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Abstract
Objectives To investigate whether contralateral parenchymal enhancement (CPE) onMRI during neoadjuvant endocrine therapy
(NET) is associated with the preoperative endocrine prognostic index (PEPI) of ER+/HER2− breast cancer.
Methods This retrospective observational cohort study included 40 unilateral ER+/HER2− breast cancer patients treated with
NET. Patients received NET for 6 to 9 months with MRI response monitoring after 3 and/or 6 months. PEPI was used as
endpoint. PEPI is based on surgery-derived pathology (pT- and pN-stage, Ki67, and ER-status) and stratifies patients in three
groups with distinct prognoses. Mixed effects and ROC analysis were performed to investigate whether CPE was associated with
PEPI and to assess discriminatory ability.
Results The median patient age was 61 (interquartile interval: 52, 69). Twelve patients had PEPI-1 (good prognosis), 15 PEPI-2
(intermediate), and 13 PEPI-3 (poor). High pretreatment CPE was associated with PEPI-3: pretreatment CPE was 39.4% higher
on average (95% CI = 1.3, 91.9%; p = .047) compared with PEPI-1. CPE decreased after 3 months in PEPI-2 and PEPI-3. The
average reduction was 24.4% (95% CI = 2.6, 41.3%; p = .032) in PEPI-2 and 29.2% (95% CI = 7.8, 45.6%; p = .011) in PEPI-3
compared with baseline. Change in CPE was predictive of PEPI-1 vs PEPI-2+3 (AUC = 0.77; 95% CI = 0.57, 0.96).
Conclusions CPE during NET is associated with PEPI-group in ER+/HER2− breast cancer: a high pretreatment CPE and a
decrease in CPE during NET were associated with a poor prognosis after NET on the basis of PEPI.
Key Points
• Change in contralateral breast parenchymal enhancement on MRI during neoadjuvant endocrine therapy distinguished
between patients with a good and intermediate/poor prognosis at final pathology.

• Patients with a poor prognosis at final pathology showed higher baseline parenchymal enhancement on average compared to
patients with a good prognosis.

• Patients with an intermediate/poor prognosis at final pathology showed a higher average reduction in parenchymal enhancement
after 3 months of neoadjuvant endocrine therapy.
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Abbreviations
CPE Contralateral parenchymal enhancement
ER Estrogen receptor
HER2 Human epidermal growth factor receptor 2
NAC Neoadjuvant chemotherapy
NET Neoadjuvant endocrine therapy
PEPI Preoperative endocrine prognostic index

Introduction

A positive estrogen receptor (ER) in breast cancer determines
if patients should receive endocrine treatment. However, not
all patients with ER+ breast cancer benefit from endocrine
treatment: 40–50% relapse after adjuvant endocrine therapy
[1] and 50–70% show a clinical response after neoadjuvant
endocrine therapy (NET) [1–3]. A more accurate prediction
whether endocrine treatment will be effective would benefit
these patients, and allow for better selection and personaliza-
tion of endocrine treatment.

Early prediction of NET efficacy could be used to person-
alize the course of treatment, i.e., expedite surgery or switch to
neoadjuvant chemotherapy (NAC) in poor responders.

Typically, response monitoring during neoadjuvant therapy is
performed with imaging. Magnetic resonance imaging (MRI) of
the breast is the most accurate and recommendedmodality [4, 5].
Several MRI features have been identified as predictors of tumor
response during NAC [6–11]. However, research regarding re-
sponse monitoring in NET is limited [12, 13].

A potential predictor of endocrine treatment efficacy is
contralateral parenchymal enhancement (CPE). CPE is a
quantitative measure of the relative late parenchymal enhance-
ment of the healthy breast on MRI [14, 15] and differs from
background parenchymal enhancement (BPE), which is a
qualitative measure of early parenchymal enhancement. CPE
is calculated as the mean of the top-10% relatively most en-
hancing voxels. A high CPE was shown to be associated with
improved survival in unilateral ER+ human epidermal growth
factor 2 receptor–negative (HER2−) breast cancer patients af-
ter adjuvant endocrine therapy [14, 15]. If CPE is also associ-
ated with NET efficacy, it could be used to personalize the
course of NET in breast cancer patients.

