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Abstract

We evaluated the role of early response after 3 weeks of neoadjuvant treatment

(NAT) assessed by ultrasound (US), magnetic resonance imaging (MRI) and Ki-67

dynamics for prediction of pathologic complete response (pCR) in different early

breast cancer subtypes. Patients with HR+/HER2+, HR−/HER2− and HR−/HER2+

tumors enrolled into three neoadjuvant WSG ADAPT subtrials underwent US, MRI

and Ki-67 assessment at diagnosis and after 3 weeks of NAT. Early response was

defined as complete or partial response (US, MRI) and ≥30% proliferation decrease or

<500 invasive tumor cells (Ki-67). Predictive values and area under the receiver oper-

ating characteristic (AUC) curves for prediction of pCR (ypT0/is ypN0) after 12-week

NAT were calculated. Two hundred twenty-six had MRI and 401 US; 107 underwent

both MRI and US. All three methods yielded a similar AUC in HR+/

HER2+ (0.66-0.67) and HR−/HER2− tumors (0.53-0.63), while MRI and Ki-67 per-

formed better than US in HR−/HER2+ tumors (0.83 and 0.79 vs 0.56). Adding MRI

+/-Ki-67 increased AUC of US in HR−/HER2+ tumors to 0.64 to 0.75. MRI and Ki-67

demonstrated highest sensitivity in HR−/HER2− (0.8-1) and HR−/HER2+ tumors

(1, both). Negative predictive value was similar for all methods in HR+/HER2+

(0.71-0.74) and HR−/HER2− tumors (0.85-1), while it was higher for MRI and Ki-67

compared to US in HR−/HER2+ subtype (1 vs 0.5). Early response assessed by US,

MRI and Ki-67 is a strong predictor for pCR after 12-week NAT. Strength of pCR pre-

diction varies according to tumor subtype. Adding MRI+/-Ki-67 to US did not

improve pCR prediction in majority of our patients.

K E YWORD S

breast cancer, magnetic resonance imaging, neoadjuvant therapy, pathologic complete response,
ultrasound

1 | INTRODUCTION

Neoadjuvant therapy (NAT) is a widely used option for patients with

early breast cancer (EBC) if an indication for chemotherapy is given.1

NAT enables individualization of post-NAT therapy according to

response at surgery. Moreover, it is used to downgrade the tumor size

thereby increasing the rate of breast conserving surgery. Clinical and

pathologic complete response (pCR) predicts long-term outcome;

however, pCR rates differ according to EBC subtype. Highest pCR

rates are observed in human epidermal growth factor receptor

2-positive (HER2+) and hormone receptor-negative (HR−)/HER2−

tumors.2,3 pCR in these subtypes is a surrogate marker for disease-

free survival and overall survival.4-7

NAT is standard of care in HER2+ or triple-negative (HR−/HER2

−) EBC.1 The ongoing development and introduction of more effec-

tive treatments, especially anti-HER2 treatments, have resulted in a

continuous increase of pCR rates in these three subtypes.8,9 Modern

individualized therapy strategies try to use information from in vivo

testing of tumor sensitivity (SENS) already during NAT for response-

guided therapy management. Imaging has been used for detection of

response and resistance and for the extent of possible residual disease

What's new?

In breast cancer, a pathologic complete response (pCR) after

neoadjuvant therapy (NAT) can predict long-term outcome.

However, rates of pCR differ according to EBC subtype. So

what is the most useful approach to determine early

response? In this prospective study, the authors compared

MRI, ultrasound, and Ki-67 status after three weeks of NAT.

They found that MRI and Ki-67 had higher sensitivity than

ultrasound in HR-/HER2+ and HR-/HER2- tumors, while all

three methods were similar for HR+/HER2+ tumors. These

findings could guide identification of candidates for therapy

de-escalation or escalation.
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to guide subsequent surgery.10,11 It is well established that assess-

ment of response, as well as assessment of residual tumor by conven-

tional imaging (mammography or ultrasound [US]) is less accurate than

assessment by dynamic contrast material-enhanced magnetic reso-

nance imaging (MRI).12-14

A growingmounting body of indicates that it is worthwhile to identify

early responders and nonresponders thus allowing earlymodulation of the

individual therapeutic strategy.15-17 Previous studies already reported that

MRI findings after or during NAT could predict pCR.18-22 For instance, the

I-Spy trial investigators showed the greatest relative benefit for a sequen-

tialMRI examination before the second cycle ofNAT.19

The ongoing Adjuvant Dynamic Marker-Adjusted Personalized Ther-

apy Trial Optimizing Risk Assessment and Therapy Response Prediction in

Early Breast Cancer (ADAPT,NCT01779206) trial, performed by theWest

German Study Group (WSG), aims to individualize therapy to avoid over-

and undertreatment of patients with different EBC subtypes.23 Assess-

ment of early response after only 3 weeks of treatment measured by

sequential Ki-67 in luminal tumors and measured by sequential Ki-67, US

and MRI in HER2+ and HR−/HER2− tumors is one of the primary objec-

tives of the trial. Three subtype-specific ADAPT subtrials are neoadjuvant

trials: ADAPT Triple Negative, ADAPT HR+/HER2+ and ADAPT HR

−/HER2+.

