recognizing the
complexities of response to neoadjuvant therapy and moving beyond the binary paradigm
of RD vs experiencing a pathologic complete response is becoming increasingly necessary.

OBSERVATIONS Novel antibody-drug conjugates, anti-ERBB2 tyrosine kinase inhibitors, and
immune checkpoint inhibitors are being evaluated as additional rescue options in phase 3
trials for patients with RD after neoadjuvant treatment. Concomitantly, the prognostic role
of RD has been refined by the introduction of the residual cancer burden. In addition, the
genomic landscape of RD has been found to be associated with long-term prognosis, as has
the immune background of the disease evaluated via the presence of tumor-infiltrating
lymphocytes. Lastly, the dynamics of circulating tumor DNA may allow for further
improvement in prognostication by understanding which patients harbor detectable
minimal RD.

CONCLUSIONS AND RELEVANCE Escalating adjuvant treatment has led to meaningful survival
improvements among patients with breast cancer and RD after neoadjuvant therapy.
Uncovering the anatomic and biological intricacies of RD will allow for increased precision
in postneoadjuvant treatments, moving beyond the binary paradigm of RD vs pathologic
complete response, toward more tailored rescue strategies in the adjuvant setting.
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Observations

Current Standard of Treatment of RD
A large meta-analysis published in 2014 from 12 clinical trials of neo-
adjuvant treatment for breast cancer found that patients who ex-
perience pCR at surgery after neoadjuvant systemic therapy have
improved long-term event-free survival (EFS) and overall survival
(OS) compared to those with RD.7 Response at surgery and long-
term outcomes are associated with disease subtype, with the larg-
est effect size observed in patients with TNBC and ERBB2-positive
breast cancer, although statistical and clinical significance was also
reached among patients with HR-positive/ERBB2-negative disease.7

Moreover, such associations were found at the patient level but were
weaker at the trial level.8

Based on the observation of worse outcomes for patients with
RD at surgery, prospective trials were developed to escalate adju-
vant treatment in this population, ultimately shaping current clini-
cal practice. The phase 3 CREATE-X trial demonstrated that adding
6 to 8 cycles of adjuvant capecitabine can improve OS among pa-
tients with TNBC with RD after neoadjuvant therapy.9 Similarly, the
phase 3 KATHERINE trial showed that escalating adjuvant treat-
ment with trastuzumab emtansine (T-DM1) can improve invasive dis-
ease-free survival and OS compared with adjuvant trastuzumab
among patients with ERBB2-positive breast cancer and RD after neo-
adjuvant therapy.10,11 More recently, the phase 3 Olympia trial dem-
onstrated that adjuvant olaparib can improve OS among patients
with a germline BRCA variant and RD after neoadjuvant therapy, with
a beneficial effect observed among patients with TNBC and high-
risk HR-positive breast cancer.12 All these strategies have allowed for
improvements in long-term prognoses for patients with RD at sur-
gery and may have partly overcome the adverse prognostic effect
associated with this biomarker, particularly for TNBC and ERBB2-
positive tumors. However, not all trials succeeded at improving out-
comes for patients with RD at surgery, such as the randomized phase
3 EA1131 trial (adjuvant platinum vs capecitabine), the randomized
phase 2 BRE09-146 trial (adjuvant cisplatin with or without ruca-
parib), and the randomized phase 2 BRE12-158 trial (personalized vs
standard adjuvant treatment), which all did not improve outcomes
for patients with TNBC and RD after neoadjuvant treatment. More-
over, a relevant recurrence rate was still observed even in trials
achieving significant results despite adjuvant treatment escala-
tion, suggesting the need for further research to optimize patient
outcomes.13-15

Ongoing Trials of Treatment Escalation for Patients
With RD at Surgery
A rapid expansion in the arsenal of effective anticancer drugs is cre-
ating new opportunities for postneoadjuvant treatment escalation
(Table).16-39 The anti-ERBB2 antibody-drug conjugate (ADC)
trastuzumab deruxtecan has been found to improve OS compared
with T-DM1 in the metastatic setting and is now being compared to
T-DM1 for the postneoadjuvant treatment of patients with ERBB2-
positive RD (DESTINY-Breast05 trial).16,40 The anti-Trop2 ADC saci-
tuzumab govitecan has achieved improvements in OS in both meta-
static HR-positive and TNBC, and is now being tested as an escalation
therapy in the postneoadjuvant setting for patients with ERBB2-
negative RD after neoadjuvant therapy (OptimICE-RD trial and