It is hypothesized that the contralateral breast represents the
diseased breast before tumorigenesis [14], or may represent
systemic (inflammatory) effects induced by the tumor [16].
CPE represents the highest delayed enhancement in healthy
fibroglandular tissue. CPE might be affected by hormonal
activity, as parenchymal enhancement varies during the men-
strual cycle [17]. The underlying biological reason for the
observed association between CPE and survival after endo-
crine treatment is unknown, but was demonstrated in two
independent studies [14, 15]. Investigating the behavior of
CPE during NET might not only provide a tool for the

personalization of NET but could also provide insights into
the underlying biological mechanisms.

Pathologic complete response (pCR) after neoadjuvant
treatment is a controversial surrogate endpoint of prognosis
in ER+/HER2− breast cancer [18, 19]. pCR is poorly associ-
ated with prognosis in ER+/HER2−, and rate of pCR is low in
both NAC and NET (about 7.5% and < 10% respectively)
[18–20]. To understand how tumor response after NET is
related to prognosis, the preoperative endocrine prognostic
index (PEPI) was developed [21]. PEPI is derived from the
surgical excision specimen after NET and is based on pT- and
pN-stage, Ki67 index, and ER-status. PEPI stratifies patients
in three groups with distinct prognoses: PEPI-1 has the most
favorable prognosis, whereas PEPI-3 has the poorest progno-
sis. PEPI can be used to personalize treatment after NET:
patients with PEPI-1 have such a favorable prognosis that
adjuvant endocrine monotherapy could suffice, whereas ap-
propriate adjuvant treatment should be considered for PEPI-2
and PEPI-3 patients [21, 22]. PEPI was validated in the
IMPACT trial [21] and the ACOSOG Z1031 trial [22].

In this study, we present a retrospective observational co-
hort study of patients with invasive unilateral ER+/HER2−
breast cancer treated with NET. The aim was to determine
whether pretreatment CPE or changes in CPE during treat-
ment are associated with prognosis (on the basis of PEPI) after
NET.

Materials and methods

Patient cohort and treatment

This retrospective explorative observational cohort study was
approved by the Institutional Review Board of the Antoni van
Leeuwenhoek Hospital and the requirement for informed con-
sent was waived. All female patients with pathologically prov-
en unilateral ER+/HER2− breast cancer diagnosed between
January 2013 and December 2017 and eligible for NET ac-
cording to the hospital’s institutional guidelines were included
(n = 44 ). Additionally, the contralateral healthy breast did not
contain any additional lesions (benign ormalignant); a healthy
breast is required for the calculation of CPE. The guidelines
for NET are as follows: if breast-conserving surgery (BCS)
cannot be performed or to reduce risk of irradicality at surgery
(e.g., in the case of an invasive lobular carcinoma) for strongly
ER+ (≥ 50%)/HER2− tumors, NET is recommended for a
duration of 6 to 9 months. Additionally, there should be no
indication for NAC: the tumor is ≤ 30 mm and there is ≤ 1
suspicious lymph node in combination with a low-risk
Mammaprint 70-gene signature, or if there is excess comor-
bidity. This is decided during a multidisciplinary meeting.
NET consisted of tamoxifen in premenopausal patients and
aromatase inhibitors (AI) in postmenopausal patients.
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Clinical response is assessed after 3 and 6 months with ultra-
sound or MRI. If the tumor is stable or progressive, surgery is
performed or the endocrine treatment is switched; otherwise,
the duration of NET is completed.

