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High-dose alkylating chemotherapy in BRCA-altered triple-
negative breast cancer: the randomized phase III NeoTN trial
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Exploratory analyses of high-dose alkylating chemotherapy trials have suggested that BRCA1 or BRCA2-pathway altered (BRCA-
altered) breast cancer might be particularly sensitive to this type of treatment. In this study, patients with BRCA-altered tumors who
had received three initial courses of dose-dense doxorubicin and cyclophosphamide (ddAC), were randomized between a fourth
ddAC course followed by high-dose carboplatin-thiotepa-cyclophosphamide or conventional chemotherapy (initially ddAC only or
ddAC-capecitabine/decetaxel [CD] depending on MRI response, after amendment ddAC-carboplatin/paclitaxel [CP] for everyone).
The primary endpoint was the neoadjuvant response index (NRI). Secondary endpoints included recurrence-free survival (RFS) and
overall survival (OS). In total, 122 patients were randomized. No difference in NRI-score distribution (p= 0.41) was found. A
statistically non-significant RFS difference was found (HR 0.54; 95% CI 0.23–1.25; p= 0.15). Exploratory RFS analyses showed benefit
in stage III (n= 35; HR 0.16; 95% CI 0.03–0.75), but not stage II (n= 86; HR 1.00; 95% CI 0.30–3.30) patients. For stage III, 4-year RFS
was 46% (95% CI 24–87%), 71% (95% CI 48–100%) and 88% (95% CI 74–100%), for ddAC/ddAC-CD, ddAC-CP and high-dose
chemotherapy, respectively. No significant differences were found between high-dose and conventional chemotherapy in stage II-
III, triple-negative, BRCA-altered breast cancer patients. Further research is needed to establish if there are patients with stage III,
triple negative BRCA-altered breast cancer for whom outcomes can be improved with high-dose alkylating chemotherapy or
whether the current standard neoadjuvant therapy including carboplatin and an immune checkpoint inhibitor is sufficient. Trial
Registration: NCT01057069.
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INTRODUCTION
Although the prognosis for breast cancer patients has improved
substantially over the last decades, breast cancer remains
responsible for ~600,000 deaths each year worldwide1. Therefore,
there is a persisting need to find better treatment options for
breast cancer patients at high risk of disease recurrence and
death. High-dose chemotherapy with autologous stem-cell sup-
port has been investigated as treatment strategy for high-risk,
early breast cancer patients. A meta-analysis reported a statisti-
cally significant, 13% relative reduction in disease recurrence for
patients treated with high-dose chemotherapy, while the effect on
overall survival (OS) remained non-significant2. However, che-
motherapy regimens given in these clinical trials were very
heterogeneous. In some trials the total chemotherapy dose-

intensity was higher in the control arm than in the high-dose arm.
When the summation dose intensity (SDI), a measure of average
weekly dose-intensity3, was used, a significant improvement in
both recurrence-free survival (RFS) and OS was found for every
0.05 unit of increase in SDI2. Especially in the triple-negative breast
cancer (TNBC) subgroup a substantial high-dose chemotherapy
benefit was observed2. However, the substantial toxicity asso-
ciated with high-dose chemotherapy4 makes that there is
currently no clearly defined patient population for which this
treatment strategy is considered appropriate.
A post-hoc analysis of a large trial (the N4+ study,

NCT03087409) has found a much larger reduction in disease
recurrence by high-dose, alkylating chemotherapy for the
subgroup of stage III, HER2-negative breast cancer patients with
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so-called BRCA1-like tumors (hazard rate (HR) 0.12) compared to
non-BRCA1-like tumors (HR 0.78)5. These data have subsequently
been confirmed in other retrospective analyses6,7. BRCA1-like
tumors are characterized by a specific genome-wide pattern of
copy number aberrations that is indicative of the absence of a
functional BRCA1 protein, either through bi-allelic BRCA1 mutation
(or loss of heterozygosity), BRCA1 promoter methylation or
through an as yet unidentified mechanism8,9. The absence of
functional BRCA1 results in homologous recombination deficiency
and therefore the inability to repair DNA double strand breaks in
an error-free manner10. As high-dose, alkylating chemotherapy
induces DNA double strand breaks, an increased sensitivity to this
treatment can be explained by the absence of functional BRCA1
and a similar effect would be expected for tumors with mutations
in other homologous recombination repair genes such as BRCA2.
The current randomized study aims to provide prospective data

on the efficacy of high-dose alkylating chemotherapy in patients
with stage II or III, BRCA1-, or BRCA2-pathway altered (BRCA-
altered) TNBC to contribute to a better definition of the patient
population for which high-dose chemotherapy would be an
appropriate treatment strategy.