SASCIA trial).25,26,41,42 Two additional Trop2-targeted ADCs, dato-
potamab deruxtecan and sacituzumab tirumotecan, have been
shown to be superior to traditional chemotherapy in the meta-
static setting.43 They are now being tested in the postneoadjuvant
setting in the TROPION-Breast03 phase 3 trial and in the MK-2870-
012 phase 3 trial, respectively.24

Beyond ADCs, other drugs that could improve outcomes in the
postneoadjuvant setting include the ERBB2 tyrosine kinase inhibi-
tor tucatinib (in combination with T-DM1) and the immune check-
point inhibitor pembrolizumab. These are being tested in the post-
neoadjuvant CompassHER2-RD and SWOG1418 phase 3 trials,
respectively, after demonstrating improved outcomes in the meta-
static setting.18,31,44,45 Additional immune checkpoint inhibitors being
tested in the postneoadjuvant setting include the programmed
death-ligand 1 (PD-L1) inhibitors avelumab (A-Brave phase 3 trial) and
atezolizumab (Astefania phase 3 trial).17,32

All the above-mentioned agents hold promise in improving out-
comes for patients with RD after neoadjuvant therapy. Simultane-
ously, however, these escalation strategies may result in an in-
crease in toxic effects experienced by patients. Both trastuzumab
deruxtecan and datopotamab deruxtecan have been associated with
the risk of life-threatening interstitial lung disease and preliminary
safety results from SASCIA have shown an increase in severe toxic
effects with sacituzumab govitecan.25,43,46-48 Adjuvant immuno-
therapy has been associated with potentially permanent and life-
threatening immune-related adverse effects; when combined with
T-DM1, tucatinib has been associated with high (>50%) rates of nau-
sea, diarrhea, and fatigue.49,50 Thus, optimizing the selection of pa-
tients for these highly effective but also potentially toxic escalation
strategies is imperative. Recent insights on the intricacies of RD
after neoadjuvant therapy may help in achieving this goal.

Analyzing the Heterogeneity of RD
Moving beyond the binary concept of RD and pCR requires the analy-
sis of multiple factors pertaining to the anatomic extent of RD as well
as the biological characteristics and immunologic background of the
residual tumor. The integration of these features with additional rel-
evant prognostic factors such as minimal RD (MRD) may lead to im-
provement in treatment tailoring by modulating treatment inten-
sity according to the predicted risk of recurrence (Figure).

Residual Cancer Burden
RD represents a heterogeneous entity, which includes differing ex-
tents of residual invasive tumors that can be found at surgery. On
one end of the spectrum, only microscopic invasive cancer can be
found on pathologic examination of the surgical specimen; on the
other end, however, tumors can progress during neoadjuvant
therapy, resulting in extensive invasive disease at surgery. To ac-
count for this heterogeneity in RD extent, more granular scores have
been developed in the past few decades. For instance, the Miller/
Payne 5-tiered grading system was developed in 2003 to account
for different degrees of tumor cellularity found at surgery and was
found to be significantly and independently associated with out-
comes among patients with RD at surgery.51 The residual cancer bur-
den (RCB) was subsequently introduced in 2007 as a more com-
prehensive assessment of risk that also took into account the primary
tumor dimensions and nodal burden.52 More specifically, the RCB
is derived by the integration of 4 parameters of RD: the diameter of
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Table. Ongoing Trials of Treatment Escalation for Patients With Breast Cancer and Residual Disease After Neoadjuvant Treatment

Clinical trial/phase Population Drug regimen

ERBB2-positive disease

DESTINY-Breast05/phase 3 trial16 Patients with ERBB2-positive breast cancer with residual invasive
disease following completion of ≥6 cycles of neoadjuvant therapy
including taxanes and ERBB2 blockade

Trastuzumab deruxtecan for 14 cycles (vs trastuzumab
emtansine)

Astefania/phase 3 trial17 Patients with ERBB2-positive breast cancer with residual invasive
disease following completion of ≥9 wk of neoadjuvant therapy
including taxanes and ERBB2 blockade

Trastuzumab emtansine with or without atezolizumab
for 14 cycles

CompassHER2 RD/phase 3 trial18 Patients with ERBB2-positive breast cancer with residual invasive
disease following completion of neoadjuvant therapy including
taxanes and ERBB2 blockade