MR imaging

MR images were acquired on a 1.5-T or 3-T imaging unit
(Achieva, Philips) using a dedicated 4-, 7-, or 16-element
SENSE breast coil (Philips). First, an unenhanced T1-
weighted sequence with fat suppression was performed.
Following intravenous injection of gadolinium-containing
contrast (0.1 mmol/kg, Dotarem, Guerbet), dynamic contrast
series were obtained with early timing 90 s post-contrast in-
jection and late timing 360 s post-contrast injection. One of
two sets of imaging parameters were used: acquisition time
60 s or 70 s, ratio of repetition time/echo time 3.7/1.9 or 4.3/
1.8, flip angle 10°, voxel sizes 0.618 × 0.618 × 1.150 mm3 or
0.885 × 0.885 × 0.900 mm3, and a field of view 400 mm. For
nine patients, the pretreatment MRI was performed in a refer-
ring hospital. Details of the imaging parameters are provided
in the Supplement Materials 1.

Contralateral parenchymal enhancement

MRIs were processed using a previously reported method [14,
15]. Image processing was implemented using Python version
3.7 (Python Software Foundation) with the SimpleITK (ver-
sion 1.2.0) library [23]. In short, field inhomogeneity was
corrected. The breast area was segmented on pre-contrast
non-fat-suppressed T1-weighted images and parenchymal tis-
sue was segmented using fuzzy-C means clustering. Early and
late post-contrast series were registered to the pre-contrast
series to compensate for patient motion. Images with uncor-
rectable motion artifacts were excluded (n = 2). Relative pa-
renchymal enhancement was calculated at each voxel within
the healthy parenchymal tissue by subtracting the early paren-
chymal enhancement from the late parenchymal enhance-
ment, and dividing this by the early parenchymal enhance-
ment: (Slate − Searly) / Searly, where S represents the signal in-
tensity at the corresponding time point. CPE is calculated as
the mean of the top-10%most relatively enhancing voxels and
is a measure of the relative late parenchymal enhancement.
CPE is a dimensionless number and can be compared within
and between patients.

Endpoint

PEPI was used as a surrogate endpoint of prognosis [21,
22]. PEPI is derived from the surgical excision specimen
and is based on the following characteristics: pT- and
pN-stage, Ki67 proliferation index, and ER-status [21].
Risk poin ts a re ass igned based on these four

characteristics. The total risk score (on a scale of 0–12)
stratifies the patient in one of three prognostic groups:
groups 1 (0 points), 2 (1–3 points), and 3 (≥ 4 points).
Patients with unavailable PEPI score due to insufficient
tumor material in the surgical excision specimen were
excluded (n = 2). Additionally, the pCR results are pro-
vided. pCR was defined as the absence of invasive dis-
ease (ypT0/is N0) [24]. Pathologic partial or non-
response was based on reduction of tumor cellularity
using the Pinder classification [25].

Statistical methods

Standard descriptive statistics were used to describe the study
population. Pretreatment CPE tertile values were used to split
patients in three patient groups for baseline characteristics
(baseline characteristics split according to PEPI-group is pro-
vided in the SupplementMaterials 2). Descriptive statistics are
reported as median (interquartile interval [IQI]). A multivari-
able linear mixed model (LMM) was fit to investigate whether
pretreatment CPE or changes in CPE over time are associated
with PEPI-group. An LMM is a statistically efficient method
to analyze repeated measurements within a patient [26]. In the
multivariable analysis, CPEwasmodeled as a function of time
(both categorically at 0, 3, and 6 months and continuously),
PEPI-group, and the interaction between PEPI-group and
time. An interaction between PEPI-group and time allows a
possible change of CPE over time to differ between PEPI-
groups. CPE was adjusted for baseline differences in age
and type of NET regimen. The differences in pretreatment
CPE and changes in CPE during NET between the PEPI-
groups can be derived from the same model. To account for
repeated measurements, we included random intercepts for
patients. CPE was log-transformed to improve model fit.
Nested models were compared using maximum likelihood
estimation. Effect estimates were based on restricted maxi-
mum likelihood with Satterthwaite’s approximations to the
degrees of freedom.