RESULTS
Patient characteristics
Between February 2010 and February 2016, 309 patients enrolled
in the NeoTN trial (see Fig. 1). Out of these patients, 187 (60%) had
a tumor that was classified as BRCA-altered of whom 65 (35%)
declined randomization between high-dose and conventional
chemotherapy. Of the 122 randomized patients, 60 were allocated
to conventional and 62 to high-dose chemotherapy. Within the
conventional treatment arm, 7 (12%), 25 (42%) and 28 (47%)
patients received ddAC-CD, ddAC-only and ddAC-CP, respectively.
A detailed breakdown of BRCA1-like status, BRCA1 promoter
hypermethylation status and germline mutations can be found in
Supplementary Tables 1 and 2.
Table 1 shows the patient characteristics for the 122 patients

randomized between conventional and high-dose neoadjuvant
chemotherapy (Supplementary Table 3 gives a breakdown by
conventional chemotherapy regimens). Most patients had stage II
disease: i.e. 70% for the conventional and 71% high-dose arm.
Overall, the arms were well balanced, but slightly more patients in
the conventional arm were diagnosed with node-negative disease
(43% vs 34%) and with a poorly differentiated tumor (92% vs 78%)
compared to the high-dose arm. The MRI-response to the first
three ddAC courses was similar in both arms, with 83% and 84%
showing a favorable response in the conventional and high-dose
arm, respectively. Slightly more patients in the high-dose arm
underwent breast conserving surgery (58% vs 47%) and received
radiotherapy (84% vs 73%). Only 10 (17%) patients in the
conventional and 3 (5%) patients in the high-dose arm received
any adjuvant chemotherapy (all these patients did not achieve a
pCR).

Locoregional response
Figure 2a shows the NRI scores in the two treatment arms. The
distribution of scores was very similar in the conventional and
high-dose arm, although slightly more patients in the high-dose
arm had an NRI score larger than 0.7. The average NRI score was
0.72 in the conventional and 0.78 in the high-dose arm (p= 0.41).
In the conventional arm 31 (52.5%) patients achieved a pCR,
compared to 32 (53.3%) in the high-dose arm. Of note, although
fewer stage III than stage II patients achieved a pCR, there was no
difference within these groups based on treatment (Fig. 2b).

Safety
Table 2 provides an overview of the most common, non-
hematological, AEs in high-dose and conventional chemotherapy
arms (excluding AEs during the first three ddAC courses). No
treatment related deaths occurred in either treatment arm. High-
dose chemotherapy was more often associated with fatigue
(grade ≥2 89% vs 39%; grade 3–4 40% vs 4%), infections
(including febrile neutropenia, grade ≥2 62% vs 12%; grade 3–4
55% vs 3%), and gastrointestinal AEs such as nausea (grade ≥2
75% vs 10%; grade 3–4 25% vs 1%), oral mucositis (grade ≥2 47%
vs 15%; grade 3–4 19% vs 4%) and diarrhea (grade ≥2 43% vs 4%;
grade 3–4 13% vs 0%). The median time between the start of the
last chemotherapy course and surgery was slightly longer in the
high-dose (40 days, IQR 35–44) compared to the conventional arm
(33 days, IQR 26–40). For the 74 patients treated at the
Netherlands Cancer Institute, additional information was collected
on complications related to surgery and radiotherapy. Complica-
tions were reported in 2/33 (6%) and 4/39 (10%) patients in the
conventional and high-dose arm respectively (Supplementary
Table 4). During follow-up, two patients developed a second
primary cancer, one in situ melanoma and one contralateral breast
cancer, both in the conventional chemotherapy arm.

Recurrence-free survival
The median follow-up was 5.7 years (IQR 4.7–7.2 years). Figure 3A
shows the Kaplan-Meier curves for the RFS in the two ITT
treatment arms. The estimated 4-year RFS was 78% (95% CI
68–89%) for the conventional arm and 90% (95% CI 83–98%) for
the high-dose arm respectively, resulting in a HR of 0.54 (95% CI
0.23–1.25). When stratifying RFS by stage, we observed a notable
difference in the benefit from high-dose over conventional
therapy, with a HR of 1.00 (95% CI 0.30–3.30) for stage II and a
HR of 0.16 (95% CI 0.03–0.75) for stage III disease (see
Supplementary Figure 1). In stage III disease, the conventional
arm under the original protocol (ddAC only or ddAC-CD
depending on initial MRI response) had a 4-year RFS of 46%
(95% CI 24–87%), compared to 71% (95% CI 48–100%) under the
protocol amendment (ddAC-CP) and 88% (74–100%) for the high-
dose arm (Supplementary Fig. 2). No other subgroups showed a
clear differential high-dose chemotherapy benefit (Fig. 4).
Given the similar pCR rates in both treatment arms, we next