In our study, we prospectively analyzed the value of MRI and US in

assessing early response after one cycle of NAT for prediction of pCR

in HR+/HER2+, HR−/HER2− and HR−/HER2+ EBC. The main objec-

tive was to characterize the predictive impact of early clinical response

(ECR) measured by MRI (mRECIST) and/or US (RECIST 1.1) for achiev-

ing pCR in the different EBC subtypes. Additionally, ECR according to

imaging was compared to tumor tissue changes in core biopsies after

3 weeks of NAT. This is the first study to our knowledge that provides

prospective data for early response assessed by MRI and US in different

breast cancer subtypes in the neoadjuvant setting.

2 | SUBJECTS AND METHODS

2.1 | Study design

ADAPT is a prospective, multicenter, controlled, nonblinded, random-

ized, investigator-initiated umbrella trial. The results of the neoadjuvant

substudies have been published elsewhere (Supplementary

Figure 1).23-26 Briefly, ADAPT triple positive (HR+/HER2+,

NCT01817452) compares a trastuzumab-chemotherapy conjugate

(trastuzumab emtansine [T-DM1])+/-endocrine therapy vs a chemo-

therapy free arm with trastuzumab+ET. In ADAPT HR-/HER2+

(NCT01779206), dual blockade+/-chemotherapy (paclitaxel weekly)

was tested. The trial was closed prematurely due to a clinically relevant

superiority of the chemotherapy arm. In ADAPT HR−/HER2−

(NCT01815242), treatment consisted of neoadjuvant nab-paclitaxel

+gemcitabine or nab-paclitaxel+carboplatin. pCR was assessed in all

subtrials after 12 weeks of NAT and was defined as no histopathologi-

cal evidence of residual invasive tumor cells, both in breast and axillary

lymph nodes (ypT0/is, ypN0). After NAT, surgery was performed within

3 weeks; if investigators opted for further NAT, prior histologic confir-

mation of non-pCR by core needle biopsy was obligatory. Rec-

ommended poststudy therapy (neoadjuvant and/or adjuvant) followed

national guidelines. Patients underwent mandatory US and optional

MRI prior to therapy (baseline [BL]), after 3 weeks of NAT, and at the

end of treatment. In addition, US was performed every 4 weeks during

NAT to monitor tumor response. For the purpose of this analysis, only

patients with MRI and/or US performed at BL and after 3 weeks of

NAT were analyzed. Core biopsies were performed at BL (time of diag-

nosis) and on treatment (3-week biopsy, Supplementary Figure 1). Pro-

tocols of the ADAPT studies were approved by national authorities,

local ethics committees and/or institutional review boards.

2.2 | Patient eligibility and enrollment

Eligible patients werewomen≥18 years with histologically confirmed uni-

lateral, primary invasive breast carcinoma and centrally confirmed HR

(estrogen receptor- and/or progesterone receptor-positive ≥1% of tumor

nuclei or HR-negative <1% of tumor nuclei) and HER2 status. Eastern

Cooperative Oncology Group Performance Status ≤1 or Karnofsky Per-

formance Status ≥80%, adequate hematologic parameters (ADAPT TN)

and normal organ function were required for inclusion. Exclusion criteria

have been published previously.23-26 Written informed consent was

obtained from all patients prior to enrollment in the study.

2.3 | Histologic assessment of response

Patients underwent core biopsy at the time of diagnosis and on-

treatment (at Week 3). Ki-67 was assessed by central pathology using

rabbit monoclonal anti-Ki-67 antibody 30-9 (Ventana Medical Sys-

tems, Tucson, AZ) on at least 500 invasive tumor cells. Early Ki-67

response was evaluated as a composite endpoint including a ≥30%

proliferation decrease in Ki-67 compared to the BL or low cellularity

(<500 invasive tumor cells) at Week 3. Results for the three

substudies (ADAPT HER2+/HR−, ADAPT HER2+/HR+ and ADAPT

TN) have been described elsewhere.24-26

2.4 | MRI technique

MRI examinations were performed at 43 sites thus representing a cross

section of the radiology landscape in Germany. MRI was performed at

BL according to a standardized image protocol using the 1.5 T or 3.0 T

MR systems with a dedicated breast multichannel surface coil.

To ensure comparable quality of images obtained at each site, the

imaging protocol was provided by the central MRI reading site

(Department of Diagnostic and Interventional Radiology, University

Hospital, RWTH Aachen, Germany) and consisted of well-established

sequences without the need for any additional special hardware or soft-

ware. Only sites producing images of required quality (as assessed by

the central reading site) were eligible to perform breast MRI within the
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study (5 centers were not eligible and 12 centers decided not to

participate).

The standardized imaging protocol at 1.5 T consisted of an axial

bilateral two-dimensional multisection gradient-echo dynamic series (rep-

etition time ms/echo time ms, 250/4.6; flip angle, 90�) with a full

512 × 512 acquisition matrix and a section thickness of 3 mm. The

dynamic sequence war performed prior to and four times after bolus

injection of macrocyclic gadolinium agent, gadobutrol (Gadovist/Gadavist,

Bayer AG, Leverkusen, Germany, 0.1 mmol/kg body weight) followed by

a saline flush. In addition, an axial T2-weighted fast spin-echo sequence

without fat suppression and with identical anatomic parameters was per-

formed. The sequences at 3.0 T MR systems were analogous.