Univariable and multivariable logistic regressions were
performed to set up models to assess the discriminatory ability
of pretreatment CPE and change in CPE (slope). To assess
discriminatory ability between PEPI-1 and PEPI-2+3, and be-
tween PEPI-1+2 and PEPI-3, the area under the curve (AUC)
was calculated using the receiver operating characteristic
(ROC) analysis. The ROC analyses were assessed by compar-
ing the underlying logistic regression models using the likeli-
hood ratio test.

Statistical analyses were performed using R version 3.4.4
(R Foundation for Statistical Computing) and the LMM was
fit using the “lme4” (version 1.1.21) [27] and “lmerTest” (ver-
sion 3.1.0) [28] packages available in R. Coefficient estimates
are reported with their corresponding 95% confidence inter-
vals (CI). A two-tailed p < .05 was considered to represent

6742 Eur Radiol  (2020) 30:6740–6748



statistical significance. The study is reported following the
STROBE guidelines [29].

Results

Patient cohort

Patient, tumor, and treatment characteristics are summarized
in Table 1. Forty patients were included and 81 CPE measure-
ments were available for analysis. The median patient age was
61 years (IQI = 52, 69). Characteristics between these baseline
groups were balanced for age, tumor histology, cN-stage, ER-
percentage, and pretreatment Ki67 index (Table 1). Some un-
balance was noted in the cT-stage and tumor grade: the group
with high baseline CPE (third tertile) showed relatively more
prognostic favorable characteristics compared to the groups
with lower baseline CPE (e.g., more T1c and grade 1).
Premenopausal patients seem overrepresented in the second
tertile group, which is reflected in the distribution of NET
regimen: more patients in this group received tamoxifen.
There was a difference in CPE of + 28.5% (95% CI =
− 48.6, 65.6%, p = .358) in premenopausal patients compared
with postmenopausal patients.

Six patients (15%, 6/40) had progressive disease at
3 months of follow-up: one patient switched treatment regi-
men (tamoxifen to AI), and in five patients, surgery was ex-
pedited. The remaining 34 patients were considered (partial)
responders at 3-month follow-up and completed the full dura-
tion of NET. The median duration of NET was 7.2 months
(IQI = 6.6 to 8.0). After NET, 12 patients had a good progno-
sis (PEPI-1), 15 patients had an intermediate prognosis (PEPI-
2), and 13 patients had a poor prognosis (PEPI-3). For the six
patients who were clinically considered to be non-responders
after 3 months, the distribution of PEPI scores was one patient
with PEPI-1 (the patient who switched regimen), two patients
with PEPI-2, and three patients with PEPI-3. One patient
(2.5%) showed a pCR at surgical pathology, and five patients
(12.5%) showed no pathologic response. The remaining 34
patients (85%) showed a partial pathologic response after
NET (Supplemental Materials 2). The five patients who
showed no pathologic response related to the PEPI-2 or
PEPI-3 group.

Pretreatment CPE and changes in CPE are associated
with the PEPI-group

Pretreatment CPE and PEPI-group

In the multivariable analysis, pretreatment CPE was on aver-
age higher in the group with a poor prognosis after NET
(PEPI-3), independent of age and type of NET by 39.4%
(95% CI = 1.3, 91.9%; p = .047, Table 2). An average

difference of + 11.4% (95% CI = − 17.5, 50.4%; p = .474)
was observed in PEPI-2 (intermediate prognosis).