Trastuzumab emtansine with or without tucatinib for
14 cycles

KAN-HER2/phase 2 trial19 Patients with ERBB2-positive breast cancer with detected molecular
residual disease following standard neoadjuvant therapy

Trastuzumab emtansine and neratinib for 1 y

ATP/phase 3 trial20 Patients with ERBB2-positive breast cancer with residual invasive
disease following completion of neoadjuvant therapy including
chemotherapy and ERBB2 blockade

Pyrotinib vs placebo for 1 y

NCT04973319/phase 3 trial21 Patients with ERBB2-positive breast cancer with residual invasive
disease following completion of neoadjuvant therapy including
trastuzumab and pertuzumab

Pyrotinib for 1 y

NCT04197687/phase 2 trial22 Patients with ERBB2-positive breast cancer with detected molecular
residual disease following standard neoadjuvant therapy

TPIV100 and sargramostim

NCT03384914/phase 2 trial23 Patients with ERBB2-positive breast cancer with residual invasive
disease following completion of neoadjuvant therapy including
chemotherapy and ERBB2 blockade

DC1 vaccine or WOKVAC vaccine in addition to
standard-of-care adjuvant treatment

ERBB2-negative disease

TROPION-Breast03/phase 3 trial24 Patients with triple-negative breast cancer with residual invasive
disease following ≥6 cycles of neoadjuvant therapy containing an
anthracycline and/or a taxane with or without platinum
chemotherapy, with or without pembrolizumab

Datopotamab deruxtecan with or without durvalumab
for 8 cycles (vs treatment of physician’s choice)

SASCIA/phase 3 trial25 Patients with ERBB2-negative breast cancer with residual invasive
disease following neoadjuvant taxane-based chemotherapy for
≥16 wk

Sacituzumab govitecan for 8 cycles
(vs standard-of-care chemotherapy)

OptimICE-RD/ASCENT-05/phase 3
trial26

Patients with triple-negative breast cancer with residual invasive
disease following standard neoadjuvant therapy

Sacituzumab govitecan and pembrolizumab for
8 cycles (vs treatment of physician’s choice)

MK-2870-012/phase 3 trial27 Patients with triple-negative breast cancer with residual invasive
disease following the neoadjuvant KEYNOTE-522 regimen
(chemotherapy plus pembrolizumab)

Sacituzumab tirumotecan and pembrolizumab (vs
pembrolizumab or pembrolizumab plus capecitabine)

ZEST/phase 3 trial28 Patients with ERBB2-negative breast cancer with residual invasive
disease following standard neoadjuvant therapy

Niraparib (vs placebo)

ASPRIA/phase 2 trial29 Patients with triple-negative breast cancer with residual invasive
disease and detectable ctDNA following standard
neoadjuvant therapy

Sacituzumab govitecan and atezolizumab for 6 cycles

COGNITION-GUIDE/phase 2 trial30 Patients with breast cancer with residual invasive disease following
standard neoadjuvant therapy (any ERBB2 and ER status)

Molecularly targeted adjuvant treatment

SWOG1418/BR006/phase 3 trial31 Patients with triple-negative breast cancer with residual invasive
disease following standard neoadjuvant therapy

Pembrolizumab for 1 y (vs observation)

A-BRAVE stratum B/phase 3 trial32 Patients with triple-negative breast cancer with residual invasive
disease following neoadjuvant chemotherapy including ≥3 courses
of an anthracycline agent and 3 courses of a taxane agent

Avelumab for 1 y (vs observation)

APOLLO/phase 2 trial33 Patients with stage II or III triple-negative breast cancer with residual
disease and detectable ctDNA following standard neoadjuvant
chemotherapy

Addition of tislelizumab to capecitabine

NCT03872388/phase 2 trial34 Patients with stage IIB or III triple-negative breast cancer with RCB-2
or RCB-3 following standard neoadjuvant chemotherapy

Atorvastatin

PHOENIX/phase 2 trial35 Patients with triple-negative breast cancer with radiographically
measurable tumor mass following ≥6 cycles of neoadjuvant
chemotherapy

Perioperative ceralasertib, olaparib and/or durvalumab

BreastImmune03/phase 2 trial36 Patients with triple-negative breast cancer with RCB-2 or RCB-3
following standard neoadjuvant chemotherapy containing
anthracyclines and taxanes