2.5 | MRI image interpretation

All MRI images were read and interpreted at the central reading site

by two experienced specialized breast radiologists (Simone Schrading

and Christiane K. Kuhl, respectively). Readers were not aware of study

arm, clinical information and histological details. MRI images were

read according to a standardized reading protocol based on the fifth

edition of BI-RADS.27 Each lesion in each MRI was described by size,

morphological and enhancement criteria. To evaluate lesion changes

during NAT, careful correlation of every lesion between the MRI BL

and subsequent findings was performed.

Tumor size was measured in the longest diameter on the

unsubstracted images and the same measurement direction was used

for all subsequent MRI examinations. In addition, breast cancer volume

of the enhancing tumor part (enhancing tumor volume) as well as whole

tumor volume (enhancing and nonenhancing part) was determined by

lesion segmentation (Intellispace, Philips, Best, the Netherlands). Mor-

phological criteria contained description of lesion type (mass, nonmass,

focus), shape, margin, growth direction, internal architecture and signal

intensity in T2-weigted and T1-weighted precontrast images (according

to BI-RADS, fifth edition).27 Contrast enhancement rates of enhancing

lesions were assessed visually in consensus by the two radiologists, in

line with clinical practice. Areas with the strongest and earliest

enhancement were selected and evaluated in the first postcontrast

sequence (early enhancement) and last postsequence (late enhance-

ment). Early enhancement was interpreted as no enhancement, slow,

moderate or strong enhancement. Late phase enhancement was con-

sidered equivalent to the curve type with steady, plateau and wash-out

curve. For multifocal or multicentric breast cancer, only the strongest-

enhancing breast lesion was measured and used for analysis in order to

avoid data clustering. In case the tumor was no longer visible after ther-

apy, the site of the lesion was carefully identified using anatomic land-

marks in nonsubtracted T1- and T2-weighted images.

2.6 | Assessment of response by MRI

All imaging criteria of the breast tumor were intraindividually compared

in all examinations for a given patient. MRI was used to assess response

after one cycle of NAT in relation to the MRI findings at BL. Early

response was defined according to mRECIST criteria as previously pub-

lished.19,28 Complete response (CR) by MRI was said to be present if, in

the dynamic series, the cancer no longer showed enhancement until

the late dynamic phase (no enhancement beyond that of the

fibroglandular tissue). If enhancement rates, kinetics and tumor size

were unchanged compared to BL examination, this was called stable

disease (SD). Progressive disease (PD) was defined as an increase in

tumor size, that is, a ≥20% increase of the longest diameters of the can-

cer. Any residual enhancement that did not meet the criteria for CR, SD

or PD was considered partial response (PR). Patients showing CR or PR

by MRI after one cycle of NAT were classified as having an ECR and all

other patients as nonresponders (no ECR).

2.7 | US imaging protocol

Patients had breast US at BL and after one cycle of NAT. US was per-

formed at each study site by specialized breast gynecologists. The

entire breast was systematically examined using a radial or linear

approach with high resolution at least 7.5-MHz probes. If possible,

the tumor was measured in one to three diameters, and measure-

ments were registered in study case report forms. The lesions were

described and tumor size measured. To evaluate lesion changes after

one cycle of NAT, a correlation with the BL lesion was performed.

The tumor was marked with a clip before the first cycle of NAT to reli-

ably identify the tumor region at the subsequent examinations.

2.8 | Assessment of response by US

Patients showing CR or PR according to RECIST 1.1 after one cycle of

NAT were classified as having ECR by US, patients with SD and PD as

having no ECR.29,30 CR was defined as disappearance of all target

lesions and reduction in short axis to <10 mm of any pathological lymph

nodes (target or nontarget) and PR was defined as a ≥30% decrease of

the longest diameter of target lesion compared to the longest diameter

at BL. PD was defined as a ≥20% increase of at least 5 mm of the lon-

gest diameter of the target lesions compared to the longest recorded

diameter at BL. Patients with small changes in the sum of diameters not

qualifying for PR or PD since BL were classified as SD.

2.9 | Statistical methods

Differences between MRI and US in prediction of ECR were ana-

lyzed by comparing positive predictive value (PPV, defined as prob-

ability that pCR was actually achieved after ECR on imaging),

negative predictive value (NPV, defined as probability that non-

pCR was documented when no ECR was observed), SENS, and

specificity (SPEC). The 95% confidence intervals for binomial pro-

portions were used since all considered events were coded as

binary variables.

GRAESER ET AL. 2617



Multiple logistic regression model was derived by (forward) step-

wise selection to perform a multiple binomial logistic regression. Pres-

ence of pCR was the dependent variable. Parameters included

(independent variables) were age (grouped as: <40, 40-49, 50-59,

≥60), clinical tumor stage (cT1, cT2, cT3, cT4), clinical nodal status

(cN0, cN1, cN2-3), tumor grade (central grade: 1, 2, 3), menopausal

status (postmenopausal, premenopausal), Ki-67 (grouped by quartiles),

treatment (arm) as well as HR− and HER status. Both the entry and

the stay level were set to 0.1. The goodness of fit was evaluated with

Hosmer-Lemeshow test. In addition, a standard binomial logistic

regression was performed for each of the mentioned parameters with

presence of pCR as the dependent variable.