Change in CPE over time and PEPI-group

Change in CPE over time during NET was significantly dif-
ferent between the PEPI-groups (pinteraction = .004). In the mul-
tivariable analysis, CPE increased over time in patients with a
good prognosis (PEPI-1) and decreased in patients with a poor
prognosis (PEPI-2 and PEPI-3), independent of age and type
of NET. In the model with time modeled categorically, most
change in CPE occurred during the first 3 months of NET:
CPE increased by 27.6% on average (95% CI = − 0.1, 62.9%;
p = .051) in PEPI-1 compared with baseline, decreased by
24.4% (95% CI = 2.8, 41.3%; p = .032) in PEPI-2, and de-
creased by 29.2% (95% CI = 7.8, 45.6%; p = .011) in PEPI-3
(Table 2). A representative example is shown in Fig. 1. CPE
increased by 29.4% on average (95% CI = 0.0, 67.4%;
p = .050) relative to baseline in PEPI-1 after 6 months. An
average difference of − 12.8% (95% CI = − 9.6, 30.7;
p = .232) was observed in PEPI-2 and − 23.7% (95% CI =
− 9.1, 46.6%; p = .135) in PEPI-3 (Fig. 2). In the multivariable
analysis with time modeled linearly, CPE increased on aver-
age in PEPI-1 by 4.6% (95% CI = 0.3, 9.0%; p = .042) each
month, whereas an average difference of − 2.7% (95% CI =
− 1.4, 6.4; p = .172) and − 6.0% (95% CI = 0.1, 11.6%;
p = .052) was observed in PEPI-2 and PEPI-3, respectively,
independent of age and type of NET.

Ability of pre- and during-treatment CPE to discrimi-
nate between PEPI-groups

Twenty-nine patients were available for ROC analysis to
discriminate between PEPI-groups using pretreatment
CPE and change in CPE during treatment. Pretreatment
CPE was not able to discriminate between the PEPI-
groups: the AUC to distinguish between PEPI-1 and
PEPI-2+3 was 0.65 (95% CI = 0.43, 0.87), and 0.67
(95% CI = 0.43, 0.90) to distinguish between PEPI-1+2
and PEPI-3. However, change in CPE was able to dis-
criminate between the PEPI-groups: the AUC to distin-
guish between PEPI-1 and PEPI-2+3 was 0.77 (95%
CI = 0.57, 0.96), and 0.77 (95% CI = 0.54, 0.99) for
PEPI-1+2 vs PEPI-3. Differences in pretreatment CPE
were not useful in discriminating between the different
PEPI-groups as the AUCs based on both pretreatment
CPE and change in CPE during treatment were compara-
ble with the AUCs based solely on the change in CPE: the
AUC based on pretreatment and change in CPE was 0.77
(95% CI = 0.59, 0.94; p = .307) for PEPI-1 vs PEPI-2+3
and 0.81 for PEPI-1+2 vs PEPI-3 (95% CI = 0.63, 0.96;
p = .325).
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Discussion

In this retrospective single-center observational cohort
study, we showed that pretreatment CPE, a quantitative
measure of relative late parenchymal enhancement on
MRI, and change in CPE during NET were associated
with PEPI-group in the post-treatment surgical speci-
men: a high pretreatment CPE and a decrease in CPE

during NET were associated with a higher PEPI-group
(poor prognosis).

Research regarding response imaging during NET is limit-
ed. Our results are in agreement with the findings of Hilal et al,
who found that high pretreatment BPE, classified according to
the BI-RADS lexicon, was associated with non-responders
after NET [13]. In the NAC setting, BPE has been linked to
several treatment outcomes [6]: a high BPE before start of

Table 1 Patient, tumor, and treatment characteristics of the entire cohort and according to pretreatment CPE tertile values

Characteristics Overall (n = 40) Baseline CPE, tertile 1 (n = 13) Baseline CPE, tertile 2 (n = 12) Baseline CPE, tertile 3 (n = 13)

CPE

Median (range) 0.29 (0.16–0.80) 0.21 (0.16–0.26) 0.30 (0.27–0.37) 0.48 (0.39–0.80)

Age (years)