assessed how achieving pCR affected RFSsurgery (Supplementary
Fig. 3). In the conventional chemotherapy arm, the 4-year
RFSsurgery was 94% (95% CI 85–100%) and 60% (95% CI 44–82%)
for patients who did achieved a pCR and those who did not,
respectively. Interestingly, both stage II and stage III patients who
achieved a pCR in the high-dose arm had a 4-year RFSsurgery of
100% (95% CI NA), compared to 82% (95% CI 66–100%) in stage II
and 80% (95% CI 59–100%) in stage III patients who did not
achieve a pCR. Also, NRI was a strong predictor for RFSsurgery. In a
multivariable model including stage and NRI (as continuous
variable), we found a HR of 0.04 (95% CI 0.01–0.16) for NRI,
meaning that for every 0.1 increase in NRI, the risk of a RFS event
was 27.6% lower. Even when excluding patients who achieved a
pCR (NRI= 1), the predictive value of NRI remained (HR 0.08, 95%
CI 0.01–0.56).

Overall survival
The 4-year OS was 81% (95% CI 72–92%) in the conventional arm
compared to 90% (95% CI 83–98%) in the high-dose arm (Fig. 3B),
resulting in a HR of 0.50 (95% CI 0.19–1.36, p= 0.17) for high-dose
versus conventional therapy. For OS, similar to RFS, a larger
difference between the arms was observed for stage III patients,
with a 4-year OS of 64% (95% CI 44–92%) for conventional and
88% (95% CI 74–100%) for high-dose chemotherapy, compared to
stage II with 88% (95% CI 79–99%) and 93% (95% CI 86–100%) for
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conventional and high-dose chemotherapy, respectively (Supple-
mentary Fig. 4). For OS, however, the interaction between stage
and treatment was not statistically significant (p= 0.45 in a
multivariable analysis). Although we observe less distant recur-
rences in the high-dose arm (n= 6) compared to the conventional
chemotherapy arm (n= 12), patients in the high-dose arm seem
to do worse than those in the conventional arm after distant
recurrence, with a 6-month survival probability of 33% (95% CI
11–100%) and 64% (95% CI 41–100%), respectively (Supplemen-
tary Fig. 5).

DISCUSSION
In this prospective, randomized clinical trial comparing alkylating
high-dose and conventional neoadjuvant chemotherapy in
women with BRCA-altered breast cancer, the distribution of NRI
scores was not significantly different between the arms. Likewise,
no difference in pCR was found. Interestingly, although not
statistically significant, a difference in 4-year RFS was found (78%
[95% CI 68–89%] vs 90% [95% CI 83–98%]), between conventional
and high-dose chemotherapy. Of note, as shown previously in
other cohorts11,12, this study finds that the NRI is strongly
predictive for RFS even when excluding cases who achieve pCR
(NRI= 1), indicating prognostic value beyond that of pCR.
Previous randomized clinical trials with high-dose chemother-

apy have mostly included stage III patients. Therefore, the efficacy
of this treatment in stage II patients was unclear and there is no
data on BRCA-altered status as a biomarker for high-dose
chemotherapy benefit in these patients. As patients with stage II
disease already have a relatively good prognosis, giving these
patients high-dose chemotherapy might be overtreatment. We
examined treatment benefit in stage II and III separately and

found that only stage III patients seem to benefit from high-dose
chemotherapy (RFS HR 0.16 [95% CI 0.03–0.75] compared to HR
1.00 [95% CI 0.30–3.30] for stage II). To our knowledge this is the
first study to assess the possible interaction between treatment
and stage for high-dose chemotherapy. Studies stratifying
treatment benefit by the number of positive lymph nodes have
found conflicting results2,13, which might be due to the
heterogeneity in high-dose regimens. Our results for stage III
disease are in line with the results of the post-hoc analysis of the
N4+ study, which found a HR of 0.12 and only included stage III
patients5. As the meta-analysis by Berry et al. found a worse
survival after recurrence for the high-dose arm2, we also assessed
OS after distant recurrence in our population and found a similar
effect. However, the number of distant recurrences in the high-
dose arm is lower compared to the conventional arm (6 vs 12). The
shorter survival after distant recurrence might be due to only very
aggressive and fully chemotherapy-resistant cancer cells being
able to survive high-dose chemotherapy.
Our study has a number of limitations. During the conduct of

this trial, results from the GeparSixto and CALGB-40603 became
available which showed that adding neoadjuvant carboplatin
improves the pCR rate in TNBC14,15. This increased pCR rate
associated with carboplatin use was later also confirmed by the
BrighTNess study16. Based on these results, we amended the study
protocol such that all patients randomized to the conventional
arm received three courses of CP after the initial three ddAC
courses. In the end, 28/60 patients in the conventional arm
received this regimen. This gave us only very limited power to
compare high-dose chemotherapy and carboplatin-containing
conventional chemotherapy. However, exploratory analysis sug-
gested that the 4-year RFS in the stage III patients treated with CP
is still slightly lower than that in the high-dose arm. The power of