All statistical data analyses were performed with SAS software

(version 9.4, SAS Institute).

3 | RESULTS

3.1 | Patient characteristics

From October 2012 until December 2015, 845 patients at 58 centers

in Germany were randomized in the ADAPT subtrial matching their

EBC subtype. Three hundred seventy-five patients were randomized

into the ADAPT HR+/HER2+ study, 336 into the ADAPT HR−/HER2

Patients with early response 
assessed by MRI and/or US

(n = 520)

Early response 
assessment 

by MRI
(n = 226)

Early response 
assessment 

by US
(n = 401)

Early response 
assessment 

by MRI and US
(n = 107)

All Enrolled patients 
(n = 845)

Patients with missing MRI and/or US at 
the baseline or after one cycle of NAT

(n = 325)

ADAPT HR+/HER2+
(n = 375)

• T-DM1 (n = 119)

• T-DM1+ET (n = 127)

• Trastuzumab+ET
(n = 129)

ADAPT HR-/HER2+
(n = 134)

• Trastuzumab + 
Pertuzumab (n = 92)

• Trastuzumab + 
Pertuzumab + Paclitaxel
(n = 42)

ADAPT HR-/HER2-
(n = 336)

• nab-Paclitaxel + 
Gemcitabine (n = 182)

• nab-Paclitaxel + 
CarboplatinT (n = 154)

F IGURE 1 CONSORT diagram
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TABLE 1 Patient characteristics

MRI group US group MRI and US group All patients

Number of patients 226 401 107 520

Age at initial visit (years)

Mean 51.28 51.60 49.88 51.82

SD 10.96 11.49 10.76 11.38

Median 52.00 51.00 50.00 51.00

Min 25.00 21.00 26.00 21.00

Max 77.00 78.00 77.00 78.00

N.D. 2 2 1 3

Central grade, N (%)

1 4 (1.77) 7 (1.75) 2 (1.87) 9 (1.73)

2 95 (42.04) 181 (45.14) 47 (43.93) 229 (44.04)

3 125 (55.31) 211 (52.62) 57 (53.27) 279 (53.65)

N.D. 2 (0.88) 2 (0.50) 1 (0.93) 3 (0.58)

Clinical baseline characteristics, N (%)

cT

1 96 (42.48) 178 (44.39) 42 (39.25) 232 (44.62)

2 121 (53.54) 198 (49.38) 59 (55.14) 260 (50.00)

3 8 (3.54) 23 (5.74) 6 (5.61) 25 (4.81)

4 1 (0.44) 2 (0.50) — 3 (0.58)

cN

0 150 (66.37) 290 (72.32) 72 (67.29) 368 (70.77)

1 66 (29.20) 99 (24.69) 32 (29.91) 133 (25.58)

2 9 (3.98) 11 (2.74) 2 (1.87) 18 (3.46)

3 1 (0.44) 1 (0.25) 1 (0.93) 1 (0.19)

Menopausal status

Premenopausal 106 (46.90) 198 (49.38) 53 (49.53) 251 (48.27)

Postmenopausal 107 (47.35) 178 (44.39) 45 (42.06) 240 (46.15)

Unknown/unclear 13 (5.75) 25 (6.23) 9 (8.41) 29 (5.58)

BC subtype and therapy, N (%)

HR+/HER2+ 96 (42.48) 258 (64.34) 66 (61.68) 288 (55.38)

pCR rate, N (%) 34 (35.42) 78 (30.23) 23 (34.85) 89 (30.90)

Ki-67 response rate, N (%) 58 (60.42) 145 (56.20) 42 (63.64) 161 (55.90)

T-DM1 33 (14.60) 84 (20.95) 23 (21.50) 94 (18.08)

T-DM1+ET 30 (13.27) 86 (21.45) 20 (18.69) 96 (18.46)

Trastuzumab+ET 33 (14.60) 88 (21.95) 23 (21.50) 98 (18.85)

HR−/HER2− 87 (38.50) 93 (23.19) 25 (23.36) 155 (29.81)

pCR rate, N (%) 29 (33.33) 30 (32.26) 5 (20.00) 54 (34.84)

Ki-67 response rate, N (%) 39 (44.83) 42 (45.16) 13 (52.00) 68 (43.87)

nab-paclitaxel+gemcitabine 50 (22.12) 56 (13.97) 17 (15.89) 89 (17.12)

nab-paclitaxel+carboplatin 37 (16.37) 37 (9.23) 8 (7.48) 66 (12.69)

HR-/HER2+ 43 (19.03) 50 (12.47) 16 (14.96) 77 (14.81)

pCR rate, N (%) 20 (46.51) 29 (58.00) 9 (56.25) 40 (51.95)

Ki-67 response rate, N (%) 13 (30.23) 20 (40.00) 4 (25.00) 29 (37.66)

Trastuzumab+pertuzumab 32 (14.16) 35 (8.73) 12 (11.21) 55 (10.58)

Trastuzumab+pertuzumab+paclitaxel 11 (4.87) 15 (3.74) 4 (3.73) 22 (4.23)
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− study and 134 into the ADAPT HR−/HER2+ study (Figure 1). Five

hundred twenty patients underwent only MRI, only US or both at BL

and after one cycle of NAT. MRI was performed in 226 (MRI group)

and US in 401 patients (US group) of whom 107 had both MRI and

US (MRI and US group).