Median (IQI) 61 (52–69) 61 (54–70) 63 (48–69) 62 (52–69)

Menopausal status

Premenopausal 10 (25.0%) 2 (15.4%) 5 (41.7%) 3 (23.1%)

Tumor size on pretreatment MRI (mm)

Median (IQI) 28 (26–41) 30 (25–41) 28 (27–29) 36 (27–49)

cT-stage

1c 8 (20.0%) 1 (7.7%) 2 (16.7%) 5 (38.5%)

2 24 (60.0%) 9 (69.2%) 8 (66.7%) 5 (38.5%)

3 6 (15.0%) 2 (15.4%) 1 (8.3%) 3 (23.1%)

4b 2 (5.0%) 1 (0%) 1 (8.3%) 0 (0%)

cN-stage

Negative 30 (75.0%) 11 (84.6%) 7 (58.3%) 10 (76.9%)

Positive 10 (25.0%) 2 (15.4%) 5 (41.7%) 3 (23.1%)

Tumor grade

1 6 (15.4%) 0 (0%) 2 (16.7%) 4 (33.3%)

2 27 (69.2%) 9 (69.2%) 9 (75.0%) 7 (58.3%)

3 6 (15.4%) 4 (30.8%) 1 (8.3%) 1 (8.3%)

Unknown 1 0 0 1

Tumor histology

IDC 24 (60.0%) 7 (53.8%) 8 (66.7%) 8 (61.5%)

ILC 12 (30.0%) 4 (30.8%) 2 (16.7%) 5 (38.5%)

Other 4 (10.0%) 2 (15.4%) 2 (16.7%) 0 (0%)

ER-percentage

Median (IQI) 100 (95–100) 100 (90–100) 100 (100–100) 100 (95–100)

Ki67

Pretreatment (IQI) 10 (5, 16.3) 10 (5, 20) 11.3 (10, 16.3) 7.5 (2, 10)

Post-treatment (IQI) 5 (1, 5) 2 (1, 10) 3 (1, 5) 5 (1, 5)

NET duration (months)

Median (IQI) 7.2 (6.6–8.0) 7.0 (6.6–7.6) 7.5 (6.7–8.7) 7.2 (6.6–8.7)

Type of NET

Combination 5 (12.5%) 0 (0%) 2 (16.7%) 3 (23.1%)

Aromatase inhibitor 23 (57.5%) 10 (76.9%) 5 (41.7%) 7 (53.8%)

Tamoxifen 12 (30.0%) 3 (23.1%) 5 (41.7%) 3 (23.1%)

Unless otherwise specified, data are number of patients, with percentages in parentheses. The discrepancy in overall and grouped total patient numbers is
due to unavailability of baseline CPE for two patients. CPE contralateral parenchymal enhancement, IQI interquartile interval, IDC invasive ductal
carcinoma, ILC invasive lobular carcinoma, ER estrogen receptor, NET neoadjuvant endocrine therapy
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NAC was associated with worse recurrence-free survival
(RFS) [30], while a decrease in BPE during NAC was associ-
ated with pCR [31–33].

While a decrease in parenchymal enhancement on MRI
during NAC is reported to be associated with pCR, in our
study, a decrease in CPE was associated with an unfavorable
prognosis after NET. Perhaps one would expect parenchymal
enhancement to decrease in patients with effective endocrine
treatment due to depressed hormonal activity, as BPE is in-
creased during physiological hormonal activity [34] or during
hormone replacement therapy [35, 36]. BPE was associated
with increased microvessel density [37]: persistent or in-
creased parenchymal enhancement during NET might reflect
increased perfusion and better drug delivery. CPE was not
associated with percent staining of ER or progesterone recep-
tor on immunohistochemistry, nor with genomic ER-pathway
activity in the tumor [15, 38]. A different explanation for these
opposing effects between the different neoadjuvant therapies
might be due to different immunohistochemical subtypes of
breast cancer. It is known that breast cancer is a heterogeneous