309 pa�ents assessed for eligibility

122 pa�ents with non-BRCA altered tumors:
•60 pa�ents with sporadic-like tumors
•62 HRD status not assessed:
•55 tumor cell percentage too low
•1 DNA concentra�on too low
•2 pa�ents not eligible
•3 pa�ents declined HD randomiza�on
•1 pa�ent early surgery due to poor response

65 pa�ents with BRCA-altered tumors 
declined randomiza�on

122 pa�ents 
randomized *

62 allocated to high-dose chemotherapy
•48 received full high-dose regimen
•7 received par�al high-dose regimen
•4 stopped for toxicity
•2 pa�ent request
•1 not enough PBPCs

•7 received no high-dose therapy
•4 declined high-dose therapy  
•2 not enough PBPCs
•1 pa�ent condi�on not sufficient

60 allocated to conven�onal chemotherapy

32 Before protocol amendment 28 A�er protocol amendment

25 favorable  response 7 Non-favorable response

25 allocated 3x ddAC
•23 received full treatment
•2 received par�al 

treatment
•1 stopped for toxicity
•1 received 1xCP + 2x 

ddAC, shared decision, 
toxicity

7 allocated 3x DC
•5 received full treatment
•1 received par�al 

treatment
•1 stopped for toxicity

•1 received 3x CP instead
•Shared decision, just 

before protocol 
amendment

28 allocated 3x CP
•28 received full treatment

Fig. 1 CONSORT diagram. *Three ineligible patients were randomized by mistake: two patients with a tumor that showed a sporadic-like
profile, but that at the same time was positive for BRCA1 promoter hyper-methylation were randomized to the conventional chemotherapy
arm. One received ddAC-only, the other ddAC-CP. One patient was found to be metastatic at baseline and was randomized to the high-dose
arm. These patients remained part of the ITT analysis.
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our study was also affected by the fact that the sample size
calculation had not anticipated a substantial drop-out of patients
in the high-dose arm. While 59 patients per arm were required
and 62 patients were randomized to the high-dose arm, only 48
patients received the full high-dose regimen. Although this might
lead to an underestimation of the effect of high-dose chemother-
apy, this also reflects clinical reality. Our primary endpoint, the
neoadjuvant response index, might be considered a limitation by
some. While the prognostic value of pCR for TNBC has been widely
accepted, the prognostic value of the NRI remains to be
definitively established. Nowadays, there are also many novel
methods available for the assessment of homologous recombina-
tion deficiency in breast cancer. Most focus on the detection of a
“genomic scar”, such as “mutational signature 3” and HRDe-
tect17,18. These methods are similar to the BRCA1-like assay,
although typically have been shown to be associated with both
BRCA1 and BRCA2 deficiency. A second group of assays aims to
measure the ability of cancer cells to repair DNA damage via
homologous recombination more directly, by quantifying RAD51
foci formation19,20. Which of these approaches is best able to
select tumors for treatments exploiting homologous recombina-
tion deficiency remains to be determined.
The relatively long accrual time of our study meant that novel

treatment options for high-risk TNBC became available in the
meantime. The OlympiA trial enrolled patients with a germline
BRCA1 or BRCA2 mutation and HER2-negative disease who either
did not have a pCR after neo-adjuvant chemotherapy or had high
risk disease treated with adjuvant chemotherapy. It reported that
adjuvant olaparib improves invasive disease free survival with a
HR of 0.58 (95% CI 0.41–0.82)21. In a subgroup analysis, patients
who had received carboplatin-containing chemotherapy, also
derived benefit from the added olaparib (HR 0.77 (95% CI
0.49–1.21)). Also the KEYNOTE-522 trial recently presented its
results, showing that adding pembrolizumab to carboplatin-
containing chemotherapy improved event-free survival in early
TNBC with a HR of 0.63 (95% CI 0.48–0.82) in the overall study
population and with a HR of 0.84 (0.55–1.28) for patients with T3-4
tumors22. Of note, patients with stage IIIc disease, which includes
all patients with 10 or more positive lymph nodes (N3), were
excluded in KEYNOTE-522. In our study, out of the 10 patients with
N3 disease in the high-dose chemotherapy arm, none experienced
a disease recurrence. Although these numbers are small, this
finding is in line with the results of the N4+ trial which previously
showed a benefit of adjuvant high-dose chemotherapy specifically
for patients with 10 or more positive lymph nodes23. There is no
data yet on the efficacy of immunotherapy in patients with early
stage BRCA-altered breast cancer. However, in the TONIC trial,
metastatic patients with BRCA1-like triple negative disease were
less likely to respond to nivolumab treatment than patients with

Table 1. Patient characteristics.