Tumor characteristics were well balanced in the three groups.

Median age was 51 years with 48% of patients being premenopausal

(Table 1); 44.6% of patients had cT1, 50% cT2 tumors; 70.7% had

cN0 and 25.5% cN1 tumors. Age, menopausal status, cTN status, cen-

tral grade and clinical BL characteristics in the US group, the MRI

group and the US/MRI group were generally in line with characteris-

tics from the parent subtrial populations.

Most patients were derived from the HR+/HER2+ (55.4%) sub-

trial, followed by the HR−/HER2− (29.8%) and the HR−/HER2+

(14.8%) subtrials (Table 1). The percentage of patients with HR+/

HER2+ EBC was numerically higher in the US group (64.3%) than in

the MRI group (43.5%). The MRI group had more HR−/HER2− tumors

(38.5%) than the US group (23.2%); in the HR−/HER2+ group, there

were more patients with MRI (19%) than US (12.5%). In our imaging

cohort, a comparable share of patients with HR+/HER2+ tumors

received T-DM1+/-endocrine therapy or trastuzumab+ET (Table 1). In

HR−/HER2+ group, more patients had neoadjuvant trastuzumab+per-

tuzumab than trastuzumab+pertuzumab+paclitaxel whereas in HR−/

HER2− group, patients more often had neoadjuvant nab-paclitaxel

+gemcitabine than nab-paclitaxel+carboplatin therapy.

3.2 | Pathological outcomes

3.2.1 | pCR rates

Approximately one third of all patients had a pCR (34.2% in US group,

36.7% in MRI group and 34.6% in the MRI and US group). pCR rates in

patients with HR+/HER2+, HR−/HER2−and HR−/HER2+ tumors were

30.2%, 32.3% and 58% in US group, 35.4%, 33.3% and 46.5% in MRI

group, and 34.9%, 20% and 56.3% in MRI and US group (Table 1).

3.2.2 | Ki-67 response rates

Ki-67 response at 3 weeks was seen in 51.6% of patients in the US

group, 48.7% in the MRI group, and 55.1% in the MRI and US group.

The percentages of patients with HR+/HER2+, HR−/HER2− or

HR−/HER2+ tumors and Ki-67 response were 56.2%, 45.2% and 40%

in the US group, 60.4%, 44.8% and 30.2% in the MRI group and

63.6%, 52% and 25% in the MRI and US group (Table 1).

3.3 | Imaging response rates

3.3.1 | MRI response

In the MRI group, CR, PR, SD and PD were documented in 4.9%, 58%,

36.3% and 0.9% of patients, respectively (Table 2). According to

mRECIST criteria, 142 (62.8%) of 226 patients had ECR (Table 3). The

pCR rate was higher in MRI early responders (43%, 61/142 patients)

than in nonresponders (26.2%, 22/84 patients). ECR correctly predicted

pCR more often in HR−/HER2+ (53.3%, 16/30 patients) than in HR+/

HER2+ (40.4%, 21/52) and HR−/HER2− tumors (40%, 24/60 patients).

Representative breast MRI images at BL and at Week 3 in patients with

and without MRI early response are shown in Supplementary Figures 2

and 3, respectively.

3.3.2 | US response

In the US group, 3.5% of patients showed CR, 46.6% PR, 32.2% SD,

1.5% PD and for 16.2% tumor response could not be determined

because of missing values (Table 2). One hundred fifty-four of

401 patients (38.4%) had ECR by US according to RECIST 1.1

criteria (Table 3). Overall, pCR rate was higher in US early

responders (46.1%, 71/154 patients) than in nonresponders

(26.7%, 66/247 patients; Table 3). ECR by US correctly predicted

pCR more often in HR−/HER2+ (69%, 20/29 patients) and HR−/

HER2− (61.9%, 13/21 patients) than in HR+/HER2+ tumors

(36.5%, 38/104 patients).

3.4 | Association between imaging response
and proliferation response

Overall, the percentage of patients with both Ki-67 response and ECR

was 42.7% (67/142 patients) in the MRI group and 57.1% (88/154

patients) in the US group (Table 3). The rate of Ki-67 response among

patients with ECR by both MRI and US was highest in HR+/HER2+

and lowest in HR−/HER2+ tumors.