Nivolumab plus ipilimumab (vs capecitabine) in
addition to radiation treatment

NCT04437160/phase 2 trial37 Patients with triple-negative breast cancer with residual invasive
disease following standard neoadjuvant chemotherapy

Anthracycline-based chemotherapy (vs observation)

NCT04297267/phase 2 trial38 Patients with triple-negative breast cancer with residual invasive
disease following standard neoadjuvant chemotherapy

Gemcitabine plus cisplatin

RSBNAT/phase 2 trial39 Patients with ER-positive breast cancer with residual invasive
disease following standard neoadjuvant chemotherapy including
anthracyclines and taxanes

Stratified according to multiple genetic testing-based
recurrence risk level: cohort A (high risk) received
capecitabine and cohort B (low risk) received no
capecitabine

Abbreviations: ctDNA, circulating tumor DNA; ER, estrogen receptor; ERBB2, human epidermal growth factor receptor 2 (formerly HER2); RD, residual disease.
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the primary tumor bed in the resection specimen; the proportion
of the primary tumor bed that contains invasive carcinoma; the num-
ber of metastatic axillary lymph nodes; and the diameter of the larg-
est axillary metastatic deposit. After integration, these parameters
are converted into a continuous score, with pCR being the equiva-
lent of RCB-0, and RCB-1, RCB-2, and RCB-3 representing increas-
ing extents of RD at surgery.52 A pooled analysis of more than 5000
patients with breast cancer receiving neoadjuvant therapy with avail-
able RCB scores demonstrated the added value of RCB in inform-
ing prognoses for all breast cancer subtypes, with a hazard ratio per
unit increase in RCB score of 1.86 for distant relapse-free survival.53

The difference in prognosis by RCB groups has led to the recent rec-
ommendation by the NeoSTEEP (Standardized Definitions for Effi-
cacy End Points in Neoadjuvant Breast Cancer Clinical Trials) work-
ing group to routinely implement RCB as a secondary end point in
neoadjuvant breast cancer trials, a measure that is expected to
facilitate future assessment of the utility of this biomarker.54

The strength of the association between the RCB score and sur-
vival outcomes differs across breast cancer subtypes. Indeed, the
most dramatic differences are observed among patients with TNBC,
both in the pooled analysis and in recent clinical trials.53 For in-
stance, in the KEYNOTE-522 trial, which established neoadjuvant
chemotherapy plus immunotherapy as the current standard treat-
ment for stage II to III TNBC, patients with an RCB-1 score after che-
moimmunotherapy had a 3-year EFS of 83.8%, compared with only
26.2% for patients with an RCB-3 score.55 These entities, com-
monly grouped within the broad definition of RD, are unquestion-
ably different in prognostic terms, warranting their analysis in patho-
logic reports. Notably, the KEYNOTE-522 trial also suggested that
similar degrees of RD can be associated with different long-term
prognoses depending on the type of treatment received by the pa-
tient. This is true both for pCR and the degree of RCB.55 Indeed,
among patients experiencing pCR in the trial, 5-year EFS was 92.2%
among those receiving neoadjuvant chemoimmunotherapy, com-
pared with 88.2% among those receiving chemotherapy alone (haz-
ard ratio, 0.65 [95% CI, 0.39-1.08]).56 This finding may be of par-
ticular relevance for the more common HR-positive subtype, based
on findings from the phase 3 KEYNOTE-756 and Checkmate 7FL
trials, both of which demonstrated a nearly doubled pCR rate with
the addition of PD-1 inhibition (pembrolizumab and nivolumab, re-

spectively) to neoadjuvant chemotherapy among patients with high-
risk, HR-positive breast cancer.5,6 Given the current absence of sur-
vival data, the results from the latter trials do not yet support a change
in clinical practice, which should only be considered if the pCR im-
provements translate into meaningful EFS improvements with lon-
ger follow-up.

Beyond the type of treatment, the anatomic extent of disease
at diagnosis also impacts the risk of recurrence, including among pa-
tients who experience a pCR. In a large retrospective cohort of 2066
patients with breast cancer experiencing pCR after neoadjuvant
treatment, patients with positive lymph node involvement at diag-
nosis had double the risk of recurrence compared with patients with
node-negative disease.57

Moving beyond the duality of pCR/RD to embrace the variable
degrees of RCB represents only the first of several steps warranted
to achieve precision in the prognostication of patients after neoad-
juvant therapy. To better refine the prognosis of patients with RD,
we also need to consider the biological characteristics of the tu-
mor, its immune microenvironment, and the presence or absence
of detectable MRD, among other features.