Conventional
chemotherapy
n= 60 (%)

High-dose
chemotherapy
n= 62 (%)

All
randomized
patients
n= 122 (%)

Median age
(IQR)

42 (37–51) 43 (36–50) 43 (37–51)

Menopausal statusa

Pre 41 (68%) 43 (70%) 84 (69%)

Peri 5 (8%) 6 (10%) 11 (9%)

Post 14 (23%) 12 (20%) 26 (21%)

NA 0 1 1

Size (T)

1 4 (7%) 4 (6%) 8 (7%)

2 44 (73%) 47 (76%) 91 (75%)

3 10 (17%) 10 (16%) 20 (16%)

4 2 (3%) 1 (2%) 3 (2%)

Nodal status (N)

0 26 (43%) 21 (34%) 47 (39%)

1 20 (33%) 26 (42%) 46 (38%)

2 4 (7%) 5 (8%) 9 (7%)

3 10 (17%) 10 (16%) 20 (16%)

Stage

II 42 (70%) 44 (71%) 86 (70%)

III 18 (30%) 17 (27%) 35 (29%)

IV 0 (0%) 1 (2%) 1 (1%)

Grade

Well
differentiated

0 (0%) 1 (2%) 1 (1%)

Moderately
differentiated

3 (8%) 10 (20%) 13 (15%)

Poorly
differentiated

34 (92%) 38 (78%) 72 (84%)

NA 23 13 36

Copy number profile

BRCA1-like 51 (96%) 57 (98%) 108 (97%)

Sporadicb 2 (4%) 1 (2%) 3 (3%)

NAb 7 4 11

Germline mutation

BRCA1 12 (27%) 12 (25%) 24 (26%)

BRCA2 0 (0%) 2 (4%) 2 (2%)

PALB2 1 (2%) 0 (0%) 1 (1%)

Noc 32 (71%) 34 (71%) 66 (71%)

NAd 15 14 29

BRCA1 promoter hypermethylation

Yes 17 (46%) 13 (34%) 30 (41%)

No 20 (54%) 25 (66%) 44 (59%)

NAe 23 24 47

MRI responsef

Favorable 50 (83%) 52 (87%) 102 (84%)

Non-favorable 10 (17%) 8 (13%) 18 (15%)

NA 0 2 2

Breast
conserving
surgery

28 (47%) 36 (58%) 64 (52%)

Radiotherapy 44 (73%) 52 (84%) 96 (79%)

aAs assessed by the treating physician, LH, FSH and 17-beta-estradiol were
tested in case of doubt.
bPatients with a sporadic profile or for whom no copy number profile
could be obtained have been included in the HRD population of this trial
based on a BRCA1 or BRCA2 germline mutation or BRCA1 promotor
methylation.
cDuring the conduct of this trial, germline genetics testing typically only
included BRCA1 and BRCA2.
dLocal guidelines recommended referral for germline genetics testing for
women diagnosed with triple-negative breast cancer before the age of 50.
Germline mutation status was updated during follow-up if new informa-
tion became available.
eBRCA1 promoter hypermethylation testing was only mandatory if results
for the BRCA1-like test could not be obtained and if the patient did not
have a BRCA1 or BRCA2 germline mutation. In other cases, BRCA1 promoter
hypermethylation testing depended on the amount of remaining tissue
from the biopsy.
fAfter the first 3 cycles of neoadjuvant ddAC.
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non-BRCA1-like disease24. It will be important to establish how
these different treatment modalities (i.e. high-dose alkylating
chemotherapy, conventional carboplatin, olaparib and pembroli-
zumab) can be utilized to ensure the best outcome for each TNBC
patient. The SUBITO trial (NCT02810743), in which stage III, HER2-
negative, BRCA-altered breast cancer patients are treated with 4
cycles of ddAC and then randomized between neoadjuvant
carboplatin/paclitaxel plus adjuvant olaparib versus high-dose
carboplatin/thiotepa/cyclophosphamide, aims to provide answers
to some of these questions.
In this study, we observed substantially more short-term

adverse events, including more fatigue, infections and nausea, in
the high-dose arm compared to the conventional chemotherapy
arm. This is in line with what has previously been reported for