TABLE 2 Tumor response rates

Group MRI group (N = 226) US group (N = 401)
US and MRI group (N = 107)

Assessment MRI (mRECIST) US (RECIST 1.1) MRI (mRECIST) US (RECIST 1.1)

Tumor response rate, N (%)

CR 11 (4.87) 14 (3.49) 2 (1.87) 3 (2.80)

PR 131 (57.96) 187 (46.63) 62 (57.94) 56 (52.34)

SD 82 (36.28) 129 (32.17) 41 (38.32) 27 (25.23)

PD 2 (0.88) 6 (1.50) 2 (1.87) —

N.D. 0 (0) 65 (16.21) — 21 (19.63)
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3.5 | Prediction of pCR by both US and MRI

3.5.1 | MRI and US response

Among the 107 patients with both imaging assessments, ECR was

seen more often by MRI than by US (59.8%, 64 patients, vs 35.5%,

38 patients; Supplementary Table 1). Across BC subtypes, the differ-

ence between patients with ECR according to MRI and to US was

larger in HR−/HER2− (72% and 12%, respectively) than in HR

−/HER2+ (75% and 50%) or HR+/HER2+ (51.5% and 40.9%) tumors.

The pCR rate among MRI responders was 43.8% (28/64 patients) and

52.6% among US responders (20/38 patients). US and MRI correctly

TABLE 3 Rates of pCR and Ki-67 response in patients with ECR in the MRI group and in the US group

pCR

MRI subgroup (N = 226) US subgroup (N = 401)

Ki-67 response

MRI subgroup (N = 226) US subgroup (N = 401)

ECR No ECR ECR No ECR ECR No ECR ECR No ECR

Overall

pCRa 61 22 71 66 Ki-67 responsea 67 43 88 119

(42.96) (26.19) (46.10) (26.72) (47.18) (51.19) (57.14) (48.18)

No pCRa 78 61 80 177 No Ki-67 responsea 36 31 29 91

(54.93) (72.62) (51.95) (71.66) (25.35) (36.90) (18.83) (36.84)

Missinga 3 1 3 4 Missinga 39 10 37 37

(2.11) (1.19) (1.95) (1.62) (27.46) (11.90) (24.03) (14.98)

Totalb 142 84 154 247 Totalb 142 84 154 247

(62.83) (37.17) (38.40) (61.60) (62.83) (37.17) (38.40) (61.60)

HR+/HER2+

pCRa 21 13 38 40 Ki-67 responsea 30 28 63 82

(40.38) (29.55) (36.54) (25.97) (57.69) (63.64) (60.58) (53.25)

No pCRa 29 31 64 113 No Ki-67 responsea 8 14 21 53

(55.77) (70.45) (61.54) (73.38) (15.38) (31.82) (20.19) (34.42)

Missinga 2 0 2 1 Missinga 14 2 20 19

(3.85) — (1.92) (0.65) (26.92) (4.55) (19.23) (12.34)

Totalb 52 44 104 154 Totalb 52 44 104 154

(54.17) (45.83) (40.31) (59.69) (54.17) (45.83) (40.31) (59.69)

HR−/HER2−

pCRa 24 5 13 17 Ki-67 responsea 28 11 11 31

(40.00) (18.52) (61.90) (23.61) (46.67) (40.74) (52.38) (43.06)

No pCRa 35 21 7 52 No Ki-67 responsea 22 13 5 34

(58.33) (77.78) (33.33) (72.22) (36.67) (48.15) (23.81) (47.22)

Missinga 1 1 1 3 Missinga 10 3 5 7

(1.67) (3.70) (4.76) (4.17) (16.67) (11.11) (23.81) (9.72)

Totalb 60 27 21 72 Totalb 60 27 21 72

(68.97) (31.03) (22.58) (77.42) (68.97) (31.03) (22.58) (77.42)

HR−/HER2+

pCRa 16 4 20 9 Ki-67 responsea 9 4 14 6

(53.33) (30.77) (68.97) (42.86) (30.00) (30.77) (48.28) (28.57)

No pCRa 14 9 9 12 No Ki-67 responsea 6 4 3 4

(46.67) (69.23) (31.03) (57.14) (20.00) (30.77) (10.34) (19.05)

Missinga 0 0 0 0 Missinga 15 5 12 11

— — — — (50.00) (38.46) (41.38) (52.38)

Totalb 30 13 29 21 Totalb 30 13 29 21

(69.77) (30.23) (58.00) (42.00) (69.77) (30.23) (58.00) (42.00)

Abbreviations: ECR, early clinical response; MRI, magnetic resonance imaging; pCR, pathological complete response; US, ultrasound.
aRates of pCR, no pCR and patients with missing data among the patients with and without imaging response.
bShare of patients with and without imaging response.
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predicted pCR in 9/12 (75%) and 5/8 (62.5%) of HR-/HER2+ tumors,

5/18 (27.8%) and 2/3 (66.7%) of HR−/HER2− tumors and 14/34

(41.2%) and 13/27 (48.2%) of HR+/HER2+ tumors.

Ki-67 response was more often observed in patients with ECR by

US than by MRI among all patients (65.8%, 25/38, vs 56.3%, 36/64

responders), in HR+/HER2+ (74.1%, 20/27, vs 64%, 22/34

responders), in HR−/HER2− (66.7%, 2/3, vs 61.1%, 11/18

responders) and in HR−/HER2+ tumors (37.5%, 3/8 vs 25%, 3/12

responders; Supplementary Table 1).