disease with different prognoses, treatment, and imaging char-
acteristics, especially in ER+/HER2− breast cancer [39].
Differences in tumor biology and treatment mechanisms (cy-
totoxic chemotherapy vs antiproliferative endocrine therapy)
could have had different systemic effects on the fibroglandular
tissue, which could lead to differences in the behavior of pa-
renchymal enhancement. Without a clear understanding of the
biological basis of parenchymal enhancement and treatment
efficacy, and the (dis)similarity between BPE and CPE, it is
difficult to provide an explanation for these opposing findings
between NAC and NET.

Although the changes in parenchymal enhancement are
counterintuitive in the context of chemotherapy, a high CPE
was previously associated with a favorable prognosis after
adjuvant endocrine therapy [14, 15]. In our study, an increase
of CPE is associated with a favorable prognosis after NET. In
that sense, a high CPE after NET was also associated with a
favorable prognosis (PEPI-1).

Remarkably, high pretreatment CPE was related to a poor
prognosis (PEPI-3) at final pathology, whereas high CPE was
previously shown to be related with improved overall and
invasive disease-free survival after adjuvant endocrine therapy
[14, 15]. The exact reason for this finding is unknown, al-
though the difference might simply be due to different end-
points. Additionally, pretreatment CPE alone was not useful
in distinguishing between the different PEPI-groups at final
pathology.

PEPI was used as a surrogate endpoint of prognosis be-
cause pCR and change in tumor size are poorly associated
with prognosis in ER+/HER2− breast cancer [18, 19].
Specifically for ER+/HER2− breast cancer, change in tumor
size during NAC is a poor predictor of response and a poorly
reproducible surrogate endpoint of survival [40, 41]. Change
in tumor size during NAC yielded a non-significant AUC for
the prediction of pCR in one study [42] and was not associated
with survival after NAC in another study [39]. Additionally,
clinical response during NETwas not associated with survival
[21]. In our study, change in CPE during NET was associated
with prognosis (on the basis of PEPI) and performed similarly
to other mid-treatment predictors of tumor response in ER+/
HER2− breast cancer after NAC: change in CPE discriminat-
ed PEPI with an AUC of 0.77, and change in apparent diffu-
sion coefficient discriminated pCR with an AUC of 0.76 [11].
To our knowledge, CPE is the first quantitative imaging fea-
ture that was observed to be associated with prognosis at final
pathology after NET.

Our results support the hypothesis that the healthy
breast contains information about endocrine treatment
success for patients with unilateral ER+/HER2− breast
cancer. CPE was reported to stratify patients within
high-risk groups based on genomic assays (70-gene sig-
nature and 21-gene recurrence score) [43]. These results
suggest that CPE contains prognostic information

Table 2 Multivariable estimates of differences in CPE according to
PEPI-group in time