high-dose cyclophosphamide, thiotepa, carboplatin regimens
given in the adjuvant or metastatic setting25. To our knowledge,
this is the first report of a study giving high-dose chemotherapy in
the neo-adjuvant setting. In this setting, it is important to establish
that the side effects of high-dose chemotherapy do not cause
unacceptable delays in surgery. We observed that the median
time between the start of the last chemotherapy course and
surgery was 7 days longer in the high-dose compared to the
conventional arm. This difference is unlikely to affect the risk of
disease recurrence. In addition, we observed a small numerical
difference in the number of patients with complications related to
surgery or radiotherapy (2/33 [6%] in the conventional arm vs 4/39
[10%] in the high-dose arm). This indicates that high-dose
chemotherapy is possibly associated with a very limited increase
in complications. Although no increased frequency of second
primary tumors was observed in the high-dose arm, longer follow-
up is needed to reliably assess the effect of treatment on the
development of second primary tumors. Recently, the 20-year
follow-up analysis of the N4+ trial assessed the long-term
toxicities and found similar rates of second primary cancers, but
more hypertension, hypercholesterolemia and dysrhythmias in the
high-dose compared to the control arm. However, this did not
translate in a higher incidence of major cardiovascular events23.
An analysis of the same trial found that directly after treatment,
quality of life had decreased more in the high-dose arm compared
to the conventional arm. However, after one year both groups had
reached the levels of healthy women again26. A smaller study
looking at cognitive performance reported that patients treated
with high-dose chemotherapy more often experienced a dete-
rioration of cognitive performance six months after treatment
compared to conventional chemotherapy27. It is unknown if these
effects persist over time. The SUBITO study aims to further assess
the evolution of patient reported outcomes and cognitive
performance during long-term follow-up. Nonetheless, it is clear
that the toxicities related to high-dose chemotherapy represent a
substantial burden for patients, which is also reflected in in the
relatively high proportion of patients with BRCA-altered tumors
(35%) declining randomization in this study. Moreover, for patients
with stage I-II N0 TNBC recent data on the prognostic and
predictive significance of stromal tumor infiltrating lymphocytes
(sTILs) suggest that further treatment de-intensification utilizing
less or no (neo)adjuvant chemotherapy might be optimal for
selected patients28–30.
In conclusion, we report that neoadjuvant high-dose alkylating

chemotherapy does not improve NRI scores or pCR rates in
patients with BRCA-altered TNBC. The study was underpowered
for the secondary endpoints RFS and OS, and confounded by
several patients receiving additional adjuvant chemotherapy after
surgery. Exploratory analyses suggest that these non-significant
trends may be driven by patients with stage III disease with a
significant interaction between disease stage and treatment.
While stage III patients seem to derive benefit from high-dose
chemotherapy, stage II patients do not. Given recent publications
on several promising novel treatments in early TNBC, establishing
the optimal treatment strategy for stage IIIa-c, BRCA-altered TNBC
patient remains an important challenge.

METHODS
Study design and participants
NeoTN is a randomized, open-label, multicenter clinical trial,
conducted in 13 hospitals in the Netherlands. Patients aged 18-60
years were eligible if they had histologically-confirmed TNBC
(<10% ER-positive tumor cell nuclei; HER2 IHC 0/1+, or 2+ with no
in situ hybridization-based amplification). Patients with an ER-
negative but PR-positive tumor (>10% positive tumor cell nuclei),
were only eligible when the ER-negativity was confirmed by the
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Fig. 2 Locoregional response. a Neoadjuvant Response Index (NRI)
by chemotherapy arm, b pathological complete response (pCR) rate
by disease stage, stratified by treatment arm.
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reference pathology lab at the Netherlands Cancer Institute. The
patient had to have a tumor >20mm (measured with MRI or
ultrasound) and/or have axillary lymph node metastasis, con-
firmed by fine needle aspiration. Distant metastases had to be
excluded by routine staging examinations. No prior chemotherapy
or radiotherapy was allowed. No prior malignancy except for
carcinoma in situ was allowed, unless treated ≥5 years ago with
curative intent. All patients had to have a WHO performance-
status 0-1. Adequate organ functions were required.
The study protocol (M09TNM) was approved by the Medical

Ethics Committee of the Netherlands Cancer Institute. All patients
signed written informed consent. Trial conduct and reporting
followed Good Clinical Practice guidelines, the Declaration of
Helsinki and the Consolidated Standards of Reporting Trials
(CONSORT) reporting guideline.