Overall, PPV and NPV were 0.47 and 0.73 in US group and 0.44

and 0.73 in MRI group, respectively (Table 4). For both modalities,

numerically highest PPV values were observed in the HR−/HER2+

subgroup (0.69 for US and 0.53 for MRI) while NPV values were

highest in HR−/HER2− tumors (0.75 for US and 0.81 for MRI).

F IGURE 2 ROC curves for detecting pCR by US, by MRI and by Ki-67. Data are shown for all patients with MRI and US (A) and for patients
with HR+/HER2+ (B), HR−/HER2− (C) and HR−/HER2+ (D) tumors. MRI and US data were available for 107 patients and Ki-67 data were
available for 86 patients. HER2, human epidermal growth factor receptor 2; HR, hormone receptor; MRI, magnetic resonance imaging; pCR,
pathological complete response; ROC, receiver operating characteristic; US, ultrasound

GRAESER ET AL. 2623



Among patients with both US and MRI, US showed numerically

highest PPV in HR+/HER2+ and HR−/HER2− tumors while MRI and

Ki-67 yielded the highest PPV in HR−/HER2+ EBC (Table 4). All

methods showed similar NPV in HR+/HER2+ (0.71-0.74) and HR

−/HER2− tumors (0.85-1), while MRI and Ki-67 yielded higher NPV

than US in HR−/HER2+ tumors (1, both, vs 0.5). MRI and Ki-67 dem-

onstrated higher SENS than US in HR−/HER2− (1 and 0.8, respec-

tively, vs 0.4) and HR−/HER2+ tumors (1, both, vs 0.56). Ki-67 was

the single most sensitive method in HR+/HER2+ EBC (0.79 vs

0.57-0.61).

Area under curve (AUC) analysis of all patients with US and MRI

demonstrated that both methods had a comparable accuracy for

detecting pCR (AUC = 0.65 and 0.62, respectively) which cor-

responded to the accuracy of Ki-67 (AUC = 0.60; Figure 2). Perfor-

mance of US, MRI and Ki-67 assessment was similar in patients with

HR−/HER2− EBC (AUC = 0.67, 0.66 and 0.66, respectively). In HR+/

HER2+ tumors, accuracy for detecting pCR was slightly higher for US

(AUC = 0.63) than for MRI and Ki-67 (AUC = 0.58 and 0.53, respec-

tively). Ki-67 and MRI performed better than US in HR−/HER2+

tumors (AUC = 0.83 and 0.79 vs 0.56).

We also analyzed AUC of combined assessments to test whether

adding Ki-67, MRI or both Ki-67 and MRI to US yielded additional

benefit. To this end, definition of response required all methods to

demonstrate ECR. Additional Ki-67 assessment improved AUC of US

by 0.0315 (in HR+/HER2+) to 0.0463 (in HR−/HER2− tumors; Sup-

plementary Table 2). AUC of US was improved by 0.0715 in HR−/

HER2+, reduced by 0.0737 in HR−/HER2− and not changed by addi-

tional MRI in HR+/HER2+ tumors. Addition of both MRI and Ki-67 to

US improved AUC by 0.0833 in HR−/HER2+ tumors and reduced it

by 0.0731 and 0.0737 in HR+/HER2+ and HR−/HER2− tumors,

respectively.

4 | DISCUSSION

pCR after completion of a 12- to 24-week standard NAT is a well-

established prognostic factor. Early response/resistance after a short

window of treatment (2-4 weeks) is less well studied but may be clini-

cally even more relevant as it could help to guide individualized

de-escalation/escalation strategies. Assessment of early response is

therefore one of the primary objectives of the ADAPT umbrella trial.

In ADAPT HR+/HER2−, early response to a 3-week endocrine treat-

ment measured using a sequential Ki-67 evaluation together with the

BL Oncotype DX recurrence score is used to guide chemotherapy

indication, since posttherapeutic Ki-67 is an established predictor of

endocrine responsiveness.31-33 For the HER2+ and HR−/HER2− sub-

types, the respective ADAPT subprotocols prespecified sequential

assessment using Ki-67, MRI and US after a short 3-week window of

treatment in a 12-week NAT regimen. Correlation of early Ki67

response with pCR was among the objectives of these neoadjuvant

subprotocols. Previously published ADAPT trial data demonstrated a

substantial number of early responses (67% in HR+/HER2+, 41.3% in

HR−/HER2+, and 44.4% in HR−/HER2− tumors) as well as good

correlation with pCR (35.7% in HR+/HER2+, 44.7% in HR−/HER2+

and 44.4% in HR−/HER2− tumors.24,26,34

To our knowledge, the data presented in our study are the first

evaluating the role of US, MRI, Ki-67 and US combined with MRI

and/or Ki-67 for detection of early response and prediction of pCR in

the HER2+ and HR−/HER2− subgroups. Data have been generated

and combined from the three ADAPT subtrials. AUC curves for all

patients with US and MRI demonstrated that both methods had a

comparable accuracy for predicting pCR, while Ki-67 assessment

showed lower accuracy. Performance of US, MRI and Ki-67 assess-

ment was comparable in HR+/HER2+ and HR−/HER2− tumors indi-

cating that all three methods are similarly accurate for pCR prediction

in these subtypes. Furthermore, MRI, Ki-67 or both assessments per-

formed in addition to US improved correct identification of response

in tumors with or without pCR in maximally 7.4% of patients. There-

fore, in HR+/HER2+ and HR−/HER2− tumors US assessment would

be the first choice in the daily clinical practice since it is widely avail-

able, less costly compared to MRI and offers the opportunity for a

potential second core biopsy.