Variables %-change in CPE p value

Baseline CPE

PEPI-1 Ref

PEPI-2 11.4 (− 17.5, 50.4) .474

PEPI-3 39.4 (1.3, 91.9) .047

Change in CPE for PEPI-1 over time

Baseline Ref

After 3 months of NET 27.6 (− 0.1, 62.9) .051

After 6 months of NET 29.4 (0.0, 67.4) .050

Per month* 4.6 (0.3, 9.0) .042

Change in CPE for PEPI-2 over time

Baseline Ref

After 3 months of NET − 24.4 (− 41.3, − 2.6) .032

After 6 months of NET − 12.8 (− 30.7, 9.6) .232

Per month* − 2.7 (− 6.4, 1.4) .172

Change in CPE for PEPI-3 over time

Baseline Ref

After 3 months of NET − 29.2 (− 45.6, − 7.8) .011

After 6 months of NET − 23.7 (− 46.6, 9.1) .135

Per month* − 6.0 (− 11.6, 0.1) .052

Data in parentheses are 95% confidence intervals. Estimates for %-
change in CPE with the corresponding PEPI-group as reference group
(e.g., change after 3 months in PEPI-3 is − 29.2% relative to baseline CPE
of PEPI-3). The interaction term (i.e., change in CPE over time dependent
on PEPI-group) significantly improved the model (p = .004). Results
from the model with time as a linear variable are marked with a “*”.
Estimates were adjusted for age and type of NET. Ref reference group,
CPE contralateral parenchymal enhancement, PEPI preoperative endo-
crine prognostic index, NET neoadjuvant endocrine therapy
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Fig. 2 Overview of the change in CPE over time for the different PEPI-
groups during neoadjuvant endocrine therapy at different time points:
pretreatment (0 months), after 3 months, and after 6 months and per
month. Individual CPE values are shown as dots. Modeled CPE is shown
over time, with time modeled categorically (points with the 95% CI as

whiskers) and with time modeled linearly (dashed line with and the shad-
ed areas as the 95% CI). CPE increased over time in patients with a good
prognosis after NET (PEPI-1), whereas it decreased over time in patients
with an intermediate or poor prognosis after NET (PEPI-2 and PEPI-3)

Fig. 1 Pretreatment and 3-month follow-up maximum intensity projec-
tion images (slab = 25) of the subtraction of the late and early post-
contrast series. The top row (a) shows the images of a 65-year-old patient
with a T2N0M0 lobular carcinoma in the right breast. Note the persis-
tence of parenchymal enhancement after 3 months of neoadjuvant endo-
crine therapy on the subtraction images of the late and early post-contrast
series (arrows). The tumor was PEPI-1 (good prognosis) at surgical

pathology. The bottom row (b) shows the images of a 45-year-old patient
with a T1cN1M0 ductal carcinoma in the right breast. Note the decrease
in parenchymal enhancement after 3 months of neoadjuvant endocrine
therapy on the subtraction images of the late and early post-contrast series
(arrows). The tumor ended up being PEPI-3 (poor prognosis) at surgical
pathology
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independent of these genomic assays and could potential-
ly be used to further personalize treatment.

The main limitation of this study is its relatively small
size, which is reflected in the wide CIs of the estimates,
and limits the power to detect small effects. To account for
the small population size, we took full advantage of the
statistical efficiency of a linear mixed model for the repeat-
ed measurements analysis, and the association between
CPE and prognosis after NET was strong enough to reach
the a priori defined significance threshold of < .05. The
association between survival and CPE was previously
shown to reproduce between different MRI vendors and
small differences in imaging parameters [15]. For nine pa-
tients, the pretreatment MRI was performed in the referring
hospital on a different MRI vendor which could have led to
variability in the CPE measurements. However, the flip
angle and repetition time, being the imaging parameters
with the most influence on intensity [44], were similar over
the entire cohort. Despite the differences in parameters,
CPE was observed to be significantly associated with
PEPI. Additionally, exclusion of the nine referred patients
did not influence the results. Although there is currently no
consensus on the optimal duration of NET, recent clinical
studies treat patients for up to 24 weeks (about 6 months)
[20], as there is evidence that maximum tumor response
may be reached after 6 to 7 months of NET [45]. In this
study, patients received NET for a median duration of
7.2 months. The findings should be validated in a larger
cohort to assess the discriminatory ability of CPE during
NET. Lastly, an important step for the implementation of
quantitative measurements of parenchymal enhancement is
the development of software for use in clinical practice.

In conclusion, pretreatment and changes in contralateral
parenchymal enhancement during neoadjuvant endocrine
treatment were associated with PEPI-group in unilateral
ER+/HER2− breast cancer patients: a high pretreatment CPE
and a decrease in CPE during NET were associated with a
poor prognosis after NET on the basis of PEPI. Future re-
search will focus on the potential of CPE to assess endocrine
treatment effectiveness.
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