Randomization and masking
For all patients a tumor biopsy for BRAC1-like testing and a
contrast enhanced (CE) MRI was obtained before start of
chemotherapy. All patients received three courses of neoadjuvant
dose-dense doxorubicin (60 mg/m2) and cyclophosphamide
(600mg/m2) (ddAC) given in a 2-weekly schedule with pegfil-
grastim support. Meanwhile, tumor biopsies were tested for
BRCA1-like status according to the methods described below.
In this manuscript, we will report on the patients with an BRCA-

altered tumor, who were offered randomization between conven-
tional and high-dose chemotherapy. For the full study design

including a separate randomization for patients with non-BRCA-
altered tumors see Supplementary Fig. 6. Randomization was
done using minimization31 based on the following factors: initial
MRI-based T‐stage (T1-2 vs T3-4), nodal‐status (negative vs
positive), and age (<50 vs ≥50). Randomization was done by
computer and once by dice in presence of two independent
observers because of a technology failure. The trial was open label
for patients and investigators.

Procedures
High-dose chemotherapy arm. The high dose regimen consisted of
a fourth ddAC course followed by Peripheral Blood Progenitor Cell
(PBPC) harvest. Subsequently, two cycles of intermediate-dose
alkylating therapy (miniCTC, Carboplatin 800mg/m2, Thiotepa
250mg/m2, and Cyclophosphamide 3000mg/m2) were given,
each followed by PBPC-reinfusion.
Conventional chemotherapy arm. Initially, conventional che-

motherapy was guided by contrast-enhanced (CE)-MRI-response
after three ddAC courses. A CE-MRI-based favorable response was
defined as a change in tumor size measure by the maximum
wash-out area diameter ≥25%32. If patients had a favorable
response, they received three additional ddAC courses. In case of a
non-favorable response, patients received non-cross-resistant
chemotherapy: Three courses of capecitabine with docetaxel
(CD). Capecitabine (800 mg/m2) twice daily on days 1 through 12
and docetaxel (75 mg/m2) on day 1, every three weeks. The trial
was amended in June 2012, as new data became available

Table 2. Adverse events.

ddAC ddAC-CD ddAC-CP All conventional High-dose

Grade n= 24 n= 7 n= 36 n= 67 n= 53

Fatigue Any 12 (50%) 3 (43%) 11 (31%) 26 (39%) 47 (89%)

3–4 2 (8%) 1 (14%) 0 (0%) 3 (4%) 21 (40%)

Nausea Any 5 (21%) 0 (0%) 2 (6%) 7 (10%) 40 (75%)

3–4 1 (4%) 0 (0%) 0 (0%) 1 (1%) 13 (25%)

Infectiona Any 3 (13%) 2 (29%) 3 (8%) 8 (12%) 33 (62%)

3–4 0 (0%) 1 (14%) 1 (3%) 2 (3%) 29 (55%)

Mucositis oral Any 7 (29%) 2 (29%) 1 (3%) 10 (15%) 25 (47%)

3–4 2 (8%) 1 (14%) 0 (0%) 3 (4%) 10 (19%)

Diarrhea Any 1 (4%) 2 (29%) 0 (0%) 3 (4%) 23 (43%)

3–4 0 (0%) 0 (0%) 0 (0%) 0 (0%) 7 (13%)

Vomiting Any 2 (8%) 0 (0%) 0 (0%) 2 (3%) 22 (42%)

3–4 0 (0%) 0 (0%) 0 (0%) 0 (0%) 6 (11%)

Allergic reaction Any 0 (0%) 1 (14%) 0 (0%) 1 (1%) 19 (36%)

3–4 0 (0%) 0 (0%) 0 (0%) 0 (0%) 3 (6%)

Skin related adverse eventsb Any 2 (8%) 6 (86%) 1 (3%) 9 (13%) 10 (19%)

3–4 0 (0%) 2 (29%) 1 (3%) 3 (4%) 1 (2%)

Pain Any 0 (0%) 0 (0%) 1 (3%) 1 (1%) 14 (26%)

3–4 0 (0%) 0 (0%) 0 (0%) 0 (0%) 4 (8%)

Gastritis, reflux or dyspepsiac Any 2 (8%) 0 (0%) 1 (3%) 3 (4%) 10 (19%)

3–4 0 (0%) 0 (0%) 0 (0%) 0 (0%) 2 (4%)

Peripheral sensory neuropathy Any 2 (8%) 3 (43%) 5 (14%) 10 (15%) 1 (2%)

3–4 1 (4%) 0 (0%) 1 (3%) 2 (3%) 0 (0%)

Weight loss Any 3 (13%) 0 (0%) 0 (0%) 3 (4%) 6 (12%)