In HR−/HER2+ EBC, however, accuracy of US was markedly

lower compared to that of single Ki-67 or MRI assessment. Although

combination of US with MRI (with or without Ki-67) improved AUC,

the combined approach was able to correctly identify pCR or no pCR

in up to 8.3% of patients. Therefore, these findings suggest that in HR−/

HER2+ EBC, identification of patients most likely to achieve pCR

should be performed by MRI assessment than by US. Nevertheless,

the number of HR−/HER2+ patients included in this analysis was

small which combined with imbalance in treatment types and pCR

rates precludes drawing of the definitive conclusion.

Selection of patients for therapy de-escalation requires a highly

sensitive method allowing early identification of response among

those patients who will later have a pCR. In our study, MRI and Ki-67

yielded highest SENS, particularly in HR−/HER2+ EBC in which both

methods identified ECR in all tumors with pCR. Conversely, SENS of

US was markedly lower in HR−/HER2+ tumors (0.56). Therefore, US

did not detect ECR in 44% of patients with pCR. These numbers dem-

onstrate the risk that patients who could potentially benefit from

de-escalation strategies may not be reliably identified by US, at least

in this subtype.

Another trial evaluating early response by sequential MRI (BL and

at least 2 weeks after the first cycle, prior to the second NAT cycle)

was reported by the I-Spy investigators.19 They compared MRI vs clin-

ical assessment in an unselected population of 216 patients with EBC.

MRI (size) was superior to clinical examination at all time points,

showing the greatest relative benefit at the second examination, with

low additional information after the second MRI. This implies that an

early MRI control may be the best time point if there is a limited

access to MRI for more examinations. Analysis of I-Spy MRI data was

performed in a unicenter setting with a prespecified MRI protocol.

Our results were generated by central analysis of data from multiple

experienced centers using a prespecified MRI protocol. Early evalua-

tion of protocol adherence showed that local standards differed,

resulting in a clinical meaningful percentage of centers that had to be
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excluded and in heterogeneous quality of local MRI imaging. Taking all

of these findings this into consideration, US appears as the optimal

method for early response assessment in daily clinical practice while

MRI and Ki-67 (in TN and HER2+) should be reserved for a clinical

trial setting with integrated rigorous quality assurance measures.

Nevertheless, detection of early resistance has clinically important

information. In the GeparTrio trial, US monitoring was performed in

832 patients at BL, at Week 6, and at the end of treatment.35 The

study protocol prespecified the switch to a noncross resistant chemo-

therapy regimen in case of no response after two cycles of conven-

tional chemotherapy. This switch of therapy resulted in better

outcomes, underlining the importance of correctly identified nonre-

sponders. In this context, NPV (noECR/non-pCR) values indicate that

at least 71% of patients with non-pCR would have already been iden-

tified as early nonresponders, irrespectively of method and BC sub-

type. A notable exception are HR−/HER2+ tumors, where in our

analysis either MRI or Ki-67 yielded much a higher NPV than US

(100% or 100%, vs 50%). Although these values seem clinically mean-

ingful, further research is warranted to better optimize selection of

candidates for therapy escalation. Interestingly, NPV for MRI and US

obtained in this analysis were generally slightly higher than previously

reported for post-NAT assessments.36,37

Our study has certain limitations. First, of the 401 patients in US

group and 226 in MRI group, only 107 patients had both imaging

methods performed. This limited the number of patients for a head to

head comparison of US and MRI data and could have influenced the

relative value of these methods for prediction of pCR. Second, an

impact of therapy type on the imaging accuracy cannot be excluded.

For instance, it was shown that MRI may underestimate residual

tumor size in taxane-containing treatments.38 Considering that all our

patients with HR−/HER2− tumors received a taxane, there is a risk

that several patients in this subgroup could be false-positive on MRI.

Lastly, the comparisons of our results to other published data may be

confounded by the heterogeneity of subtypes, pCR rates, targeted

therapies and chemotherapy regimens in our study and prior

publications.

5 | CONCLUSIONS

Early response is a strong predictor of pCR. We evaluated early

response by proliferation response in an early on-treatment biopsy

and a more conservative approach by conventional imaging. Our data

demonstrate subtype specific effects with similar accuracy of MRI, US

and Ki-67 in HR+/HER2+ and HR−/HER2− tumors, and superiority of

MRI and Ki-67 in the HR−/HER2+ subtype. Therefore, US assessment

would be the first choice in daily clinical practice for HR+/HER2+ and

HR−/HER2− tumors; in HR−/HER2+ tumors, MRI may be considered.

Even though our data may some limitations (heterogeneity, small sam-

ple size) but in a multicentric setting adding MRI+/-Ki-67 to US does

not improve prediction of pCR in a clinically meaningful number of

patients. Together with published evidence, our results highlight the

need for identification of strong biomarkers for early response and

molecular imaging modalities in order to optimally guide neoadjuvant

breast cancer therapy in daily clinical practice.
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