Biological Background
Improved understanding of a tumor’s underlying biological charac-
teristics may allow us to better understand the response to neoad-
juvant therapy as well as the prognosis beyond the RCB score, which
reflects the anatomic extent of RD. As an example, although the pres-
ence of RD at surgery can represent a signal of treatment resis-
tance, it can also be related to tumor indolence. This is particularly
true for HR-positive/ERBB2-negative tumors, for which both pCR and
RCB provide less prognostic information compared to other breast
cancer subtypes.7 In this setting, adverse findings on gene expres-
sion profiling (ie, higher OncotypeDX recurrence scores) have been
associated with a higher likelihood of pCR with neoadjuvant therapy,
despite concomitantly representing a marker of worse long-term
prognosis.58 Those with a lower OncotypeDX recurrence score have
tumors that are more indolent, and not sensitive to chemotherapy,
thus not necessarily warranting an escalation of postneoadjuvant
chemotherapy. One promising strategy developed to screen for in-
dolent HR-positive tumors is exposing patients to a short course of
endocrine treatment, with a comparison of baseline and postendo-

Figure. Analysis of Characteristics of Residual Disease in 3 Risk Categories

RCB score of 3
Adverse GEP findings
Poorly immunogenic

Detectable ctDNA before and after NAT

RCB score of 2
Intermediate GEP findings
Moderately immunogenic

Clearance of ctDNA after NAT

RCB score of 0 or 1
Favorable GEP findings

Highly immunogenic
Undetectable ctDNA

Residual disease after neoadjuvant
systemic treatment 

Highest risk

Lower risk

All characteristics should be
contextualized according to the
disease subtype (ie, hormone
receptor–positive/ERBB2-negative,
ERBB2-positive, triple-negative),
which retains prognostic value
across risk categories. ctDNA
indicates circulating tumor DNA;
ERBB2, human epidermal growth
factor receptor 2 (formerly HER2);
GEP, gene expression profiling;
NAT, neoadjuvant treatment;
and RCB, residual cancer burden.
Created with BioRender.com.
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crine therapy Ki67 levels. Multiple studies have demonstrated an ex-
cellent long-term prognosis for tumors with significant Ki67 sup-
pression with endocrine therapy, regardless of the anatomic extent
of pathologic response at surgery.59,60

Analogous to HR-positive/ERBB2-negative tumors, during the de-
velopment of the HER2DX gene expression profiling signature, Prat
et al61 noted how higher expression of luminal-related genes pre-
dicts a lower likelihood of pCR among ERBB2-positive tumors, with
the same variable also being associated with improved long-term prog-
nosis. On the contrary, expression of proliferation-related genes pre-
dicts a higher likelihood of pCR but also denotes a worse long-term
prognosis.61 This is consistent with what was observed in the bio-
marker analysis of the KATHERINE phase 3 trial, where the predic-
tion analysis of microarray (PAM50) gene profiling on RD from pa-
tients with ERBB2-positive breast cancer highlighted a poor prognosis
for patients with basal-like RD, compared with higher survival rates
for patients having luminal A or B RD.62 Analogous results were ob-
served in patients with TNBC in the ECOG-ACRIN Cancer Research
Group EA1131 phase 3 trial, where PAM50 profiling of the RD demon-
strated worse prognoses among patients with basal vs nonbasal in-
trinsic subtype.13 Analyzing and validating these biological variables
could help to refine prognostication among patients with RD, inform-
ing the required intensity for postneoadjuvant treatment strategies.