3–4 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Excluding the first three cycles of ddAC. Grade 1 adverse events were not registered. All non -hematological adverse events with a frequency for grade 2–4 of
at least 10% in either the conventional or high-dose treatment arm are listed. acombined all infection CTCAE terms and includes febrile neutropenia.
bcombined CTCAE “rash”, “palmar-plantar erythrodysesthesia syndrome” and “pruritus”,.
ccombined CTCAE “gastritis”, “gastroesophageal reflux disease” and “dyspepsia”.
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showing increased pathological complete response (pCR) rates in
TNBC when adding carboplatin14,15. After this amendment, all
patients randomized to the conventional arm received three
courses of carboplatin/paclitaxel (CP) after the initial three ddAC
courses, independent of MRI-response. Carboplatin was given
AUC= 6 on day 1 and paclitaxel (80 mg/m2) on days 1, 8 and 15,
every three weeks.
After neoadjuvant chemotherapy completion, patients received

adequate locoregional treatment, including surgery, and if
indicated by local guidelines, radiotherapy. Adjuvant chemother-
apy could be given if indicated by the treating physician.
Investigators graded AEs according to the NCI Common Toxicity

Criteria v4.0, and judged relatedness of AEs to study medication.
Only AEs grade ≥2 were recorded in the study database. As this is
the first neoadjuvant study with high-dose chemotherapy in
breast cancer, a research nurse manually checked the patient files
of the hospital that contributed most patients to the neoTN study
(the Netherlands Cancer Institute) for delays and complications
related to surgery and radiotherapy in both treatment arms.

Assessment of BRCA-altered status
Tumors were considered BRCA-altered when any of the following
criteria applied: 1) a tumor in a known BRCA1 or BRCA2 germline
mutation carrier; 2) a positive BRCA1-like test using either array
comparative genomic hybridization (aCGH)8 or a multiplex
ligation-dependent probe amplification (MLPA)-based assay on
primary tumor tissue33,34; 3) If the BRCA1-like test could not be
performed, a positive MLPA-test for BRCA1 promoter hypermethy-
lation using a methylation‐specific MLPA kit according to the
manufacturer’s protocol (ME001B, MRC‐Holland, The Netherlands)
on primary tumor tissue. Even if not required for eligibility, BRCA1-
like and BRCA1 promoter hypermethylation testing was performed
if sufficient material was available. During follow-up information
on germline mutations was updated and mutation status for
genes other than BRCA1 or BRCA2 (e.g. PALB2) was collected. All
information on patients’ germline mutation status came from tests

conducted in accredited Dutch Clinical Genetics Departments in
the context of standard clinical care.

Endpoints
The primary endpoint for the comparison of conventional and
high-dose neoadjuvant treatment was the neoadjuvant response
index (NRI). The NRI is a score between 0 and 1 indicating the
extent of tumor downstaging in breast and axilla after neoadju-
vant treatment. Patients with a pCR get a score of 1, while partial
responses get a score between 0 and 1, proportional to the
response in tumor and lymph nodes11. An NRI of 0.7 was used as
predefined cut-off11. Secondary endpoints included recurrence-
free survival (RFS) and overall survival (OS). RFS was defined in line
with the STEEP definition35 as time from randomization until
locoregional recurrence, distant recurrence or death of any cause,
whichever came first. Alive, recurrence-free patients were
censored at time of last follow-up. OS was calculated from date
of randomization to date of death with patients still alive censored
at time of last follow-up. For analyses assessing the prognostic
value of NRI or pCR, RFS is calculated from surgery (RFSsurgery).

Statistical analysis
Sample size was calculated based on the comparison between
conventional and high-dose chemotherapy to show superiority in
terms of the NRI. Assuming that NRI is not normally distributed, a
Wilcoxon (Mann-Whitney) rank-sum test with a 2-sided signifi-
cance level of 0.05 had 80% power to detect an improvement of
an average NRI from 0.62 to 0.80 when 59 patients in each
treatment arm were included.
In accordance with the test used for the sample size calculation,

the two groups were compared on NRI using a Wilcoxon rank-sum
test. RFS and OS were analyzed using the Kaplan-Meier method.
Univariable and multivariable (subgroup) analyses on RFS and OS
were performed using Cox proportional hazards regression. All
tests were two-sided with a significance level of 0.05. The analyses
by stage and pCR status were unplanned and exploratory in
nature and were not corrected for multiple comparison. All

Fig. 3 Recurrence-free and overall survival. a Recurrence-free survival (RFS) by treatment arm and b Overall survival by treatment arm for
high-dose (HD) chemotherapy vs. conventional (Conv.) chemotherapy.
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outcome analyses were performed on the ITT population and
patients were analyzed as randomized. For adverse events (AEs),
patients were analyzed as treated (actual treatment received).
Analyses were performed in SAS, v9.4 (SAS Institute) and R, v4.0.3.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

DATA AVAILABILITY
The data collected for this study can be made available to others in de-identified
form in the presence of a data transfer agreement. Requests for data sharing can be
made to the corresponding author.
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