Importantly, evidence suggests that the prognostic value of RD
can be also impacted by the racial background of the patient. In a
large population-based study (N = 103 605) evaluating the impact
of race on the benefit of neoadjuvant treatment for breast cancer,
Black patients with RD after neoadjuvant treatment were found
to have a higher mortality risk compared to White patients across
breast cancer subtypes.63

Immunologic Background
The immunologic background of a tumor can also significantly im-
pact disease outcomes. For TNBC and ERBB2-positive breast cancer,
the presence of tumor-infiltrating lymphocytes (TILs), the expres-
sion of immune checkpoint molecules (eg, PD-L1), and the expres-
sion of immune signatures have an established association with a
higher likelihood of experiencing a pCR and better long-term out-
comes. Importantly, the same association with improved outcomes
has been observed when characterizing the immunogenicity of RD.
Among 375 patients with TNBC and RD after neoadjuvant therapy,
Luen et al64 found that higher TIL levels correlated with improved re-
currence-free survival and OS and that TILs added significant prog-
nostic value to multivariate models including RCB class. The greatest
magnitude of positive effect was observed in cases with RCB-2, with
3-year recurrence-free survival being 83% for patients with high
(>20%) TILs and 57% for patients with low (�20%) TILs. Similarly,
Blaye et al65 found that higher expression of immune-related path-
ways was associated with better prognosis among 115 patients with
TNBC and RD after neoadjuvant therapy. Overall, mounting evi-
dence highlights how the immunogenicity of the residual tumor tis-
sue can modulate the prognostic effect of RCB, ultimately refining
prognostication for TNBC and possibly ERBB2-positive tumors. Fewer
data are available for HR-positive/ERBB2-negative tumors.

MRD
One additional determinant of prognosis among patients with RD af-
ter neoadjuvant therapy is the presence or absence of MRD detected
via circulating tumor DNA (ctDNA). The detection of MRD at any time
point is associated with a higher risk of recurrence and death across
breast cancer subtypes,66 and it has been found to add prognostic in-
formation to pCR and RCB. In a cohort of 193 patients with TNBC RD
enrolled in the BRE12-158 randomized phase 2 trial, Schneider et al15

reported a nearly 2-fold increase in the risk of recurrence for patients
with ctDNA detected after surgery. Magbanua et al67 reported that,
in a cohort of 295 patients with ERBB2-negative breast cancer treated
within the I-SPY2 trial, those in RCB-2 or RCB-3 groups after neoadju-
vanttherapycouldhavetheirprognosissignificantlyrefinedbythepres-
ence of detectable ctDNA immediately before surgery. In that cohort,
the presence of ctDNA increased the risk of recurrence greater than
5-foldamongpatientswithHR-positivedisease(hazardratio,5.89[95%
CI, 2.68-12.98]) and by more than 3-fold among patients with TNBC
with RD (hazard ratio, 3.79 [95% CI, 1.87-7.68]). Notably, despite being
clearly prognostic among patients with RD, ctDNA detection still har-
bors complexities that warrant fine-tuning before implementation in
clinical practice, with the most relevant one being the wide differences
in sensitivity of the assays.68 In this setting, strategies are being pur-
sued to optimize sensitivity through the tracking of large numbers of
individualized tumor genetic variants and the development of prim-
ing agents that transiently reduce the clearance of ctDNA, improving
the sensitivity of detection for small tumors.69-71 These strategies may
hopefully reduce the risk of false negative MRD findings, enabling bet-
ter prognostication and potentially improving treatment tailoring.

Conclusions
In the past decade, multiple biomarkers have been shown to signifi-
cantly refine the prognostic information provided by the pathologic re-
sponse among patients with breast cancer receiving neoadjuvant
therapy.Takentogether,thedataarestrongenoughtosupporttherou-
tine evaluation and reporting of parameters such as RCB and TILs, both
of which have standardized reporting criteria available. For variables
thatrequiremorecomplexanalysis,suchasgenesignaturesandctDNA,
clinical validation may be warranted before routine implementation,
butassessmentinclinicaltrialsshouldbeencouraged.Thinkingforward,
the assessment and reporting of the prognostic variables described
herein will likely produce data for training machine learning algorithms,
which could inform both prognosis and optimal adjuvant therapy regi-
mens. In the future, the vast amount of data collected on RCB, TILs,
gene expression data, ctDNA, and additional relevant biomarkers may
inform the development of machine learning–based tools that lever-
age all the relevant variables to provide a multidimensional assessment
of prognosis.72 Although these advancements will not happen imme-
diately, the data that we collect now will lay the necessary groundwork
to enable this advancement. Collection of these additional biomark-
ers is a necessary next step to move beyond the simplistic threshold
of pCR vs RD and toward more tailored treatment approaches for pa-
tients with breast cancer following neoadjuvant systemic therapy.
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